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ABSTRACT

The co-culture of fibroblasts and muscle cells is essential Jor abtdining cultured meat using (i vitro
techniguies. While fibmblasts are known to promote myogenesis throogh relbcell interactions; their

paractine elfects and associatod trafscripromic changes remap uiknows, This study aitned o isves-

figate the paracrine effect of fibroblasts on myogenesis, focusing on anseriptome profiling. Muscle
sarellite cells (isolated enzymatically) and fibroblasts (1selated through the explant culture ) were co-
cultured In 0.4 pm transwell plates for 5 days of proliferation and 24 and 72 h of differentiation.
RMA-Se1) and protein atalysis (Western Blof, ELISA, immunofiuorescenve) were used to assess changes
in myogemc matker expression, RNA-Seq tevealed changes i many geres involved i mvogenests, sucl
as upregulation of EGR1, 148, and SOCS3 und downregulation of [TGAT7, ELISA showed significantly higher
MyHE levels at the proliferation stage in the co—sulture group | p = 0.0183 L with no sigmificant ditfer-
ences at differsnfiation stages. To sumumarize. libmblasts promote carly miyogenic differermintion atul
could modulate the extent of mysgene dilfersntiation.
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1. Introduction

Fibrablasts, connective tissue cells, synthesize 3 large amount
of extracellular marrix { ECM J enriched in proteins such as collagen
types I, Il and IV, fibronectins, laminins, and proteoglycans such
as syndecans [ 1], The compuinents of Lhe EOV play acrueial rolein
the regeneration process of muscle cells - eg. type V and VI
collagen aie involved in maintaining the satellite cell pool |2,
During muscle pegeneration, fibroblasts strongly profiferate, which
simulates the proliferation of muscle satellite cells (MuSCs) and
promotes thelr premature entry into the differentiation stage [4].
‘Co-culture of fibroblasts with muscle cells s an essennal aspect of
abitaining cultured meat using i vitro technigques. In vivo, fibro-
blasts suppott muscle regeneration by forming 4 stabilizing ECM
{41 i tum, in vitro studies also show that Abreblasts are essential
in regenerating damaged skeletal muscles. Co-culture of MuSCs
and fibroblasrs has-stimulated myocyte differentiation and fusion
through ell-cell interactions |5]. However, few stuclies have
facused onthe paracrine secretory capacity ol fibroblaste and theiv
potential impact on satellite cell proliferation and differentiation.
studies of paracrine signals i culfured fibroblast and muscle cells
showed reduced apoptosis of muscle cells durimg differentianon.
However, Rao et al, |5] suggest that the basis of the stimulating
elfect on muscle cell dilferentiation is cell-cell interaction, nol
paracrine signals. In turn, studies using 1sotropic muscle sheets
confirm the stimulating impact of paracrine factors o muscle
diffeventiation [ 7]

The inconsistency of literature data highlights the need for a
more compyehiensive approach in studies on the intercellar
communication of MuSCs and fibrablasts, specifically for applica-
tions incultured meat technology. The study aims to examine the
effectof fibroblasts on myogenesis at the stage of praliferation and
differentiation of MuSCs, based mainly on a transcriptome study.
The research hypothesis assumes that MusSCs co-cultured with
fibroblases will present enhanced differenttation, impressed by
upregulation of genes involved in the differentiation of MuSCs.

2. Materials and methods
2.1 Cell cultuye

Fibroblasts were oblained postmortemn Trorin Bos faurus skin
tissue from three individual specimens based on the explant cul-
ture method, Tissues were rinsed in 70 % ethanol followed by six
washes ‘i 1X Phosphate Buffered Saline (PBS) buffer pH 7.2
(Thermo: Fisher Scientific), then dissected into 5 mm diameter
fragments and cultured in High Glucose DMEM (Dulbecco Modi-
fied Eagle Medium | | Therma Fisher Scientific ) with the addinopn of
10'% Fetal Bovine Serum (FBS) (Thermo Fisher Scientific) and an-
tibiotics 1X Primocin (InVivoGen), Primary fibroblast cultures
were grown [o approximately 70 % confluency and were passaged
with TrypsinFOTA (0,25 23 (Thermo Fisher Scientific) to establish
cell lines. Satellite cells were oblainsd from musenlus longissimus
dorst from three individual female calf specimens following a
previous method |5, The heterogeneous population of satedlite
cellswas purified from a differenr cell types (mainly fibroblasts]
based pn e cell adhasion rate to the plate culture. MACS and FACS
methods of purification were nol applied. Cells were seeded ona
nen-coated plate for 1 h: then nan-adherent fraction was collected
and re-seedled on a non-coated plate for 1 h. The purification ef-
hciency was assessed] based on the expresston of fibmblasts and
pre-adipocytes markers hy  real-fime PER {Supplementary
matziial 1), Theé mediim was collected and pldted on a 01 &
gelatin-coated plate in Low Glucose DMEM supplemented wirh
20'% FBS and 10 ng/m! bFGF (Basic Fibroblast Growth Factor), The
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entire procedure was repeated twice. Then, three satellite cell
pooled lines (2rd passage since isolation) and three fibroblasts
paoled fines [10th passage since isolation) were platec in the. G-
well mulnwell plate and (04 pm pore size co-tulture plates
(Thermo Fisher Scientific), Cell viability were detectad by trypan
blue staining atd counted by Countess 3 Automated Call Counter
(Thermo Fisher Scientific). Sarellite cells were plated in lower
plates and fibroblasts on the top ofmicropores in fourth replicates,
at density 8000 cellsferm?, in High Glucgse DMEM with the addi-
tion of 20 % IFBS, After five days of culture, the differentiation
process was Initiated by ¢hanging the medium to High Glucase
DMEM with the addition of 10 % Horse Serum (HS).

22, Transcriptome analyses

RNA isolation was perfermed using Purelink RNA Mini Kit
{"Ihermo Fisher Scientific] and PureLink™ DNase Setr (Thermo
Fisher Scientific), Quantitative and qualitative assessmenis of the
isulated RNA were carried ont tsing DeNovix DS-1 Spectropho-
tometer (Debovix Inc, Wilmington. DE, USA) and Tapestation
2000 [Agilent Technalogies, Santa Clara, CA, USA) devices [RNA
tapes ). Vazyme VAHTS Universal V3 RNA-Seq Library Prep Kit for
HuminaTM systems was used 1o create RNA-seq liliraries. The |i-
brames were prepared according to the manulacturer's protocal.
Quality and quantity of prepared libraries were performed using
TapeStation2200 (D1000 tapes) and Qubit 2.0 [Thermo Fishey
Seientific, Wiltham, MA, USA) NGS [Next Geheration Sequenting)
was-carried out as an external service (Admeta Health, Inc., South
Plainfield, NJ, USA). Sequencing had (o utilize conditions as {ol-
lows: had to be performed on an llumina device comparible with
the library preparation kit, all 24 samples had to pass quality
coltol on every possible step, and the read length is 150 bp pair-
end, with 40 million reads per:sample.

23, Blomformuotics anulyses

Raw sequence data ware quality checked for the first time with
FastQC [4], Numina adapters and poly-A sequences were subse-
queptly removed with the fastp program. Sequences that were
below 36 bp in length as well as soguences with a quality score
below 20 were eliminated | 1)); Cleaned sequences were thereafter
mapped against the Bos taurus (ARS-UCE,3 - bosTau9) genome
using reference annotations containing 23,842 genes in the
Ensembl database; Gene-level expressipn was quantified using the
RSEM package, alongside the STAR aligner [11,12], Differeatially
expressed gene alignment and stafistics were produced using
SAMStar and RNA-SeQC | 13,04]. To visualize raw sequence data
and consohdare resulis Torall samples into one report, we used the
MultiC bisinformatics tuol [15]: Différential expression analysis
was copducied using DESeq2 software by seatching genes with
Py < 0.05 and [logafold change! = 0.5. Gene Onlology enrichment
was carited bui using String sofrware v.12.0 referenced (o the Bos
taurus genome. The over-represented pathway analyses were
performed in the Kyoto Encyclopedia of Genes and Genomes.
(KEGG) annetation, The segience data have been deposited in the
Gene Expression Ommnibus (GEO) under accession numbey
GSE289644.

24 Validation of sequencing results:

Validation if RNA-Seq tesults was performed based on real-
tine PCR. 300 ng samples were reverse transcribed to cNA ws-
ing the High-Capacity RNA to cDNA Kit (Thetmo Fisher Scientific).
The expression levels were estimated for 5 DEGs (TGAT, EGR1, 116,
S0CS3, and TCAP), for which specific primers were designed using
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Primer3web version 4.1.0 saftware {[ahe 1), Rellative expressian
levals were determined by real-time PCR using KT H5-PCR MIX
SYBR (A&A Biotechnolagy). The endogenous contrals were RPL2T
and QAZ1 genes, which were selected based on our previous
studies |15]. The RNA-Seq data (normalized counts) and relative
expression data were compated based on the Pearson corelation
l'fSta:tisﬁca software, version 13.1).
[16].

2.3, Effecrof fibroblasts on the proliferation of muscle satellite cells

Mroliferation rate was assessed using a fuormettic method
baged un Cell Titter Rlue Assay [Promega, Madison, WI, USA), The
reagent was prepared according to the manufacturer’s protocol,
added (o culrure plate, and incubated Thin 5% COy, in humidified
armosphere ar 37 'C. The incubartion time and cell density were
previously optimized. Fluorescence intensity was measured at
535 nm excitation and 595 nm emission wavelength bsing Pla-
‘teReader AFZZ00 (Eppendorf. Hamburg, Germany ). The measure-
ment results were dhtained In the RFL wiit (relative fluorescence
i), The REU values obramed at each time pointwere normalized
o day 0 RFLL

2.6, Protein analyses

For ELISA cell lysates were prepared using RIPA Lysis and
Extraction Buffer and Halt Protease Inhibitor Cocktail (Thermo
Fisher Scientific). Pratein concentrations were detarmined by the
BCA method (Pierce™ BCA Protein Assay Kit, Thermo Fisher Sci-
entific). The surface of the wells was coated with a protein solution
at a concentration-of 1 ug/ml n 100 yl of 1 mM carbonate buffer
and incubated at room temperature for 16 h. The plate was then
washed 4x with Wash Solution (0,02 % Triten X-100 in ['BS) and
incubated in a blocking buffer (1 % BSA) for 2 h. Then, it was
fncubated with the primary antibody (myosin - # PA1-28038,
Thermo Fisher Scientifie) fer 1 1, at 2 concentration of 1:1000 in
01 % BSA bullfer in PHS, the plate was washed 4x with washing
buffer and incubated with the secondary antibody (Donkey antj-
Rabiit 1gG (H -+ L] Secondary Antibody, HRIY Thermo: Fisher Sci-
entific) al a concentration of 1:4000 in Q.1 % BSA buffer ). Washed
Ax and Incubated with HRF substrate (Sigma) until complete coloy
change, then the reaction was stopped with 1 N HCI {131 ratio),
Signal detection was performed using ahsarbancear 410 nm using
an  Eppendorf Platereader AF 22000 [Eppendorf, Hamburg,
Germany).

For Western Blot analyses after deteymination of the protein
concenrrations Gel Loading Buffer I (Denaturing PAGE) [ Thermo
Fisher Scientific) was added to samples and denatured al 100 °C
o 10 min, Proteins were separated by SDS-PAGE followed by wet
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ransfer toa 045 wm PVDF membrane oy 100 min, The membrane
was then blocked in 5 % BSA in TBST Buifer for 1 h at room tem-
perature. The prirnary antibody for myosin was incubated at the
appropriate concentration overnight ar4 < Cwith gentle shaking, A-
series of washes in 1% TBST buffer were petformed, followed by
incubation with the appropriate secondary antibody at the con-
centration 124000, conjugated to horseradish peroxidase (Donkey.
anti-Rabbit lgG (H — L) Secendary Antibody, HRP, Thermo Fisher
Scientific), For visualization, the membrane was jncubared with
enhanced chemiluminescence reagent (Clarity™ Western ECL
Substrate, BioRad) and using ChemiDoc™ lmaging Systams (Bio-
Rad, Hercnies, CA, USA). Analysis of obtained results was con-
ducted in Imagelab soltware (Biorad),

For immunofluoreseence staimng, satellite cells plated on cell
imaging chambers coated 0.1 % gelatin were fixed in 4 % para-
tormaldehyde for 20 min At room temperature [RT) and methanol
for 5 min at —20 'C, Cell membrane permeabilization was per-
formed with €11 % Tween-20 for 15 min at room emperature and
blocking with 3% BSA (Sigma Aldrich) in PBS for 50 min at room
temperature, Then cells were incubated with the antibody (syn-
decan-4 - sc-12766 AF594, 1:50, Santa Cruz Biotechnology, Inc.) for
40 miw, av 37 C. After washing four umes, the slides weye pre-
pared using Flunroshield™ with DAP! (Sigma Aldrich), and the
cells were subjected to micToscopic analysis using a Zeiss AX100:
lmager D.2 rmicroscope (Zeiss, Jena, Germany | ancl Zeiss Zen 2 Blue
Edition Softwaie,

2.7, Staristical analyses

Statistical analyses of gene expression were perfarmed using
Statistica soltware [ Statsoft, v.13) The Shaplro-WIlK test was used
toassess the normality.of data distribution (n1 = 4). Analyzes were
conducted using Student's t-test. If the assumplions of Leavene's
test were not complled, the Mann-Whitney U test was used,
Graphs were generated in the GraphPad program (Prism, v. 10.2.3),

3. Results

2.1. Analysis of differentially expressed genes (DEGs) for
menecultiare and co-euledre groups '

Tostudy the paracrine effect of Abroblasts en the myogenesis
process, 24 cDNA libraries were canstritcied of ‘muscle satellite:
cells co-cultured with fibrablasts in four repetitions for three=nme
points (proliferation, differentiation 24 h,and differentiarion 72 hj
and were-analyzed in comparison with a moneculture af MuSCs,
An average 21 million reads per sample were read, from which
93,7 % passed thie quality Alters. The percentage of aligried se-
quences was-ar average 95 % (from 9410 % 1096 %), which ranged

Tablel

Priifes sequitvice ol studled genes
Lene Farwan Ty € Rewerss Tin (G
EGR1 5 AGCAACAGCAACAGCAGLE 3 503 SGOGHTAACTOGTCTCEACTAG 3 563
5 STOAAMMGUAGCAACGAGALIZAC "3 518 SACTCOACAAGACCAGCAGTE 3 338
AP SCTRGGETGAGTEHAALGATC 3 559 FOTCULGHTOATAGGTOICAT Y 38
spesa! STCCCACTOTCCAACATOTONGT 13 56, FTCCAGGAACTLLLLAATGE 'Y 332
TGATH STUAATCTECALGTOATGRET 'S 538 SAGAGACCTECAGTGLGATTT 5 518
Ry SATANITACCTUATOITTACAA 3 B SEATCATCTTTGCCTETEGHT 3 5348
OAZ1 STTCECCAGAGAGAAGGAAGE "8 338 FSECALTTAGLT TACTACAGEA 'S, 538
PAXT SANCECGACANCAAGGAGOAG 3 538 SCCGCTICTGACTCCACATCT 3 538
MYES STCCITAGCGAACACUTOGEAA "3 518 FAACTGCTGUTCTTICIGGAL 3 318
YT S AACACTACAGTOGCGACT 13 503 FETAGTAACTGCLGTCGTAGL 3 338
NIVFFS SCCETTCAGCTACAGAUCCAN ) 538 PECTICHOAGTTATTACGAGT 538
MYOG STCOATTATATAGAGEGECTG 3 538 LCTATCOCOAGTIGEATICADG 3 544
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feom about 20,28 million reads per sample. Selectign of differen-
tially expressed genes [[JEGs) was based on pay = 005 and
|log:fold change| = 0.5,

Differennal gene expression analysis of ce-cultures compared
o MuSCs monocultures showed a significant'change in expression
(p'= 0,05) uf 1133 genes [483 upregulared and G50 downregulaled)
ar the proliferation stage. The gene with the most significant
downregulation [log2FC = —1L.84) was GCA (Granciein), which
binds calcium, In conmrase, a gene with significant upregulation
(log2FC = 3.49) was MX1 {MX Dynamin Like GIPase 1) which
participates in the cellufar antiviral response (Fue 1A 3 2A),

Differential gene expression. analysis: showed a significant
change |n expression (p < 0.05) of 397 genes (158 upregulated and
239 downregulated ) ar the 24 h differentiation stage. The gene
with the most significant downregulation (log2FC - —1.85
respectively) was SPPI (Secreted Phosphoprotzin 1), mainly
involved inintegrin binding. In centrast, a gene wirth significant
upregulafion (log2FC = 3,49) was EGRI (early growih response 1),
invalvad in muscle satellite cell differentiation (Fig, 1 and 1B).

Differential gene expression analysis show?d a significant
change in expression (p < 005) of 1630 genes (922 upiegulated
-and 708 downregulated) at the 72 h differenuiation stage. The gene
with the most significant downisgulation (lug2FC — —2.78) was
HDACY (Histone Dedcerylase 9), mainly involved in the regulation
of differentiation of muscle cells in hypoxia conditions. The gene
with the most significant ypregulation (leg 2FC = 4.01) was MX1
(Fig 10 and 20) (Supplismaentaty malernd 2),

3.2, GO and KEGG pithway enrichrment analysis for manoculture
and co-culture groups

GO enrichment anatysis was performed to classify and char-
acterize the biological significance of DEGs. 1133 DEGs ar the
proliferation stage were classified inta 178 liological process (GO
BIY) annorations— mamly refated 1o negative regulation of cellular
process, nezative regulation of biological process and metabolic
process ((Fig. 2A) 11 'molecular function (GO: MF) annotations -
mainly related to catalytic activity, binding; protein binding and
metal ion binding, and 21 to cellular component (GO: CC) mainly
related o intracellular  membrane-bounded organelle  and
cytoplasm.

397 DEGs.al 24 I differentiatian stage were classified inwo (80
biological process annotations (GO: BP) — mainly related 1o bio-
logical regulation (. 38)% 16 moelecular functions (GO:MF) an-

natations —mainly related to protein binding and ion binding; and
9 cellulan components (GO:CC) - mainly related to the extracel-
lular matwix.

1630 DEGs at differentiation 72 b stage wereclassified [nito 250
bislogical process annotations (GO:BP) - mainly related fo tran-
scription, cell division, protein phosphorylation, signal trans-
duction and apeptotic process (g 1C), 102 molecular functions
(COMF) - mainly related to protein binding, AT binding, metal
ion binding, and 11 eellular components (GO:CC) - mainly related
to nucleus and cyroplasm Our study focused on GO terms related
to myogenesis such as developmental processes, cell prolifesation
and differentiation {Supplomearary mareral 3),

Analysis of the ovér-represented molecular pathways by KEGG
pathway ¢lassification confipmed the (welvement of DECs at the
proliferation and 24 h differentiation stage in the farmation of the
cytoskeleton of muscle cells (Figs 4 wnd 2)— threygh extracellular
matrix pratemns (syndecan [SDC), collagen VI (COLEA) at prolifes
ation stage: collagens and decorin (BEN)-at differentiarion 24 h
stage. the lofmation of cytoskeleten/membrane junctions (infeg-
rn beta (ITGE), talin=1 (TLN), desmin (DES), ATP-grasp at the
proliferation stage and integrin alpha (ITGA), ATPLIA/B, ANKG,
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pspectrin (SFTBN at the differentiation 24 Iy stage ] and proteins
invalved in the canstruction of the sarcaomere (telethonin { TCAP).
f-attinin (CAPZ), Xin Actin Binding Repeat Containing 1 [XIRP),
Zyxin (7YX}, Ankyrin repeat domam-contaming protein 1

[ANKRD], Formin, Enolase | /3 (ENG 1737 at the proliferation stage
and TCAP, formin, myomesin (MYOM] at the differentiation 24 Iy
stagel,

At the 72 h differentiation stage, a much gredter number of
genes were involved 1 the formarion of the cytoskeleton— maiply
at the stage of the formation of the Z-disc component, M-band
component, and myosin thick filainent in the satcomere (Fig 5.
The volvement of the DEGs i the PI3K-Akt, MAPK signaling,
Fox() signaling, JAK-STAT signaling, and TNF signaling pathways
with an investigated rale in myogenesis was also demonstiated,
Particularly noteworthy is the pverexpression. of the HIF-1
stenaling pathway - cruycial during reducing oxysen consumption
conditions (Supplemenrary marerial 4),

23 The mostericial DEGS involved i the myegenesis pricess

Amomng DEGs ar the proliferation stage, we seleécted 15 down-
regulated and 17 upregutated of the most crucial genes involved i
the myagenesis process (Talile 2) FGR2 (Fibroblast Growth Factor
2 ) was the most downregulated gene, which'is reguiiired for MuSCs
proliferation (log2FC = - L16). 'SOCS3 [Suppressor al Cytokine
Signaling 3) was the most upregulatad gene, promoting myogenic
differentiation by inhiluting the JAKT/STAT1{STATR pathway [ 17],
Moreaver, the expression af [L-6 [interleukin-6)., which induces
myogenic differentiatinn, was upregulated (log2FC = 1.06) [18].
EGR-1 was also upregulated, which is invalved 1n muscle cell dif-
ferentiation (log2FC = 1,01} [ 19]. Transcription regulators of genes
involved in myogenesis like NR4A1 (Nucleay Receptor Subfamily 4
Group A Member 1), HDACA { Histone deacetylase 4), PITX | (Paired
Like Homeodomain 1), and EYAZ (Eyes absent homaleg 2] were
upregulated (log2FC = 085, log2FfC — 052, log2fC = 050,
o2 FC = 0.70 tespectively). Chanses in the expression of zenes
invelved in matntaining muscle structure have been abserved -
downregulation of MYOM 1, CALCRL { Calcitomn receptor-like), and
CRYAB (Crystaliin Alpha B) (lag2FC — —1.07, log2FC — —(),84 and
lop2FC = 087, respectively), and upregulation of DES, XIRI" and
TCAP (log2FC = 0.79. log2FC = 0.70. dnd log2¥C = (.71, respec-
tively). The expression of genes invalved in crucial pathways like
WNT pathway -WNT2B (Wnt Family Member 2B). TGF-p signaling
pathway — TGFB1 {Transforming Growth Factor Beta 1), BMP
pathway - BMPR1A (The bone morphogenetic protein receptor,
type IA} and BMPRZ (Bone Morphogenetic Tratein Receptor Type
2) were changed at the proliferation stage. Changes in the
expressian of cyroskeletal and structural protein. genes were
Ghservad —downregilation of CAVL (caveuling §), ANK3 (Ankyrin 3),
(log2FC = 0,93 amil log2FC = —0.67) and upregulation of SPHK1
(Sphingoesine Kinase 1), CTNNBIP1 (Catenin Beta Interacting Pro-
tein 1), ANKRDZ (Ankyrin Repear Domain 23), COLGA3 (Collagen
Type VI Alpha 3 Chain) and TLNZ (Talin-2). Moresver, down-
regulation of the otheér muscle differentiation markers was:
abserved like GDF15 (Groweh/differentiation factor 15), HOMER1
(Homer Scaffold Proteis 1), ROCK1 (Rho Associated Coiled-Coil
Contalning Protein Kinase 1), RB1 (RB transcriptional corepressor
1), CFL2 (Cofilin 2}, and HIF1A (Hypoxia Inddcible Factor 1 Subupit
Alpha ).

Among DEGs at the differentiation 24 h stage, we selected 13
downregulated and 18 upregulated of the most crncal zenes
invelved in the myogenesis process (Table 31 ITGAT (integrin 7
alpha), a marker of muscle satellite cells, showed high down-
regulation (log2FC = — 117} BHLHA1S (Basic Helix-loop-Helix
Family Member AT15), HES! (Hes Family BHLH Transcription
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Fig. 1. Volcano Plots of DEGs (A) at the proliferation stage (B) at the differentiation 24 h stage (C) at the differentiation 72 h stage. The yellow dots designate non-significant
changes in transcript expression levels. Violet, blue, and green dots correspond to upregulated and downregulated genes. (respectively FDR< 0.001; FDR< 0.01; FDR< 0.05).

X-axis relates to log, fold change and y-axis to log;oFDR (false discovery rate).
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Factor 1) and FOXST (forkhead box 51) genes, controlling the
transcriptional actvity of MYOD1 — one of the most important
transcriprian factors regulating ‘the myozenesis process, dlso
showed high downregulation (log2FC = - 0.83, log2FC = - 0.64
and logZFC = ~0.51, respectively). MYORG (Myogenesis-Regu-
lating Glycasidase), involved in musele fiber development al 24 h
diffeventration stage, showed downregilanon (Iog2FC = —0.83).
'NES (nesting, which is involved in maintaining the population of
miuscle sarellite ¢ells, also showed significant downregulation
(log2FC — —0.57) | 2], Invaddition, TCAP a scaffold for myofitirils,
shows downregolation (log2FC = —0.51). Moreover, plenty of
genes such as CMELRT (Chemerin Chemokine-Like Receptor 1),
HMOX1 (Heme Oxygenase 1), SMAD7 [SMAD Family Member 7},
KANKT (KN Motif And Ankyrin Repeat Bomains 1), TGM2 {Trans-
slutaminase 2), C044 (€044 molecule), CRYAB, LIF (LT Interleulan
6 Family Cytoking), MET (MET Proto-Oncogene), GDI15, WNTI08
(Wit Family Member 10B), ATR1B2 (ATPase Na-k /K 4+ Transporting
Subunit Bera 31, BivIP4 (Bone morphogenetic protein 4) mainly
involved jn the regulation of myogenic proliferation and differ-
eiiation showed downregulation ar Z4h differentiarion stage.
EGR1 was the most upregulated (log2FC = 3.49) gene, and it is
involyed in MuSCs differentiation. DCN enhances myublast pro-
liferation, and differentiarion was upregulared [log2FC = 0.76)
Transcription fegulators of genes involved in myogenesis like
NRAAT, RUNXT (RUNX Family Tramscription, Factar 1], FOS (Fos
Froto-Oncogene); JUN (hm Prote-Oncogene). SOCS3. TGFBR3.
SATHZ [SATR Homeobox 21 EYAZ and ARIDSE (T-Rich Interadtion
Domain 58) also showed upregulation at the 24 h differentiatior

stage. Genes invelved inimportant cellular pathways like WNT
pathway - WNT2B. SFRP4 (Secreted Frizzled Related Protein 4),
IGFRPA (Insulin-like growth factor-binding protein 4); hedgehog
pathway - SCUBEZ (Signal Peptide CUB Domam and EGF Like
Domain Containing 2), BMP- NOG (Noggin) were also upregulated
at the 24h differentiation stage. Moreover, Lhe expression of the'
cytokine [L-6, which induces myogeme differentiation, was upre-
gulated (1og2FC = 104}

~ Amang DEGs at the 72 h differentiation stage we selected 23
downregulated and 12 upregulated genes most crucal to myo-
geriesis (Table 1) TTGA7 shows the highest downrezulation
(log2FC = —2.01), FOXS1 showed higher downregulation than al
24 h differentiation stage (log2FC = 0.99). Alse, HEYL (Hes Related
Family BHLH Transcription Factor with YRPW Morif Like) effector
gene of Notch pathway shows downregulation ar the 72 h diffes-
entiation stage (log2bC — —0,93), Moreover, at the differeéntiation
72 I stage the following genes were downregulated: DES, BTG2
(BTG Anti-Proliferanon Factor 2}, SONS (SRY-Box Transcription
Factor 9), FHOR3 (Fermin Homology 2 Domain Containing 30,
CREM1 (Gremtin 1 DAN Family BMP Antagonist), LMOD1 (Leio-
modin 1), SPEG (Siriated Muscle Enriched Protein Kinasel, FLNC
(Filamin C), which are involved in theprocess of differentiation ane
cytoskeleton organizanon. Changes in the expression of structural
amd cytuskeletal proteins were observed, such as downregulation of
MYOM1, CRYAR. GDF15, TLN, NES; FLN and upregulation of SATE2,
The highest upregulation was shown by the LG gene
(log2FC - 2.66), Higher upregulation of ARIDSB (log2FC = 0.88) and
50053 [log2FC = 066) and lower upregulation of ECGR1
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Fig. 3. Biological process (Gene Ontology) enrichment; x-axis represent -log(FDR) and y-axis represent GO terms categories (A) proliferation stage (B) differentiation 24 h (C)
differentiation 72 h (https://string-db.org/). Overrepresented enrichment analysis of all differentially expressed genes (DEGs) including up- and down-regulated genes.

(log2FC = 0.62) genes was demonstrated than at the 24 h differ- KANK1 (log2FC = -0.99), SMAD7 (log2FC = -0.95), LIF
entiation stage. Higher upregulation of HDAC4 (log2FC = 0.93) was (log2FC = —0.88), WNT10B (log2FC = — 0.58) was demonstrated
demonstrated than at the proliferation stage. Downregulation of than at the 24 h differentiation stage. Downregulation of CMKLR1
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Fif 4. Cyroskeluion i minsele colls ThiatBE0) Over-representad molecular pathiway (0 misdle satoliite celis cultured non-cullure with bmblasts at Uie proliferation stae
compared (e mennculture; red colon thillcates upsegulame gands: e lor indicis dawmniegulated genes,

(log2FC = — 0.63), TGM2Z (I0g2fC = —0.59) and MYORC (log2F€ = -
052} was demonstrated lower than at the 241 differentiation stage.
RUNXT and MYL12B were also highly upregulated (log2FC — 122
and log2FC— 1,00, respectively). Moreover, SCUBEZ and HEY2 genes
mvalved 1o important cellular pathways were also upregulated ar
the 72 h differentiation stage. Interestingly, upregulation of TGF
receptors - TGFBRY and TGFBR3 was observed - mainly at the 72 h
differentiation stage. inhibiring differentiation

Summarize, fibroblasts stimulate early myoblast differentiation
through patacrine signalling. Co-cultivated MuSCs with fibsablasts
under proliferative conditions (growth medium) Tesults in up-
regulation of genes involved in early differentiation (e.g. SOCS3,
ILG, EGR1, NR4A1, EYAZ) and down-regulation of genes imvolved i
late stages of differentiation (e.g. MYOM1. CRYAB), Upon induction
of differentiation conditions (differentiztion medium), this effeq
was enhancec. indicating that fbrablast paracrine factors can

regulate the extent of myagenic differentiation. It should also be
noted that fhe Initial ratie of fibroblasts to muscle cells changed
during the co-culture due to the faster proliferation rate of fibro-
Ilasts, which could have a suppressive effect en the acdvation of
differentiationsrelated genes as myogenisis progressed (e.g, via,
TGF 4 signallinng ).

34 Expeesslon of MuSCs markers from myogenlc regnlutory
Jactars (MRE) and parred-box (PAX) fumilies

The expression of markers genes from PAX (such as PAX7) amd
MRF farvilies (MyfS, MyoD, Myf and MyoG) was assessed by’
yPCR. for which changes in gens exprassion were not detected in
the RNA-Seq| analysis.

Signifcantly hlgher expression of PAXT (p = 0019), MYF5
(p=0.006}and MYOG (p = 00043 genes were observed in the ¢o-
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“comipared to monnenltiane; e color indicatss upresgulated ganes; e lor indlcas Oowniegulated gened.

culrure group (Vi JA) during proliferation stage. Significantly
ligher expression of MYFS (p = 0.0241) and MYOD (p = 0.0044)
were observed in the monoculture group during the 24 h differ-
entiation stage (F1¢, 7B} Ne significant differences were abserved
herween the tested group during the 72 h differentiation stage
(Fie 7C),

3.4, Effect of fibroblusts on the proliferution of nuscle satellite cells

RNA-Seq analysis did not reveal differential expression of
proliferation-related genes such.as MKIG7 (Marker of Proliferation
1G-67]), PCNM!"I oliferating cell nuclear antigen ), eydin-dependent
Kinases (CDKZ, COK4), and cvcling (CCND1, CONE1 ) during prolif-
erdtion and differentiation 24 h sfages: However, during 72h dif-
ferentiation, up-regulation of MKIGY, PONA, and CDKZ was
observed, which indicates increased proliferative activity of

miusclie cells (Table 6

Analysis ol proliferation rate using the resasurin-based Cell
Titer Blue assay (Promega) revealed a significantly hlg.her prolif-
eration rate In muscle cells co-culture with Fbroblasts on 3rd
(p = 0.,03), 4th [p = 0.002) and. 5th (p'= 0.0049)] days under pro-
liferative conditions (Fig &)

6. Myvsin expression ar the protein-level during differentintivn of
Muscs

ELISA results revealed a significantly higher level of skeletal
myosiiexpression at the protein level in the co-culture of fibro-
htasts and MuSCs.at the proliferation stage (p = 00183}, No sig-
nificant differences were observed after 24 h and 72 h alter the
initration of differentiation by horse serum compenent (Fiz AL
Western Blot analysis for myosin heavy chains {MyHC) confirmed
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Fig 60 Cytosheleron in muscle cells (Nsa04R20) aver-ryesenimd molecular pathway inmnscle satefline cells onliaizd Inoeo-culvaes wirh filrobiastl ar diffemntition 7200 yed

“colnr ingditates upregnlated gemes blue color mdizates diwnregolated genus.

the expression of skeletal myosin protein - analysis Indicated
bands at approximately 250 kDa [or manoculture and co-cultire at
proliferation, differentiation 24 b, and differentiation 72 h stages
(Fie SR} (Supplementary materal 5)

Imrunofluoreseent staiming for syndecan-4 detected expres-
sion in MuSCs in both monecultures and co-cultures.at all stages.
At the différentiation stage of 72 h, intétnalization of sytdlecan-4

from the cyroplasm to nuclear localization was observed, as

described by Renning et al. |24 ] (Fig 10),

3:.7. Validation of RNA-Seq results

Quantitive gPCR analyses conducted for all samples (4 samples
per each group (monocultinee and co-culiure) it the peeliferation,
24 h dilferentiation, and 72 h differentiation stages) in part
wonfirmed RNA-Seq results (Supplemieinizry material B) The

35

Pearson correlation (R*) coefficient for the three genes was> (.78,
and for the test af the validated genes was <032 (Talife 3),

4. Discussion
4.1, Activation and proliferation of muscle satellite cells

Musele satellite cells maintain a (uiescent state (Gp phase), and
cell cycle progression. entering the Gy phase, requires their acti-
vation, which is regulated by biologically active factors or signaling
pathways, Including the stress response. In our study, RNA-Seq
analysis indicated the significant differences in expression” of
Zenes invalved in the activation of MuSCs in the co-qulture group
during proliferation and differentiation siages - like TGF-f e-
ceptors (TGFBR1, TGFBR3 ) upregulation mainly during the 72 h
differentiation stage and FOS upregulation during proliferation
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Table 2
Lt ool doswmsga late aned swpveggulated DEGY involved 10 the tivagensmi lrovess a
the proliteration stage,

Hiochinme 247 (an28) 2541

Table 3
Lt af diwiregilated il apiegilamd DEGs Wivolved i Ui myogmiesls process al
Wi dilferpmtiation 24 histage.

Enzembl 1 Loa2imid Change padj Gene name Ensembf D Log2Fohange it Geine ame
ENSBTAGONONNNNGES | SIE R74e/06 FGFZ ENSBTAGONONNN 12897 117 A50FT5 TGAT
EMSRTAGODDOO0 19385 4107 1,28E-09 MY ENSBTAGOODODD 15618 .07 1 23E-17 GDFIS
ENSRTAGUOOUONE2 162 -has 1ATFAGT CAVY ENSETAGOO0ONDAGH 0 083 A 1EN3 BHLHALS
ENSBEAGODONG000424 -087 e CRYAR ENSBIAGONONONNS176 081 142604 MYLIRG
THSETAGOUOO00NEAES 084 242615 CALCRL ENSH{ACOOU0D0 15582 0,69 36511 K
ENSBTAGOOO0001 5618 AT 390K-1 2 GOKIS ENSBTACOOGDON 2441 167 3A0E- 14 SMADT
ENSETAGO00000258 5 0.71 4B9E- 15 HOMERT ENSHTAGROO00GN 10576 T Guak-30 KANK1
ENSHTAGONON0NM 8052 067 ROOF-03 ANKA ENSBTAGONNONN1G208 065 1 7GE-09 TGN
FNSRTAGODIOO0ORA0T D63 3, 70F—17 ROCK ENSHTAGODOO0000569 54 253F-14 HESI
ENSRTAGOODOON0RA 20 -B56 1AGE-22 BMPR2 ENSBTAGONUOONY | 573 0,61 223652 coad
THSHTAGOUD0N0URGAN -0,53 ZA0E- 11 ey ENSRIAGONO000O0424 50 211613 CRYAR
ENSBIAGOUODONT SUS3 A5 sHlE37 CHY ENSEUAGTDO00D 1S 704 057 34527 TEES
ENSBTACOO000020935 .52, 193555 HIFTA ENSETAGONOD000T7424 {156 360 E-02 LiF
ENSHTAGOO00000M231 n.az 16214 BMPRIA ENSHTAGOUO00N 15347 055 S50E-04 WNTTOB
ENSATAGONONOND46G2 050 561500 PITX ENSBTACONOON0 14140 053 8.52F.25 ATTIIBA.
EMSRTAGODDOO0DSSFS D52 4 00B-G4 CTNNRIPL ENSETAGODND00G] 51 054 253E-D5 MET
ENSREAGUOOUOD] 7764 52 1N2E85 HDACH ENSETAGOO0D0003R 3T 032 LA TE-D BMPY
ENSHTAGOOO00003 507 055 TABE20 SPHK ENSBTAGOOONNN {1720 )51 1AGE-02 TeAp
ENSETAGOQUONO30 180 0.68: G875 COLBAS ENSBTAGUUU00U)A206 5] 133E-15 FOXS |
LNSEIAGD0000020457 1164 9484-3) Targt ENSBIAGOOODD0IT178 150 1GAE- 12 COLEA3
ENSETAGOD00004631 2 0.70 ZIGE-17 XIRM ENSHTAGOOBONN1 3536 03N 2807 EYAZ
ENSBTAGON000NT 1730 0.7 70050073 TCAT ENSBTAGONNOND G334 052 02 SATRZ:
ENSRTAGODDOND | 3336 0.7 25815 FYAZ ENSETAGODRN00 429 | VT 1.59E-D5 WNTZR
ENSRTAGOUO00ON10848 (N 308E-02 ANKRIDZS ENSETAGOOO0D0ZAI 68 0,55 J00E-N3 TLFRRE
ENSHTAGOLDOO00SASS n7e ATHESG LIES EMSATAGO0OGO00844 | 056 2G0E-12 S0E53
ENSEFAGOOODOMOBE0T 0,83 GH2E-S NRAAT ENSHIAGHOUDODOSE] § 0,56 1.45E-43 \GEBPA
ENSHTAGOOO0OGIAGGE {1214 HO0E-02 TN ENSBTAGODODUDGEESS a7 VOIE-16 N
ENSETAGO00O00T4241 043 136810 WNT2 ENSHTAGOUOOON0S322 038 S544E-13 Fos
ENSETAGODONN 10068 101 Z08E-10 FORI ENSBTAGONN0N0T 1333 058 720613 ARIDSB:
FNSRTAGODDODN 14921 106 1017-04 1 ENSETAGOOONDD | 5366 VET] 1.7E-02 SFRP4
ENSRIAGUOOUONIRARY 104 RIBE-20) 50083 ENSBTAGOO00DOOE05 076 6I6E-07 Bey
ENSBIAGONGOOG20573 076 142608 Reliiicd
ENSETAGINU0DDANZY2 068 437608 MO
_ i ) ) . _ . ENSBTAGODODON0LTAL 10z 5 30E-06 RILINXT
and 24 h differénmation stages. Transforming growth factor-y FNGHTAGOONO0N 14827 1.04 121E-04 o
[TGF-\) inhibits the activation of satellite cells, keeping the cellsn ENSBTAGOOO0DD0030T 141 2A4HF-38 NR4A1
ENSRTAGOORODD ) 0069 49 2, 19E-11 EGRI

the guiescent. phase [22.22]. FOS is involved in activating prolif-
erdation under the inlluence ol external lactors.

Cuiescent satellite cells indicate expression of Pax7, and as a
result of cell activation, begin to express genes from the MRF
[amily (Myogenic Regulator Factors) - Myf5 and MyoD [24). The
role of I'ax7 is 1o regulate genes that promote entrv into the pro-
liferative cyele and inhibit myogenic differentiation |25]. MyoD
stimulates chromatin reorganizarion so thar other transcription
factors canact: In our study. RNA-Seq analysis showed no signifi-
cant changes in the expression of genes from the PAX and MRF
families. however. gPCR due to greater sensitivity imdicates
changes in gene expression. Significantly higher expression of
I'AX7 and MYES were observed in the ca-culture group at the
proliferation stage. At the 24 h differentiation stage higher
expression of Myf5 and MyeD genes were noléd in the mono-
culture group. These results are consisrent wirh RNA-Seq analysis
which revealed that at the 24 h differendation stage. down-
regulation of HESL, BHLHATS, and FOXS1 was nbserved - genes
controlling the transcriptional activity of the MYOD1 gene: HEYL.
an effectar of the Notch sigmaling pathway, inhibits MYQD
expression, which increases-muscle satzliite cell proliferation [ 16].
Our RNA-Seq analysis revealed the downregulation of HEYL and
FOXST ar the 72 h differentiafioh stage in co-culture. Lahmann
et all [17] reported osdllatory expression of HEST m-activated
muscle cells, which induces oscillatory expression of MyoD.
Muoréover; upregulation of the EYAZ gene was ohserved (at pro-
liferation and differentiation stages). which activates genes such as
MyaD, Myf6, or MyoG | 78], Downregulation of Myol gene re-
pressors— mainly at the 24h differentiation stage indicates the
promotion of differentiation in co-culture of muscle satellite cells
and Abroblasts through increased MyaD expression.

i

Plenty of other factors ate alse involved In the proliferation
pracess, such as ITGAZ, 1-6, BMP4 and NOG, ITGA7, which is the:
main receptar of the adhesion protein laminin in skeletal muscle
cells, Is invelved in determining tlie palatity of salellite cells, and
its hizh expression is observed mainlyin quiescent satellite ceils of
adults, However, the role ol ITGAT is not limited Lo the early stages
of myogenesis - ITGA7 is involved in the formation of connections
hetween cells and the extracellular matriz and in fully formed
muscles [20,30]. I our study, RNA-Seq analysie showed down-
regulation ot MGA7 at-all stages; progressing with differentialion,
with & high correlation with qPCR validlation analysis (R® = 0.77).
Another important factor s intecleukin-6 (IL-6), which supparts
the profiferation process by activating the [AK/STAT (Janus kinase/
Signal Teansducer and Activator of Transeription) pathway and
which upregulation was observed with differentiation in RNA-Seq
analysis (with high corelation to qPER validation - R* = D.97).
High levels ol IL-& ihcreased the expression of MyoD and MyoG
and shifted cells tothe pro-differentiation G¢/G, phase | 18], At the
24 hdifferentiation stage, downregulation of BMP4 was observed,
along with simulaneous upregulation of ts anragonist -~ NOG,
which increases the expression of coll cyele inhibitors such as p21
and p57 [21).

42 Differentiation of muscle sarellite-cells and fusion of myotubes
In differentiating myablasts, the expression of Pax7 and MyeD:

genes 15 decreased, and the expression of MyoG and Myf6 in=
creases  successively, and  the myocytes  resulting  from
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Table 4
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differentiation are finally fused Info myotubes. EGR1 promotes
myagenic differentiation by posively regulating the expression of
MyoG gene [14]. Inour RNA-Seq analysis, we nhserveil upregula-
fion of EGR miainly at the praliferation stage and at 24 hand 72 1
«differentiation stages, high correlation to gPCR validanpn results
(R® = 0:97) Mureover, qPCR analysis indicates a s@tistically higher
expression. of MYQC m the co-culture group ab the proliferation
stage, Reduced NES levels translated into increased. early mya-
genesis —expressed in the expression of mypgenic markers such.as
MyHC or MYOC ar the protein level. NES showed an inhibitory
dffect on differentiation through long-teym inhibition of Cdk5
activation by p25 [32]. RNA-Seq analysis showed progressive
downregulation of NES in co-culture dunng subsequent differen-
fiation stages. Several genes involved i myogenesis in muscle fi-
ber regeneration conditions showed changes In expression, sueh
as downiegulation of GDF15. HMOX1. LIF. or upregulation af genes
such as Runxl. GDF15, a member af the TGF-{i {amily, is co-
expressed with other growth factors important for muscle
regeneration, and its maln role is to downregulate muscle micro-
RNAs. At the proliferation stage, GDF15 stimulates myoblasts by
activating resenerative Qathwavs through macrophages |33
HMOX1 expression is induced by oxidative stress and has an
mlubirory effect on myotube formartion during myogenic differ
entiation. Moreover, the influence of HMOX!T on enzymes pro-
cessing mIRNAS such as miR-1, miR-1334, and b, mir-206 has been
demonstrated | 4], RNA-Seq analysis showed downregulation of
this gene at the 24 h differentiation stage. which may indicate a
transition from a regeneration program to a differentiation pro-
pram. LIF suppards the regenetation of damaged muscles — it has a

i

Hiochinme 247 (an28) 2541

pro-proliferarive effecy while ar the same time intubiting it av the
eatly myouenesis stage by activating the ERK signaling pathway
[35). RNA-Seq audlysis showed increasing downregulation of LIF
with differentiation in go-culture. Runx| is strongly expressed
regenerating imuscles, cooperating with MyoD and c-Jun to control
the balance of proliferation and differentiation of primary myo=
blasts | 36]. RNA-Seq analvsis showed upregularion of Runx1in the
co-culture during the 72 b dilferentiation stage.

At the proliferation stage, upregulation of genes such as 5OCS3,
HDACY, NRAAT — impartant during myogenic differentiation and
ruscle (iber régeneration — was also demonstrated, SOCS3 pro-
motes myogenic differentiation by inlubiting the LIF-induced
sighaling pathway |17]. HDAC4 is ihvolved in the regulation of
proliferation by inhibiting p21 expression and regulation of
myegenic differentiation by inhibiting Sharpl espression, and its
knockeut resulted in the inhibition of the differentiation process
[37). NR4AT s mvolved in myogemc differentiation, and over-
expression of NR4AT results in increased myoblast fusion and
faster myogenic differsntiation |30 Moreover, RNA-Seq analysis
revealed upregulation of cytoskeletal and structural proteins such
as RIRP1, TCAPF, ANKRDZ23, DES, TLN2 and extracellular matrix
proteins such as COLBAS important for myogenle differentiation at
the proliferation stage. Structural protzio XIRPL together with
XIRP2 play key roles In muscle fiber regeneration [39]. TCAR reg-
ulates:the myogenic differentiation process and fulfilis a structural
funcrion by linking the N terminus of tign with other Z-disk pro-
eins [40], The presence of DES —a musclesspecific miember of the
intarmediate filament is crucial for maintaining the structure and
ihtegrity of myofibrils and nmiaintaining the correct stiuctute of
organelles o the cell |41 | Moreover, RNA-Seq analysis revealed
upregulation of PITX1, WNT2B and CTNNBIP - related o the WNT
pathway — duting prelifetation. Pitx1 (and Pitx2, Pix3] inhilits
satellite cell proliferation and induces myogenic differentiation
142]. WNT/i-catenin signaling is arucial for myoegenic differentia-
tioy, and WNT2E expression increases with dilferentianon [4%),

Mareover, proteamic analysis showed & significantly higher
expression of MyHC in the co-culture group at the proliferation
stage (p = (L0183); however, no stanstical differences: were
revesled betwegn groups at the differentiation Stages. Myosinis-d
contractile proteiiy specific to skeletal muscles, Mareavsr, immis
nofliorescence staining was performed for differentiation matler
— syndecdn-4, which is mainly involved in the activation, prolif-
eration, and self-renewal of the satellite cell population, and also
affects the expression of génes from the MRF family |414]. Ablation
of syndecah 4 (Sdc4 -~ inhibits the process of activation, pro-
fiferation and differentiation of satellite cells. and also the lack of
expression of syndecan genes results in decreased expression of
Myold at the protein level [45], In our study, the expression of
syndecan— was abserved dt all stages of the expetiment - in
monoculture and co-culture (Fiie 8) At the 72 h differentiation
stage; internalization of syndecan= from the cytoplasm te nuclear
localization were ohserved. Literature data indicate that syndecan-
4 during differentiation shows expression in the nuclear region,
including the nuclear envelope [21]. The above pbservations:
confirm the stimulating effect of fibroblast paracrine signaling on
myogenio differentiagion.

Surprisingly, RNA-Seq analysis shiowed downregulation of
maity genes crucial during myogenic dilferentiation (24 hand 72 1
differentiation stages) in the co-culture, such as MYORG, CMKLR1,
SMADY, KANK1, TGM2, €D44, MET, TCAP, GREM1, LMODI, SPEG,
and FINC, MYORG (alternatively called NET37) ls crucial for
miyagenic differentiation and is invelved in muscle fiber develop-
ment, In C2C12 myoblasts, its regulation during differentiationand
its potential role:in the |GF-II pathway during differenbiation have
been shiown, The lack ol NET37 resulted in lower activalion of Akt
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Fig. 7. Relative gene expression of MuSCs marker genes from PAX and MRF families (A) at the proliferation stage (B) at the differentiation 24 h (C) at the differentiation 72 h; n = 4.
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Fig. 8. Proliferation rate of muscle satellite cells co-cultured with fibroblasts, in comparison to monoculture, revealed by Cell Titer Blue Assay (Promega).
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Fig. 9. (A) Skeletal myosin protein level in muscle satellite cells cultured in monoculture or co-culture with fibroblasts (n = 3) determined by ELISA (B) Protein levels of myosin
heavy chain (MyHC) - 228 kDa in muscle satellite cells cultured monoculture and co-culture with fibroblasts determined by Western Blot.

and non — expression of IGF-II — both involved in the Akt-mTOR
pathway, which controls mitochondrial metabolism [46].
CMKLR1 gene, which was downregulated during differentiation
and which plays a role in myogenic differentiation. It was observed
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that reduced expression of CMKLR1 resulted in lower expression of
MyoD and MyoG genes, with concomitant higher expression of
Myf5 and Myf6 genes [47]. SMAD7 enhances myoblast differenti-
ation and also interacts with MyoD to enhance its transcriptional
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Fig. 10. Localization of syndecan-4 (SDC-4) during muscle differentiation in monoculture and co-culture with fibroblasts. During differentiation syndecan-4 internalizes
from cytoplasm to nucleus. (A) proliferation (B) differentiation 24 h (C) differentiation 72 h. Nucleus were stained by DAPI; scale bar 20 pm.

activity [48]. KANK1 significantly regulates the process of muscle
cell proliferation and differentiation, and inhibition of KANK1
expression resulted in the inhibition of MyoD and MyoG gene
expression and myotube formation during myogenic differentia-
tion. RNA-Seq analysis showed increasing downregulation of

40

KANK1 during differentiation in co-culture. TGM2 stimulates
muscle cell differentiation by enhancing the activation of mTOR
signaling [49]. CD44 is involved in muscle cell differentiation and
migration and plays a key role in early myogenesis. Mylona et al.
[50] showed that CD44 knockout resulted in delayed myotube
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Tl Mearann covvetation | R cosiMicient T vallilaed genes
Gene n* 1 vmlue
EORY 08658 SR
L6 La744 =001
ITGAT 07741 <0N01
TEAR 2230 0,0n38
ShHs3 10,1740 0,029

formartion and progression of differentiation, along with slower
muscle cell migration. RNA-Seq analysis at the 24 h differeatiation
srage Tevealed downregulation of T4 in co-culture. LMODI
expression increases al the early differentiation stage - promoting
myggenic differeatiation,, including myotube formation with
increasiog length, Reduction of LIMODT expression resulted i a
change in the muscie ¢ell phenotypeto a spharical shape and 3
wecrease i the number of cell nucler [31). In our study, RNA-Seq
analysis indicated downregulation of LMOD1 during 24 h differ-
entiation, SPEG deliciency causes decreased proliferation and
differentiation of myegenic cells. and SPEG knockout mice showed
abnoimalities Iy contraction, calcium management and abnor-
malities in the tormation of rriads refated o muscle contraction
52 RNA=Seq analysis showed downregulation of SPEG at the 72h
differentidtion stage i co<culture. FLNC Delongs to the family of
actin cross-linking protemns and is found in'the Z-discs of sarco-
meies and muscle sarcolemma. FLNC plays an Impattant role In
muscle cell differentiacion and maintaiping the elongarted stync-
ture of muscle fibers. FINC deficiency vesulied in abnormalinies
during myablast differéntiation and Rision, favming multinucie-
ated spherical muscle cells [31]. RNA<Seq analysis revealed
downregulation of FLNC at the 72 h differentiation stage in co-
wutture, Downregulation of many genes ihvolved i myogenic
differentiation indicates that ar stages of differentiation (24 b and
720, components of medivm — specifically the type of serum have
aprevailing effect on the course of myogenesis over the paracrine
effect of fibroblasts. According to our previous studies; horse
serum increases MuSCs differentidtion, which may be related to.a
lower content of growth facters than i fetal bovine serum.
Maoreover, culturing fibiioblasts In the condition of horse seruim
supplementation may reduce the rate of cell proliferation and
divisien and afféct cell morphology |54 (Supplementary 7). which
riiay affect the paracrine secretory capacity of fibrablasis.
Atthestage of differentiation induced by the change of medium
o differeatiation medivm, upregulation of genes invaelved 'in
mybgenesis was demonstrated, such as SOCS3 [ 240 differeptiation
and 72 h), HDACA (24 h differentiation and 72 h differentiation],
SATH2 (24 N dilferentiation and 72 h differentiation), ARIDSH
Ldifferentiation 24 hv and! 72 h), NR4AT (24 h differentiation).
S0OCS3, 'NR4AL and HDACA promote myogenic differentiation,
Upregulation of SATB2 gene, a transcription factor o HDACGS, wag
demonstrated [3*‘] ARIDAB regulates the differentiation process
by regulating the production ol prostaglandins — PGI2, and ARIDSE

Table 6 ) )
st of genes invelved in profifersnon dirme sl of expenment stages:
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knockout, mhibited the differennaton and fusion process of
mvohlasts (5G] Moreover, expression analysis showed increasing
downregulation of CRYAB with differentiation in co-ciillture.
Overexpression of CRYAB mlibited differentianon-induced
apoptmsis and reduced the expression of MyoD and MyoG in the
differentiation medium-deprived muscle cell culture conditions
[57]. Increased expressian of genas such as SOCS3, HDACS. SATBZ
ARIDSE, NR4A1 or CRYAB are associated with regenerative pro-
cessesand the transitionof cells from the proliferation stage to the
differentiation stage,

5. Conclusions

Té sum up, the co-culture of muscle satellite cells with fibro-
blasts at the proliferation stage promotes earlv myogenic differ-
entiation by upregulating the expression of genes like EGRI, 116,
SOCSE, and plenty of cytoskeleton st seructural genes, At the 24
stage of differentiation, a downregulation of transcription factors
such as BHLHATS and FOX1 cantrolling the tradscriptional activiry
of MyaD and upregulation ol genes such as ILG, SOCS3, FGK1,
NR4A1 were ‘pbserved, which influences the promotion of
myegenic differentiation, However, several genes invalved in dif-
ferentiation, such as MYGRG. TCAP showed downregulation at the
24 hvand 721 differentiation stage, witich Indicates rhat Aibroblast
paraciine factors can regulate the extent of myogenic differentia-
tion, and cell culture conditinns, effects like compounds of the:
medium may have a prevaillng Impact on the course of myo-
genesis over the paracring secretory capacity of fibroblasts.
Moreover, a highey ratio of fibroblasts due to [aster prolferation
vate coultl have @ suppressive effect on termindl differentiation
(fromm example, via TGF-p signallinng).
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Studies examining the paracrine effect of fibroblasts on the myogenesis of bovine muscle satellite cells (MuSCs)
have confirmed their stimulating effect on proliferation and early differentiation. However, traditional two-
dimensional (2D) cell culture models fail to accurately represent the complexity of in vivo muscle tissue. This

Flbmb?aStSA . study aims to investigate the paracrine effect of fibroblasts on myogenesis in a three-dimensional (3D) cell
Paracrine signaling . s . . . .
Myogenesis culture model. Cells were cultured in monoculture and co-culture with fibroblasts in a spinner flask using gelatin

microcarriers, Cultishper, which maximizes the growth surface area for adherent cells. Then, muscle cells from
the co-culture were sorted by the FACS method based on negative expression of CD90, a fibroblast-associated
marker. The progress of myogenesis was assessed based on qPCR analysis for selected muscle markers and at
the protein level for skeletal myosin. Fluorescent staining and luminescent metabolic assays were performed to
control culture conditions. The obtained results revealed up-regulation of genes involved in cell activation and
proliferation (PAX7, MYF5, and MYOD) and differentiation (MYOG, EGR1, and MYH). Metabolism analyses did
not show changes between mono- and co-culture conditions. To summarize, fibroblasts through paracrine
signaling promote early differentiation of MuSCs and potentially proliferation, which provides valuable insights

Spinner flask

for the advancement of cultured meat production.

1. Introduction

Cultured meat - a promising alternative to conventional meat hus-
bandry - relies on the cultivation of cells with the potential for self-
renewal and differentiation into muscle fibers. Cultured meat technol-
ogy currently is primarily based on embryonic stem cells with the po-
tential for myogenic differentiation, but it is also a known possibility to
use postnatal muscle satellite cells (MuSCs) — precursors of myoblasts,
which are located between the basement membrane of muscle fibers and
the sarcolemma, remaining in a quiescent state under homeostatic
conditions. Upon activation, such as in response to mechanical injury,
MuSCs upregulate the expression of myogenic genes associated with
self-renewal, proliferation, differentiation, and fusion of muscle fibers.
As unipotent stem cells, MuSCs can differentiate into one specific cell
type — myoblasts — making them a valuable research material in the
context of cultured meat production (Nunes et al., 2025). Ensuring
optimal culture conditions, including temperature, gas concentrations
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(02, COy), sufficient aeration, low shear stress mixing, osmolality, pH,
and the appropriate composition of the growth medium, which properly
stimulates muscle growth, is crucial for the successful formation of
muscle tissue in vitro in complex systems such as bioreactors. Numerous
bioactive compounds, including growth factors (e.g., IGF-1, TGFf) and
hormones such as testosterone, insulin, and dexamethasone, have been
shown to enhance myogenesis; however, their application is associated
with high costs (Ahmad et al., 2023). In addition, functional proteins
such as VEGF, FGF, along with heme proteins like myoglobin (Mb), can
also modulate myogenic processes (Syverud et al., 2016; Simsa et al.,
2019). One of the major directions in the development of cultured meat
technology is the replacement of animal-derived components, the
acquisition of which requires animal sacrifice — most notably serum, a
source of growth factors and hormones. Several serum-free and
animal-free media formulations have been developed, including bovine
cell culture media originated by Mosa Meat (Hong et al., 2021). Instead
of relying only on biological and chemical compounds such as growth
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factors, hormones, or small molecules, a promising strategy would be
exploiting the potential of cells forming the niche of muscle cells, such as
fibroblasts, preadipocytes, and fibroadipogenic progenitors (FAPs). Fi-
broblasts, connective tissue cells, play a crucial role in muscle fiber or-
ganization by synthesizing extracellular matrix (ECM) components and
secreting cytokines and growth factors in response to mechanical stimuli
(Hicks et al., 2014; Thummarati and Kino-oka, 2020). The potential
application of fibroblasts in cultured meat technology is significant —
recent studies report the possibility of transdifferentiating fibroblasts
into muscle-like cells, although current methods for obtaining cells
capable of myogenic differentiation are still primarily based on genetic
manipulation like lentiviral transduction (Jeong et al., 2022; Zhao et al.,
2025). The potential of fibroblasts can also be exploited indirectly,
through their paracrine effects on muscle cells, further stimulating
myogenic differentiation.

The use of two-dimensional cell cultures is associated with limited
representativeness of in vitro conditions and simplified intercellular in-
teractions compared to in vivo conditions. The monolayer formed by
cultured cells does not reflect their natural growth and organization. An
alternative is three-dimensional (3D) culture, which, depending on
research requirements, offers significantly more opportunities to model
the cellular environment. Mesenchymal stem cells (MSC) cultured as
spheroids have been shown to exhibit distinct gene expression patterns
associated with crucial cellular processes, as well as improved paracrine
signaling (Jensen and Teng, 2020). The use of 3D cell cultures allows for
more robust investigations of mechanisms such as cell viability, density,
proliferation, differentiation, intercellular communication, and the
expression of cell type-specific markers, both at the gene and protein
levels (Antoni et al., 2015).

This study aims to assess the influence of fibroblast-derived para-
crine signaling on the myogenesis of bovine MuSCs co-cultured with
bovine fibroblasts on gelatin microcarriers, enabling the cultivation of
attachment-dependent cells, in a spinner flask system in a 3D cell culture
system. Based on previous results obtained using a 2D Transwell co-
culture model, we hypothesized that fibroblasts may stimulate early
myogenic differentiation by upregulating the expression of MuSCs'
specific markers.

2. Materials and methods
2.1. Bovine fibroblasts and muscle satellite cell lines establishment

Fibroblasts were isolated postmortem from Bos taurus skin tissue (two
individuals) using the explant culture method, as previously described
(Zygmunt et al., 2025). The primary fibroblast line was purified by the
MACS method for CD90 positive selection (Supplementary 1). Muscle
satellite cells were obtained from the musculus longissimus dorsi (two
individuals) using a previously described method (Zygmunt et al.,
2023). For enrichment of a homogeneous MuSCs population,
fluorescence-activated cell sorting (FACS) was conducted. Cell suspen-
sion was resuspended in a FACS buffer composed of Phosphate Buffer
Saline (PBS, pH 7.4), 5% Fetal Bovine Serum (FBS), 0.5 pM Ethyl-
enediaminetetraacetic acid (EDTA), and antibiotic Primocin (InViv-
oGen, San Diego, CA, USA). Cells were incubated on ice for 45 min with
primary antibody against CD31 (1 pg/mL, #MA3100, Thermo Fisher
Scientificc, Waltham, NY, USA) and CD45 (1 pug/mlL,
#80297-1-RR100UL, Thermo Fisher Scientific) to eliminate endothelial
and hematopoietic cells, respectively. Following three PBS washes, cells
were incubated with fluorophore-conjugated secondary antibodies -
Alexa Fluor 488 (1:200, #A2441, Thermo Fisher) and Alexa Fluor 594
(1:200, #A21201, Thermo Fisher) — for 20 min on ice. CD31/CD45
negative cells were sorted by FACS using CytoFlex SRT (Beckman
Coulter, Brea, CA, USA) and seeded in cell culture flasks pre-coated with
1% gelatin in Low Glucose Dulbecco Modified Eagle’s Medium (DMEM)
(Thermo Fisher Scientific) with the addition of 20% FBS (Thermo Fisher
Scientific) and Primocin. A second FACS-based enrichment was
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performed to isolate myogenic progenitors. Cell suspensions were
labelled against CD56 (1 pg/mL, #14255-1-AP, Thermo Fisher Scien-
tific) and CD29 (1 pg/mL, cat. #14-0299-82, Thermo Fisher Scientific),
followed by incubation with fluorophore-conjugated secondary anti-
bodies. MuSCs were defined as a CD29/CD56 positive cell population
(Supplementary 2) (Xu et al., 2015).

2.2. Three- dimensional spinner flask culture system

The proliferation stage was performed in a growth medium
composed of High Glucose DMEM supplemented with 20% FBS (Thermo
Fisher Scientific), MEM Non-Essential Amino Acids (Thermo Fisher
Scientific), 25 mM HEPES (Thermo Fisher Scientific) and Primocin. At
the differentiation stage, cells were cultured in High Glucose DMEM,
supplemented with 10% horse serum (Thermo Fisher Scientific), 25 mM
HEPES and Primocin. Cultispher G microcarriers with standard porosity
(#M9418, Sigma Aldrich) were prepared according to the manufac-
turer's protocol. Briefly, for preparation, microcarriers were washed
twice with PBS free of calcium (Ca *) and magnesium (Mg2+) ions, then
sterilized by autoclaving (121°C, 20 min). After sterilization, micro-
carriers were resuspended in growth medium (at a concentration of
0.01 g/mL). MuSCs and fibroblasts (in a ratio of 2:1) were seeded
separately onto prepared microcarriers at a density of 7200 cells/mL
(8500 cells/cmz) in non-adherent 100 mm culture dishes (total number
of cells in monoculture and co-culture was equal). Before seeding, cell
viability was assessed using trypan blue dye and quantified using the
Countess Automated Cell Counter 3 (Thermo Fisher Scientific).
Following an 18-hour attachment period, cell-seeded microcarriers were
transferred to 250 mL WHEATON (CELSTIR®) spinner flasks. Agitation
was initially set at 30 RPM on the 1st day, increased to 50 RPM during
the proliferation stage (4 days in the growth medium), and further
increased to 70 RPM during the differentiation stage (3 days in the
differentiation medium). Agitation speeds were previously optimized,
considering factors such as: cell type, media composition and mechan-
ical resistance of microcarriers. A fed-batch feeding strategy was used,
ensuring a continuous supply of fresh nutrients and thus exponential cell
growth - 50% of the medium was exchanged every day. All experiments
were performed with three biological replicates (with two technical
repetitions).

For visualization, cells were stained with CellTracker CMDFA (1:100,
#C2925, Thermo Fisher Scientific). Then, cells were fixed in 4% PFA for
20 min and stained with DAPI (1:1000, #10236276001, Sigma Aldrich)
for 20 min at room temperature. Microscopic observations were con-
ducted daily using a Zeiss AX100 imager D.2 microscope (Zeiss, Ger-
many) and Zeiss Zen 2 Blue Edition Software.

To isolate muscle cells from the co-culture with fibroblasts, negative
selection for CD90, a fibroblast-associated marker, was conducted using
the FACS method. Cells cultured on microcarriers were incubated in a
FACS buffer with a primary antibody against CD90 (1 pg/mlL,
#MA135307, Thermo Fisher Scientific), for 45 min on ice, followed by
three washing steps. Then, cells were incubated with Alexa Fluor 594-
conjugated secondary antibody for 20 min on ice. Then, CD90-
negative muscle cells were sorted by the FACS method and selected
for further analysis.

2.3. Quantitative analysis of metabolic activity of cells cultured in
monoculture and co-culture

Culture media samples were collected at both proliferation and dif-
ferentiation stages from monoculture and co-culture conditions, and
subsequently centrifuged at 1000x g to remove cells and cellular debris.
Dedicated bioluminescent assays (Promega) were used to assess the
metabolism of four key metabolites. Glucose metabolism was measured
using the Glucose-Glo™ Assay, lactic acid using the Lactate-Glo™ Assay,
and glutamine/glutamate using the Glutamine/Glutamate-Glo™ Assay.
All analyses were performed according to the manufacturer's protocols.
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Luminescent signals were detected and quantified using the BioTek
Cytation 1 Cell Imaging Multimode Reader (Agilent Technologies).

2.4. RNA isolation and gene expression analysis

Cells were resuspended in lysis buffer, and RNA was isolated by
PureLink RNA Mini Kit (Thermo Fisher Scientific) and PureLink™
DNase Set (Thermo Fisher Scientific). Quantitative and qualitative as-
sessments of the isolated RNA were carried out using a DeNovix DS-1
Spectrophotometer (DeNovix Inc.), and the integrity of the isolated
RNA was checked electrophoretically on a 1.5% agarose gel. 250 ng
samples were reverse transcribed to cDNA using the High-Capacity RNA
to cDNA Kit (Thermo Fisher Scientific). Relative expression levels were
determined by qPCR using RT HS-PCR MIX SYBR (A&A Biotechnology).
The endogenous controls were ACTB and YWHAZ genes. (Table 1).

2.5. Protein analysis

Cell lysates were prepared using RIPA Lysis and Extraction Buffer
and Halt Protease Inhibitor Cocktail (Thermo Fisher Scientific). Protein
concentrations were determined by the BCA method using Micro BCA™
Protein Assay (Thermo Fisher Scientific). Plates were coated with a
protein solution at a concentration of 0.1 ug/mL in 100 ul of 1 mM
carbonate buffer and incubated at 4°C for 16 h. The plate was then
washed 4x with Wash Solution (0.02% Triton X-100 in PBS) and incu-
bated in a blocking buffer (1% BSA) for 1 h. Then it was incubated with
the primary antibody -myosin (cat. number #PA1-28038, Thermo
Fisher Scientific) for 1 h, at a concentration of 1:1000 in 0.1% BSA
buffer in PBS, the plate was washed 4x with washing buffer and incu-
bated with the secondary antibody (Donkey anti-Rabbit IgG (H+L)
Secondary Antibody, HRP, Thermo Fisher Scientific) at a concentration
of 1:4000 in 0.1% BSA buffer). Washed 4x and incubated with HRP
substrate (Sigma) until complete color change, then the reaction was
stopped with 1 N HCI (1:1 ratio). Signal detection was performed using
absorbance at 410 nm using an Eppendorf Platereader AF 2200
(Eppendorf).

2.6. Statistical analyses

Statistical analyses were performed using Statistica software (Stat-
soft, v.13) and GraphPad program (Prism, v. 10.2.3). Normality of data
distribution was evaluated by the Shapiro-Wilk test, and analyses were
performed using Student's t-test for gene expression analysis and two-
way ANOVA for metabolic analysis.
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3. Results
3.1. Fluorescence visualization of cells cultured on gelatin microcarriers

Muscle cells and fibroblasts cultured on microcarriers (Fig. 1 A) were
stained with CellTracker CMDFA (green fluorescence) and DAPI (blue
fluorescence) to visualize the cytoplasm and nuclei, respectively.
Microscopic observations revealed the typical morphology of adherent
cells with oval-shaped nuclei and confirmed the effective attachment of
cells to microcarriers (Figs. 1B, 1E, Supplementary 3). Notably, in the co-
culture group following horse serum treatment during differentiation,
no microcarriers aggregation or clustering was observed, in contrast to
the monoculture condition, where mild microcarrier aggregation was
detected (Fig. 1 C). Moreover, the ability of muscle cells to form ag-
gregates was observed in both study groups, which may provide valu-
able insights for future 3D cell culture models (Fig. 1D).

3.2. Separation of muscle cells from fibroblasts in the co-culture group

For further analyses, muscle cells cultured in co-culture with fibro-
blasts were sorted by negative selection for CD90, a surface marker
associated with fibroblasts. The representative histogram of co-culture
(Fig. 2B) confirms the presence of two distinct populations of cells -
CD90-negative (expected muscle cells) and CD90-positive (fibroblasts)
compared to monoculture (Fig. 2A). To confirm the correctness of FACS
analysis the expression of PDGFRa, a fibroblast marker, was quantified
by qPCR analysis (Supplementary 4).

3.3. Quantitative analysis of metabolic activity of cells cultured in co-
culture and in monoculture

Glucose consumption decreased in both monoculture and co-culture
conditions following differentiation induction (Fig. 3A). Moreover,
lactate secretion decreased during differentiation, indicating potential
downregulation of the glycolytic pathway (Fig. 3B). Specifically, in co-
culture conditions, a significantly lower lactate secretion was observed
during differentiation compared to proliferation conditions
(p = 0.0113). Similarly, glutamate secretion decreased during differ-
entiation in both cell culture conditions. In contrast, glutamine con-
sumption increased following induction of differentiation (Fig. 3C and
D). In co-culture and monoculture conditions, significantly lower
glutamate secretion was observed during differentiation compared with
proliferation (p =0.0175 and p = 0.0421, respectively). Importantly,
no significant differences were observed between monoculture and co-
culture in the levels of consumed or secreted metabolites at a partic-
ular stage.

Table 1

Primer sequence of the studied genes.
Gene Forward Tm (°C) Reverse T (°C)
EGR1 5’AGCAACAGCAACAGCAGC '3 50.3 5’GGGGTAACTCGTCTCCACTAG 3 56.3
IL6 5’TGAAAGCAGCAAGGAGACAC '3 51.8 5’ACTCCAGAAGACCAGCAGTG '3 53.8
TCAP 5’CTGGGCTGAGTGGAAGGATC '3 55.9 5’CTGCCGGTGATAGGTCTCAT 3 53.8
socs3? 5’GGCCACTCTCCAACATCTCTGT 3 56.7 5’TCCAGGAACTCCCGAATGG °3 53.2
ITGA7B 5’ TCAATCTGGACGTGATGGGC ’3 53.8 5’AGAGACCTCCAGTGCGATTT ’3 51.8
TGFB1 5" CCAGAGGCGGACTACTACG ‘3 55.4 5" GCTCGGACGTGTTGAAGAAC ‘3 53.8
ACTB 5’AAGATCTGGCACCACACCTT’3 51.8 5’CTGGGTCATCTTCTCACGGT °3 53.8
YWHAZ 5’TCATACAAAGACAGCACGCT '3 49.7 5’ TTTTCCCCTCCTTCTCCTGC ’3 53.8
PAX7 5’AAGCGGACAAGAAGGAGGAG '3 53.8 5’CGGGTTCTGACTCCACATCT ’3 53.8
MYF5 5" TGCTTAGGGAACAGGTGGAA '3 51.8 5’AACTGCTGCTCTTTCTGGAC ’3 51.8
MYOD1 5" AACACTACAGCGGCGACT '3 50.3 5’GTAGTAAGTGCGGTCGTAGC '3 53.8
MYFF6 5’CCCTTCAGCTACAGACCCAA ‘3 53.8 5’CCTTGGCAGTTATCACGAGC '3 53.8
MYOG 5’TCCAGTACATAGAGCGCCTG ‘3 53.8 5’CTATGGGAGCTGCATTCACTG '3 54.4

1 (wall et al., 2005’
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Fig. 1. (A) Cultispher G microcarriers after preparation according to the manufacturer’s protocol, before seeding cells. Scale bar represents 100 um (B) Muscle cells
cultured on Cultishper G microcarriers after an 18-hour attachment period, nucleus stained with DAPI. Scale bar represents 100 um (C) Microcarriers aggregation in
the monoculture group at the 3rd day of differentiation, stained with Cell Tracker CMDFA and DAPI. Microscopic observations were conducted by BioTek Cytation 1
Cell Imaging Multimode Reader (Agilent Technologies). Scale bar represents 200 um (D) Representative image of muscle cells, which formed aggregates on the 3rd
day of differentiation. Scale bars represent 20 pm. (E). Cells cultured on Cultishper G microcarriers stained with Cell Tracker CMDFA and DAPI on the 3rd day of
differentiation. Microscopic observations were conducted using a Zeiss AX100 imager D.2 microscope (Zeiss, Germany) and Zeiss Zen 2 Blue Edition Software. Scale
bars represent 100 um.
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Fig. 2. Enrichment of bovine muscle cells through negative selection for CD90, a fibroblast-associated marker, using the FACS technique. (A) muscle cells mono-
culture (B) muscle cells and fibroblasts co-culture. Firstly, cells were gated to exclude debris and doublet cells. Subsequently, CD90 negative muscle cells were gated
for sorting for further analysis in the co-culture group. The representative histogram shows fluorescence intensity in channel Y610, on a logarithmic scale. Data were
acquired using the CytoFlex SRT sorter and analyzed with CytExpert Software (Beckman).

3.4. Changes in the gene expression of muscle satellite cells markers

Significantly higher expression of PAX7 was observed in the co-
culture group (p = 0.0160), which is involved in maintaining the
quiescent state and proliferation of muscle cells. Significantly higher
expression of Myf5, MyoD and MyoG was observed in the co-culture
group (p=0.0310, p =0.0045, p = 0.0036, respectively), genes
involved in proliferation and myogenic differentiation. No statistical
differences were observed in Myf6 expression between the tested groups.
Significantly higher expression of EGR1 was observed in the co-culture
group (p = 0.0009), which is involved in the differentiation of muscle
satellite cells. No statistical differences were observed in SOCS3 (pro-
moting MuSCs differentiation), IL6 (inducing myogenic differentiation
by JAK2-STAT3 signalling) and TCAP (sarcomere protein), but the
tendency to higher expression were observed in the co-culture group. No
statistical differences were observed in ITGA7 (determining the polarity
of MuSCs) and TGFBI1 (involved in TGFp1 signaling pathway) expression
between the tested groups (Fig. 4 A, 4B). Statistically higher expression
of skeletal myosin (p = 0.0019) was observed in the co-culture group,
determined by ELISA (Fig. 4 C). To confirm that the observed effects are
derived from fibroblast paracrine signaling, we perform two types of
validation. Firstly, MuSCs were cultured in fibroblast-derived condi-
tioned medium, which partly recapitulated the myogenic responses
observed in the co-culture group. Secondly, analysis of the expression of
crucial growth factors (FN1, TGFp1, IGF1, PDGFa, and FGF6) from fi-
broblasts was conducted by qPCR (Supplementary 5).

4. Discussion
Multiple studies, including two-dimensional (2D) cell culture

models, have confirmed the stimulating paracrine effect of fibroblasts on
myogenesis, revealing their ability to modulate myogenic

differentiation. For instance, using the transwell system, a reduction in
myoblast apoptosis during differentiation was demonstrated (Zhang
et al., 2010). Conditioned medium derived from fibroblast culture
significantly enhanced C2C12 myotube formation, confirming the sup-
portive role of fibroblasts' paracrine signals in myogenesis (Hinds et al.,
2013). In contrast, the co-culture of C2C12 myoblasts with 3T3 fibro-
blasts using a microfabricated, reconfigurable device revealed the
inhibitory effect of paracrine fibroblast signals on myogenic differenti-
ation, attributed to the FGF-2 signaling pathway (Rao et al., 2013).
Co-culture of Jeju Black Pig muscle cells and fibroblasts for 24 and 48 h
resulted in changes in the expression of key genes from the PAX and MRF
families. Specifically, MYF5 expression was upregulated, while PAX3,
PAX7, MYOD, and MYOG (after 24 h) were downregulated (Siddiqui
et al., 2022). In our recent studies, RNA-Seq analysis of bovine MuSCs
co-cultured with fibroblasts using a transwell system revealed that fi-
broblasts promote early myogenic differentiation (through
up-regulation genes like EGRI1, IL6, SOCS3). Moreover, paracrine
signaling of fibroblasts could modulate the extent of myogenesis, but a
higher ratio of paracrine signals to muscle cells could have a suppressive
effect on terminal differentiation (e.g. via TGFf signaling). At the dif-
ferentiation stage (24 h and 72 h after initiation of differentiation),
downregulation of late myogenesis genes like TCAP or MYOM were
observed (Zygmunt et al., 2025).

However, all the above-mentioned studies were conducted under 2D
culture conditions, which are fundamentally limited in their ability to
replicate the complex microenvironment conditions of in vivo muscle
tissue. In contrast, three-dimensional (3D) cell culture systems more
accurately mimic in vivo tissue architecture, cell morphology, and
function, particularly in the context of cultured meat production tech-
nology. In the present study, gelatin-based microcarriers (Cultishper G)
were used to maximize the available surface area of cell attachment.
Microcarriers increase cell yield and ensure efficient gas and nutrient
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Fig. 3. Quantitative analysis of metabolic activity: (A) Residual glucose amount in medium (mM), (B) Lactate secretion (mM), (C) Residual glutamine amount in
medium (mM), (D) Glutamate secretion (mM) in the co-culture of MuSCs with fibroblasts and monoculture of MuSCs (n = 3), measurement by luminescence-based

assays (Promega) and analyzed by two-way ANOVA (Statistica software).

exchange. In consequence to the highly porous structure of micro-
carriers, cells settle within the pores and subsequently proliferate,
effectively mimicking in vivo conditions and ensuring the maintenance
of intercellular interactions (Yiik Swan et al., 2024). Spinner flask pro-
vides a homogenous suspension culture environment through controlled
agitation, promoting equable microcarriers distribution and nutrient
mass transfer (Yang et al., 2022).

Our studies on the impact of paracrine signalling from fibroblasts on
myogenesis indicate significantly higher expression of myogenic genes,
including those from the PAX family (PAX7), the MRF family (Myf5,
MyoD, and MyoG), as well as EGR1, in muscle cells co-cultured with
fibroblasts. Pax7, a paired-box transcription factor, is expressed in
quiescent satellite cells and, in co-expression with Pax3, plays a critical
role in promoting myoblast proliferation (Collins et al., 2009). In the Go
phase, approximately 90% of the cells are myogenic precursor cells
(Pax7*"/Myf5") and undergo symmetric division, leading to myogenic
differentiation. In contrast, the remaining 10% represent myogenic stem
cells (Pax7*/Myf5°), which undergo asymmetric division to self-renewal
stem cell population (Shirakawa et al., 2022). Recent studies (Olguin
and Olwin, 2004) suggest that increased Pax7 expression suppresses
MyoD expression, thereby inhibiting myogenic differentiation. In
contrast, Zammit et al (Zammit et al., 2006). revealed that Pax7 and
MyoD are co-expressed in proliferating MuSCs, which is consistent with
our results. Members of the MRF family, specifically Myf5 and MyoD,
are crucially involved in the early stages of MuSCs myogenesis
(Gayraud-Morel et al., 2007). Approximately 30% of MyoD binding sites
in myoblasts overlap with Myf5 binding sites, but with different

functions — Myf5 remodulates chromatin structure, whereas MyoD
maintains the muscle phenotypes by initiating transcription of genes
crucial for myogenic differentiation (Hernandez-Hernandez et al.,
2017). In our studies, significantly higher expression of Myf5 and MyoD
was observed, suggesting cooperation between the proliferation and
activation of transcription factors crucial for myogenic differentiation in
muscle cells co-cultured with fibroblasts. Moreover, activation of ter-
minal differentiation relies on another MRF family member, such as
Myf6 and MyoG (Hernandez-Hernandez et al., 2017). Importantly,
MyoG plays a key role in regulating cell cycle exit. EGR1 promotes
myogenic differentiation by positively regulating MyoG expression,
likely through a direct interaction with one predicted binding site in the
MyoG promoter region. Overexpression of EGR1 has been shown to
enhance myotube formation, fusion, and elongation. Moreover, during
the differentiation process, EGR1 translocates to the nucleus, depending
on serine phosphorylation at position 533 in the C-terminal region
(Zhang et al., 2018). Our results show significantly increased EGRI
expression in co-cultures (with simultaneous higher MyoG expression),
which contributes to the enhanced myogenic differentiation.

However, in the 3D cell culture, no significant differences in the
expression of IL6, SOCS3, and TCAP were observed, although a tendency
toward higher expression in co-culture was observed. Interleukin-6 (IL-
6), a myokine secreted by skeletal muscle during physical activity, has
been indicated as a critical regulator of myogenic differentiation and
myotube formation. In vitro studies using C2C12 myoblasts have
demonstrated that IL-6 expression increases during differentiation, and
genetic ablation resulted in abnormal expression of myogenic markers
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myosin protein level in muscle satellite cells cultured in mono- and co-culture with fibroblasts determined by ELISA (n = 6).
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(Hoene et al., 2013). SOCS3 (suppressor of cytokine signaling 3) is the
most important regulator of the JAK1/STAT3 signaling pathway,
essential for myogenic differentiation and inflammatory response. Its
expression is noted in mature muscle fibers, as well as in muscle stem
cells (Swiderski et al., 2016). Notably, overexpression of SOCS3 induced
significantly higher expression of alpha-actin, myogenin, and MHC,
which are essential for muscle cell differentiation (Caldow et al., 2011).
TCAP (telethonin) is a Z-disc-associated protein integral to the structure
of mature sarcomeres. It is expressed during myogenic differentiation,
and its activation is dependent on MyoD and MyoG (Zhang et al., 2011).

Comparing the 2D and 3D culture results, a key conclusion is that
fibroblasts, through paracrine signaling, promote the early differentia-
tion of MuSCs. This is evidenced by the upregulation of key myogenic
markers, such as MYOG and EGR1, observed across both culture sys-
tems, as well as IL6 and SOCS3 in 2D cell culture conditions, accom-
panied by the concomitant downregulation of terminal differentiation
genes. Notably, in 2D cultures, mainly changes in marker expression
were observed in proliferative conditions. Following the shift to differ-
entiation medium, this support effect was reduced, with the simulta-
neous upregulation of the TGF-B1 signaling pathway (Zygmunt et al.,
2025).

Myosin is a contractile protein specific to skeletal muscle in adults,
and four isoforms of myosin heavy chain (MyHC) are classified: Myhl,
Myh2, and Myh4 expressed in fast-twitch muscle fibers — type II (IIX, IIA,
and IIB, respectively) and Myh7 expressed in slow-twitch muscle fibers
(type]) (Ojima et al., 2022). Analysis of skeletal muscle expression at the
protein level in our study showed a significantly increased expression of
myosin in the co-culture group (p = 0.0019), indicating enhanced
myogenic differentiation of muscle cells co-cultured with fibroblasts.

Moreover, as the 3D spinner flask system and gelatin microcarriers
significantly maximize the available surface area for high-density cell
growth, it was essential to monitor cellular metabolism through the
analysis of four key metabolites: glucose, lactate, glutamine, and
glutamate. Reduced glucose consumption during the differentiation
stage was observed in both study groups, along with a concomitant
reduction in lactate secretion. It was proven that proliferating MuSCs
increase glycolysis but differentiating MuSCs increase glucose utiliza-
tion for mitochondrial respiration (oxidative metabolism) (Yucel et al.,
2019). Furthermore, a decrease in extracellular glutamate levels was
observed, alongside a concomitant increase in glutamine consumption
during differentiation. This metabolic profile is likely associated with
reduced glutamine anaplerosis in the TCA cycle and decreased activity
of mitochondrial GLUD1 during differentiation (Soro-Arndiz et al.,
2024). Moreover, glutamine supports the progression of myogenesis by
promoting myotube formation and upregulating the expression of MyoG
and MYH1 - the crucial markers of myogenic differentiation (Takatoya
et al., 2025).

5. Conclusion

In summary, the co-culture of muscle satellite cells (MuSCs) with
fibroblasts under three-dimensional culture conditions confirmed our
previous observations from the 2D system that fibroblasts stimulate
myogenesis, which was observed by up-regulation of genes involved in
proliferation (PAX7, MYF5, MYOD) and early differentiation (MYOG,
EGR1). Nevertheless, markers of mature skeletal muscle like TCAP,
SOCS3, or IL6 did not reveal significant changes in expression. These
results indicate that paracrine signals from fibroblasts can support
myogenesis, providing valuable insights for optimizing the microenvi-
ronmental conditions for efficient in vitro muscle formation, towards
cultured meat production.
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