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A serum-free media formulation for cultured
meat production supports bovine satellite cell
differentiation in the absence of serum starvation

Tobias Messmer®'?, lva Klevernic!, Carolina Furquim', Ekaterina Ovchinnikova', Arin Dogan®/,
Helder Cruz', Mark J. Post"? and Joshua E. Flack ®2<

Cultured meat production requires the robust differentiation of satellite cells into mature muscle fibres without the use of
animal-derived components. Current protocols induce myogenic differentiation in vitro through serum starvation, that is, an
abrupt reduction in serum concentration. Here we used RNA sequencing to investigate the transcriptomic remodelling of bovine
satellite cells during myogenic differentiation induced by serum starvation. We characterized canonical myogenic gene expres-
sion, and identified surface receptors upregulated during the early phase of differentiation, including IGFIR, TFRC and LPAR1.
Supplementation of ligands to these receptors enabled the formulation of a chemically defined media that induced differentia-
tion in the absence of serum starvation and/or transgene expression. Serum-free myogenic differentiation was of similar extent
to that induced by serum starvation, as evaluated by transcriptome analysis, protein expression and the presence of a func-
tional contractile apparatus. Moreover, the serum-free differentiation media supported the fabrication of three-dimensional

bioartificial muscle constructs, demonstrating its suitability for cultured beef production.

ultured’ or ‘cultivated’ meat is an emerging technology
based on the proliferation and differentiation of stem cells
in vitro to produce edible tissues for human consumption.
Its development is motivated primarily by sustainability issues asso-
ciated with traditional meat production, including greenhouse gas
emissions, resource consumption, animal welfare and food safety"?.

Cultured meat is composed primarily of skeletal muscle tissue,
which can be grown from adult stem cells known as muscle satellite
cells (SCs) and from several other cell types*. Previous work has
described the isolation and proliferation of SCs from skeletal mus-
cle, and their myogenic differentiation in hydrogels or scaffolds to
form three-dimensional (3D) bioartificial muscles (BAMs) through
the use of tissue engineering techniques™®.

However, to become commercially viable, cultured meat tech-
nologies must overcome a critical dependence on animal-derived
components’. Standard protocols for SC proliferation require fetal
bovine serum (FBS) at concentrations of up to 20%, which affords
efficient growth rates, and enables myogenic differentiation through
an abrupt reduction in serum concentration, a process referred to as
‘serum starvation”. Scientific concerns (including batch-to-batch
variation), cost, and ethical and consumer acceptance anxieties
necessitate the replacement of FBS-supplemented culture media
with chemically defined, animal-free alternatives for cultured
meat production in the absence of transgene expression. Although
chemically defined media have now been developed that support
the differentiation of muscle cell lines such as C2C12, induced plu-
ripotent stem cells (iPSCs), embryonic stem cells (ESCs) and SCs all
rely on serum starvation and/or transgene overexpression to induce
differentiation®'".

Differentiation of SCs into mature muscle fibres requires exten-
sive transcriptional remodelling, including the downregulation of
cell-cycle-related genes, upregulation of myogenic transcription
factors and membrane fusogens, and the production of a functional

contractile apparatus upon terminal differentiation'>". Activation
of master transcriptional regulators occurs early in this process, but
the mechanisms whereby serum starvation induces these changes
remain poorly understood”'’. Whereas previous studies have
focused on myogenesis during embryonic development in cattle
and other species'*'%, the transcriptional landscape of adult bovine
myogenic differentiation in vitro has not been studied in a detailed
chronological fashion.

In this article we use bulk mRNA sequencing (RNA-seq) to study
gene expression profiles during muscle differentiation upon serum
starvation. By supplementing agonists to upregulated surface recep-
tors, we develop a chemically defined medium that can drive robust
myogenic differentiation in the absence of serum starvation and/or
transgene expression.

Results
Serum starvation triggers widespread transcriptomic change. We
induced myogenic differentiation of bovine satellite cells through
withdrawal of serum (from 20% in growth medium (GM), to 2%
in differentiation medium (DM); hereinafter referred to as ‘serum
starvation’), and studied the resulting transcriptomic and proteomic
profiles (Fig. 1a,b). After 96h, the fusion index (the percentage of
nuclei within multinucleated myotubes') increased from 1.0% to
38.3% (Fig. 1c), whilst nuclei counts did not show a specific trend
(Fig. 1d). Performing principal component analysis (based on the
500 most variably expressed genes), samples clustered by time
point, independent of batch, indicating that the day of differentia-
tion explained the majority of the variation (Fig. le). The greater
Euclidean distance between 0 and 48h, compared to that between
48 and 96 h, suggests that the majority of transcriptional remodel-
ling occurs within the first two days.

We used the RNA-seq dataset to assess gene expression of promi-
nent myogenic transcription factors and canonical differentiation
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Fig. 1| Bovine SCs undergo extensive transcriptomic changes upon serum starvation. a, Experimental design for the transcriptomic and proteomic
characterization of differentiating bovine SCs at O h, 24 h, 48 h, 72h and 96 h following serum starvation. b, Representative bright-field (top row) and
fluorescence (bottom row) images corresponding to time points in a. Green, desmin; blue, Hoechst. Scale bars, 500 um. ¢, Mean quantified fusion indices
of images in b. Error bars indicate s.d. d, Normalized nuclei count of b as a percentage of mean count at O h. Error bars indicate s.d. e, Principal component
analysis of the 500 most variably expressed genes in differentiating SCs from 0 to 96 h. Colours indicate the time after serum starvation. f, Median fold
expression changes of muscle-related genes compared to O h as determined by RNA-seq during the time course of serum starvation. Boxes indicate
interquartile range (IQR); whiskers show 1.5 x IQR. g, Mean fold expression changes of genes shown in f, determined by RT-qPCR. Error bars indicate s.d.,
n=4.h, Muscle-related protein expression during time course of serum starvation, as measured by western blot.
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Fig. 2 | Differential expression analysis identifies surface receptors upregulated upon serum starvation. a, Heatmap showing z values of the 1,000
most differentially expressed genes between O and 96 h after serum starvation. Genes (rows) and samples (columns) were clustered via Ward's method
and z values bounded at —2.5 and 2.5. Colours above samples indicate time after serum starvation. b, Bar plot indicating gene ontology terms (biological
processes) corresponding to genes differentially expressed between O h (yellow) and 96 h (red). Proportion of significantly up/downregulated genes of
total genes per gene ontology term is indicated. ¢, Volcano plot showing differentially expressed genes between O h (yellow) and 48 h (orange). Genes
corresponding to selected differentially expressed surface receptors are highlighted; dashed line indicates P value at FDR=0.05. DE, differentially
expressed. d, Median fold changes from O to 96 h post serum starvation, normalized against O h, for selected significantly upregulated surface receptors,

determined via RNA-seq. Boxes indicate IQR; whiskers show 1.5x IQR.
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markers, and found them to be consistently upregulated over the
course of differentiation (Fig. 1f and Extended Data Fig. 1a)***.
Myogenic regulator MYF5 was most highly expressed 24 h follow-
ing serum starvation, while expression of stem cell marker PAX7
increased during the first 24 h, before being downregulated (as pre-
viously shown in mouse?). Expression patterns of these genes were
confirmed via quantitative real-time polymerase chain reaction
(RT-qPCR) (Fig. 1g and Extended Data Fig. 1b), and by assessing
protein levels via western blot (Fig. 1h). Moreover, we also observed
increased expression of skeletal-muscle-specific myosins* and myo-
blast fusogens'® over time, while expression of satellite cell markers,
cell-adhesion-related and cell-cycle-maintenance genes decreased
concomitantly (Extended Data Fig. 1c,d).

Surface receptors upregulated upon serum starvation. We per-
formed differential expression analysis to identify genes up- and
downregulated during differentiation (Fig. 2a). In total, 2,984 of
14,729 genes were significantly upregulated between 0 and 96h
(log,FC>1, FDR<0.05, where FC is fold-change and FDR is
false discovery rate), while 2,438 were significantly downregulated
(log,FC<—1, FDR<0.05; Extended Data Fig. 2a). Upregulated
genes between 0 and 96h predominantly encode proteins related
to muscle development and function, protein folding, cell-cycle
inhibitors and cadherins (Supplementary Table 1). Gene ontol-
ogy terms associated with these genes relate to muscle processes
or muscle development (upregulation) and to cell-cycle regulation
(downregulation; Fig. 2b), suggesting that serum starvation induces
differentiation through cell-cycle arrest, as previously described”*.
We noted that transcriptional remodelling upon serum starvation is
largely conserved between bovine and mouse (R=0.65; Extended
Data Fig. 2b) when comparing the gene expression changes between
0 and 96 h with those previously observed between 0 and 120h for
C2C12 cells™.

We subsequently compared observed changes in gene expression
with changes in protein levels. Our mass spectrometry analysis iden-
tified 719 proteins for which the corresponding gene was present in
the RNA-seq dataset. We determined significantly up- and down-
regulated proteins over the course of differentiation (Supplementary
Table 2), which included muscle-specific markers such as desmin,
myosin heavy chain (myosinHC) and tropomyosin-al. These
proteins showed similar expression profiles to those previously
observed via western blot (Extended Data Fig. 2c and Fig. 1h). We
then compared the log, FC in protein levels identified via mass spec-
trometry with log, FC in gene expression quantified by RNA-seq,
between the earliest and the latest time points of differentiation
analysed. The strong correlation (R=0.78; Extended Data Fig. 2d)
observed implies that transcriptomic changes during myogenic dif-
ferentiation generally translate into corresponding changes in pro-
tein levels.

Reasoning that activation of cell-surface receptors upregulated
during early differentiation might promote initiation of myogenic
differentiation in vitro in the absence of serum starvation, we
identified genes encoding surface receptors that were upregulated
between 0 and 48h (log, FC> 1, FDR <0.05). Amongst these were
IGFIR and IGF2R, encoding receptors mediating signalling of insu-
lin, IGF1 and IGF2 (ref. *°), and the genes for transferrin (TFRC),
lysophosphatidic acid (LPA; LPARI), oxytocin (OXTR), glucagon
(GCGR) and acetylcholine (CHRNAI) receptors (Fig. 2c,d). We
confirmed upregulation of each of these receptors during differen-
tiation by RT-qPCR (Extended Data Fig. 2e).

Ligands of upregulated receptors induce differentiation. To
induce differentiation in the absence of serum starvation, we
supplied activatory ligands to the surface receptors previously
identified as upregulated during the early phase of differentiation,
and investigated the effect on myogenic differentiation (Fig. 3).
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We initially supplemented basal DMEM/F-12 with NaHCO,,
L-ascorbic acid 2-phosphate, EGF1, MEM amino acids and serum
albumin based on serum-free media formulations for iPSCs and
SCs?”%%, This formulation (hereinafter referred to as serum-free base
(SFB)) increased nuclei count by 76% relative to DMEM/F-12, indi-
cating increased cell survival, but did not significantly increase the
fusion index (Fig. 3a,b).

As transferrin receptor (TfR1) and IGF1R were amongst the most
significantly upregulated surface receptors (and because ligands
for these are widely used components of culture media®), we next
supplemented SFB with transferrin and insulin. Supplementation
with transferrin (T, 135nM) alone did not have a significant effect
on fusion index, whereas insulin (I, 1.8 uM) increased fusion from
7.4% (s.d.=1.8) to 12.3% (s.d.=1.3; P<0.001, n=4; Fig. 3c). A
synergistic effect was observed upon addition of both components,
resulting in an increased fusion index of 30.8% (s.d.=1.8; P<0.001,
n=4), although still less than the 39.0% (s.d.=0.7) observed in
serum starvation.

To approach the extent of differentiation induced by serum star-
vation, we then supplemented transferrin- and insulin-containing
SFB with additional ligands to other upregulated receptors, in vary-
ing concentrations (Fig. 3d,e). The fusion index increased signifi-
cantly from 30.7% (s.d.=2.6) to 38.1% (s.d.=2.0; P=0.022, n=4)
and 41.0% (s.d.=2.7; P<0.001, n=4) upon addition of 1 and 10 uM
LPA, respectively, and to 38.2% (s.d. =2.6; P=0.019, n=4) on addi-
tion of 1 uM glucagon, whereas the effect of oxytocin or ACh sup-
plementation was not statistically significant (Fig. 3f).

Serum-free  differentiation mimics serum starvation.
Supplementation of SFB with transferrin, insulin and LPA (a formu-
lation hereinafter referred to as serum-free differentiation medium
(SFDM)) resulted in fusion indices comparable to those of serum
starvation controls. We characterized the extent of differentiation
induced by SFDM more thoroughly, by assessing gene expression
of canonical myogenic markers (Fig. 4a). MYOD1, MYOG, DES and
TPM1 showed significantly greater induction (between 0 and 72h)
for both SFDM and serum starvation conditions when compared
to SFB. The same trend was observed for protein expression lev-
els (Fig. 4b), indicating that SFDM induces a myogenic phenotype
similar to serum starvation. For some genes (MYOG and DES) and
proteins (for example, myosinHC), induction in SFDM was lower
than in serum starvation.

To confirm that serum-free differentiation was not dependent
on surface coating, we tested SFB, SFDM and serum starvation
on a selection of extracellular matrix protein coatings (Fig. 4c).
Compared with Matrigel, there was no significant difference in
fusion index on any coating, with the exception of Laminin-111.
Nuclei count and myotube morphology were variable throughout
the conditions, although similar trends were observed for serum
starvation controls (Fig. 4d and Extended Data Fig. 3a). We next
studied the performance of SFDM and serum starvation with
respect to fusion index as a function of number of population dou-
blings (PDs) prior to differentiation. At early passage, serum starva-
tion controls performed slightly better than SFDM, but at higher
PDs, SFDM and serum starvation showed similar fusion index (Fig.
4e and Extended Data Fig. 3b,c), indicating that SFDM might show
improved performance in aged cells. We also compared the extent
and variability of myogenic differentiation across SCs from addi-
tional donor animals, and found that fusion indices in SFDM were
largely comparable to serum starvation (although for several donor
animals, serum starvation did show a minor but statistically signifi-
cant increase; Extended Data Fig. 4).

During longer time courses (up to ten days) of differentiation,
we occasionally observed spontaneous contraction of myotubes. We
therefore studied functional differentiation by performing electrical
pulse stimulation (EPS) after 192h of serum-free differentiation®.
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Fig. 3 | Serum-free differentiation is induced by supplementation of ligands to upregulated receptors. a, Representative fluorescence images of SCs after
72hin SFB media with (blue) and without (light blue) supplementation of insulin (I, 1.8 uM), transferrin (T, 135nM) and both, with basal DMEM/F-12 and
serum starvation as reference controls. Green, desmin; blue, Hoechst. Scale bar, 500 um. b, Nuclei counts derived from images in a and three additional
replicates as percentage against SFB media. Error bars indicate s.d., n=4. NS, not significant. ¢, Mean fusion indices derived from images in a and three
additional replicates, calculated by the percentage of nuclei within desmin-positive areas of total nuclei. Statistical significance is indicated for each condition
against SFB, as well as between SFB+ T + 1 and serum starvation. Error bars indicate s.d., n=4. d, Representative fluorescence images of SCs after 72h in
SFB+ T+ 1 with additional supplementation of LPA, oxytocin, glucagon and acetylcholine (ACh). Green, desmin; blue, Hoechst. Scale bar, 500 um. e, Nuclei
counts derived from images in d and three additional replicates as a percentage of SFB+T +|. Statistical significance is indicated for each condition against
SFB+T+1, error bars indicate s.d., n=4. f, Mean fusion indices derived from images in d and three additional replicates. Statistical significance is indicated
for each condition against SFB+ T+ [; grey line indicates SFB+ T + | baseline; error bars indicate s.d.,, n=4. *P<0.05, **P< 0.005, ***P < 0.001.
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EPS at 0.5 and 1Hz resulted in rhythmic myotube contractions,
indicating formation of a functional contractile apparatus sensitive
to membrane depolarization (Fig. 4f and Supplementary Video 1).
Tetanic contraction was observed upon EPS at 5Hz, or upon addi-
tion of 100 uM ACh.

Transcriptomic profiling of serum-free differentiation. Given
that our serum-free conditions induced myogenic differentiation
to a similar extent to serum starvation, we next characterized and
compared the underlying transcriptional changes in depth, by per-
forming RNA-seq prior to and after 72h of treatment with SFB,
SFDM, and serum starvation (Fig. 5). Dimensionality reduction
showed that samples were most clearly separated between 0h (GM,
SEGM) and 72h (SFB, SFDM, DM; Fig. 5a), suggesting that the
three 72h time points share an extensive set of differentially regu-
lated genes.

To assess the overall similarity of gene expression changes,
we determined differentially expressed genes during serum-free
and serum-starvation-induced differentiation, and compared the
respective log, FC values between 0 and 72h (Fig. 5b). Although
slightly more genes were significantly up- and downregulated dur-
ing serum starvation, the strong correlation observed (R=0.73)
suggests that the general transcriptomic changes induced are very
similar, indicating that the same underlying biological mecha-
nisms are being activated. To examine this trend more specifically,
we interrogated the dataset for expression of certain myogenic
regulators and muscle markers (Fig. 5¢). Induction of expression
of MYODI, MYOG and DES was similar during serum-free and
serum-starvation-induced differentiation, while SFB also led to a
small increase in expression of these genes, as previously observed
(Fig. 4a). However, genes associated with late-stage differentiation,
such as MYH?2, showed significantly higher expression in serum
starvation, indicating that terminal differentiation may be more
pronounced after 72h of serum starvation than the same period of
serum-free differentiation. Indeed, the increased Euclidean distance
between DM and the undifferentiated samples, relative to that for
SFDM (Fig. 5a), suggests that serum starvation triggers myogenic
gene expression programs in a faster or more pronounced fashion
than serum-free differentiation.

SFDM supports cultivation of differentiated BAMs. Most con-
cepts for production of cultured meat require the cultivation of 3D
muscle constructs. We therefore assessed the potential of SFDM
for promoting the formation and maturation of myotubes during
the fabrication of BAMs. We embedded differentiating SCs in col-
lagen/Matrigel hydrogels for 192 h in serum-free differentiation and
serum starvation conditions (Fig. 6a), and assessed the structure
and differentiation of the resulting BAMs via confocal microscopy,
western blot and scanning electron microscopy (SEM).

During pilot studies, we noted that different basal media
appeared to affect the overall morphology of BAM constructs. We
confirmed that the supplements present in SFDM result in pro-
nounced 2D myogenic differentiation in both DMEM/F-12 and
DMEM basal media (Extended Data Fig. 5). Neither nuclei number

nor fusion index differed significantly between DMEM/F-12- and
DMEM-based serum-free differentiation (Extended Data Fig. 6b,c).
In addition, we observed a strong correlation in transcriptional
changes induced in DMEM/F-12- and DMEM-based SFDM as
measured by RNA-seq (R=0.83, Extended Data Fig. 5d). We thus
tested both formulations in BAM fabrication.

All conditions resulted in the formation of viable constructs
after eight days of culture (Extended Data Fig. 6a). Cell density
and alignment, as well as actin and myosin expression, were vis-
ibly more pronounced in SFDM and DM when compared to
SFB (Fig. 6b), suggesting a more differentiated myogenic phe-
notype. Furthermore, we identified desmin expression exclu-
sively in DMEM-based SFDM and serum starvation control
BAMs, which was increased further by addition of ACh after 96h
(Extended Data Fig. 6b). The presence of large myotubes at the
surface of constructs (Fig. 6¢c and Extended Data Fig. 6¢c) suggests
that DMEM-based SFDM supplemented with ACh was the best
serum-free media formulation, supporting myotube formation
in BAMs comparable to serum starvation. Protein expression of
canonical muscle differentiation markers was strongly induced
(and to a similar extent) in both DMEM/F-12- and DMEM-based
serum-free BAMs, although to a lesser extent than in serum star-
vation (Fig. 6d).

Discussion

Production of cultured meat requires robust differentiation of stem
cells into mature muscle fibres, without the use of serum or other
animal-derived components. Chemically defined media have previ-
ously been developed that support the myogenic differentiation of
primary SCs from mouse®’, human’ and other species’’, and for
cell lines, iPSCs* and ESCs'. However, these protocols invariably
rely on use of serum during the proliferation phase to induce dif-
ferentiation through serum starvation, and/or on transgenic over-
expression of transcription factors such as MyoD'*. We aimed to
solve this issue by developing a chemically defined medium that can
drive robust differentiation in the absence of both serum starvation
and transgene expression.

We characterized with high resolution the transcriptomic and
proteomic changes that occur during differentiation of bovine
satellite cells upon serum starvation. Changes in mRNA expres-
sion observed during myogenic differentiation correlated well with
changes in protein levels. In addition, they exhibited similar patterns
to those previously found in cattle and other species'*>*, indicat-
ing that transcriptional remodelling processes occurring during
muscle differentiation are well conserved. Interestingly, switching
from SFGM to a minimal medium formulation (SFB) induced tran-
scriptional changes that somewhat resembled serum starvation,
suggesting that withdrawal of growth factors and other compo-
nents partially reproduces the effects of serum starvation, and that
reduction in the activity of pro-mitotic signalling pathways (such
as those stimulated by FGF2) contributes to induction of differen-
tiation. Additionally, our transcriptomic analysis identified several
cell-surface receptors upregulated during the early phase of differ-
entiation. By supplementing the minimal medium with ligands to

>
>

Fig. 4 | Serum-free differentiation is of comparable extent to serum starvation. a, Mean gene expression fold changes for SFB (light blue), SFDM (blue)
and serum starvation (orange) 72 h after induction of differentiation, normalized to respective conditions at O h (not shown), as determined by RT-gPCR.
Error bars indicate s.d., n=3. b, Muscle-related protein expression after O and 72h in SFB, SFDM and serum control, as measured by western blot.

¢, Representative fluorescence images of differentiating SCs after 72h in SFDM on indicated coatings. Green, desmin; blue, Hoechst. Scale bar, 500 um.

d, Fusion index corresponding to ¢ with SFB and serum starvation control. Significance was determined for each condition separately against the respective
Matrigel control. Error bars indicate s.d., n=3. e, Fusion indices after 72 h in SFB, SFDM or upon serum starvation of SCs corresponding to early (left),
medium (centre) and late (right) passages with indicated population doublings. Significance was determined against SFB and between SFDM and serum
starvation for each time point. Error bars indicate s.d., n=4. f, Relative size change of a myotube during EPS over time with varying frequencies, and on
addition of H,O or ACh. Each point represents a measurement of relative distance of two fixed points from Supplementary Video 1; dashed lines delineate

indicated parameter changes. *P<0.05, **P < 0.005, ***P < 0.001.

| VOL 3| JANUARY 2022 | 74-85 | www.nature.com/natfood

79


http://www.nature.com/natfood

these receptors, we developed a chemically defined medium that Several of the pathways we stimulated have been related to myo-
afforded robust myogenic differentiation in 2D and 3D assays, and  genic differentiation. Insulin and transferrin have previously been
which induced transcriptional and phenotypic changes with strong  identified as myotrophic factors both individually and synergisti-
similarities to serum starvation. cally*—*. These effects have been linked to increased glucose uptake
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Fig. 5 | Transcriptional remodelling during serum-free differentiation

is similar to serum starvation. a, RNA-seg-derived principal component
analysis of the 500 most variably expressed genes before and after
switching from GM (0 h) and SFGM (O h) to serum starvation (DM)

or SFB/SFDM, respectively, for 72 h. b, Scatter plot of log, FC between
SFGM and SFDM (x axis) versus those between GM and DM (y axis) with
Pearson correlation coefficient (R) as indicated. Data points represent
genes differentially expressed as indicated, with respective counts shown.
¢, Median fold expression changes for selected genes upon serum
starvation and serum-free differentiation, each normalized to GM,
determined via RNA-seq. Boxes indicate IQR; whiskers show 1.5 x IQR.

and improved iron homeostasis, although no clear mechanism of
action connecting both pathways has been described**. We also
found that activation of the glucagon receptor, a class B GPCR,
had a mild pro-myogenic effect, despite previous observations
that it is not expressed at high levels in skeletal muscle in vivo™*.
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Taken together, these data suggest a complex role for the insulin and
glucagon signalling pathways, probably linked to glucose metabo-
lism in vitro, and offer a potential avenue to further improve our
SFDM formulation through the tuning of glucose levels and other
metabolites. Use of metabolomic approaches to assess stabilities and
consumption rates of other medium components, such as amino
acids, will enable further optimization of feeding strategies during
myogenic differentiation.

LPAR1-mediated signalling has been reported to facilitate
migration of activated SCs, through stimulation of the sphingo-
sine kinase and sphingosine 1-phosphate pathways®. Interestingly,
we observed that LPA supplementation at concentrations up to
10uM vyielded a pro-myogenic effect, whereas previous studies
have linked higher concentrations to inhibition of differentia-
tion in C2C12 cells®. Conversely, neither oxytocin nor ACh sig-
nificantly affected differentiation in our 2D differentiation assays,
despite indications from past studies to the contrary”*'. However,
supplementation of SFDM with ACh did promote formation of
myotubes in BAMs, suggesting that myotube detachment from 2D
surfaces may conceal the effects of ligands which promote the later
stages of differentiation*’. Addition of such ‘maturation factors’
could help promote expression of terminal differentiation-related
genes, such as MYH2, which were not induced as strongly
in SFDM.

Our SFDM formulation supports the myogenic differentiation
of 3D muscle organoids in the absence of serum starvation and/
or transgene expression. Various animal-free models have previ-
ously been proposed for the fabrication of cultured meat, includ-
ing plant-based scaffolds and polymeric hydrogels****. While the
hydrogels used in this study were not fully animal-component
free, we observed robust 2D differentiation on several recombi-
nant extracellular matrix components, and we expect that these
findings will be reproduced in fully animal-free organoid cul-
tures. Further modifications are likely to positively impact the
extent of differentiation achieved in 3D, and to reduce costs.
Refining the composition and directionality of extracellular
matrix proteins can enhance SC motility and alignment, leading
to more pronounced myofibril development®. Similarly, EPS of
muscle organoids has been shown to improve force generation,
leading to increased expression of myoglobin and other mature
muscle markers?*. Finally, expanding the 3D model to include
co-culture with other cell types, such as endothelial cells or fibro-
blasts, could promote myogenic differentiation through juxta-
crine or paracrine interactions®’. In this way, increased tissue
complexity might narrow the disparity between current cultured
meat models and traditional meat.

Other scientific challenges remain crucial hurdles to wide-
spread success of cultured meat technologies. Significant prolifer-
ation is required to produce substantial amounts of cultured meat
from a small number of starting cells”. Although serum-free
differentiation outperformed serum starvation at high PDs, nei-
ther showed evidence of substantial myotube formation. This
is probably attributable to a loss of SC stemness independent
of differentiation conditions, and can be addressed by mitigat-
ing cellular aging effects using small molecules or growth factors
to inhibit specific signalling pathways (such as p38/MAPK)*.
Furthermore, cultured meat production will require reproduc-
ibility over a broad range of donor animals, breeds and (ideally)
species. We tested SCs from eight Belgian Blue cattle, all of which
demonstrated myogenic differentiation, but to a variable extent
when compared to serum starvation. Further research is needed
to clarify and mitigate sources of donor-to-donor variability.
Nevertheless, the development of culture conditions that permit
myogenic differentiation in the absence of serum starvation and
transgene expression is an important step towards the realization
of cultured meat.
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Fig. 6 | Serum-free differentiation medium enables fabrication of bioartificial muscles. a, Experimental setup for BAM fabrication in collagen/Matrigel
hydrogels. b, Maximum intensity projection confocal microscopy images of BAMs after 192 h in SFB and SFDM (DMEM/F-12 and DMEM based) or DM.
Pink, desmin, red, a-actin; green, myosinHC; blue, Hoechst. Scale bar, 100 um. ¢, Wide (top) and close-up (bottom) SEM images of BAMs after 192 h

in SFB and SFDM (DMEM/F-12 and DMEM based) or DM. Arrowheads indicate myotube formation. Scale bars, 100 um. d, Canonical muscle protein
expression in BAMs after 192 h in SFB, SFDM or upon serum starvation, as measured by western blot.

Methods
Satellite cell isolation and culture. Bovine SCs were isolated and purified as
previously described*. Briefly, freshly obtained semitendinosus muscle from
slaughtered Belgian Blue cattle (both male and female, aged from 1 to 7yr) was
minced and then digested with collagenase (CLSAFA, Worthington) for 1h at
37°C before filtration with 100 um nylon cell strainers. Red blood cells were lysed
with ammonium-chloride-potassium lysis buffer, filtered with 40 um strainers and
cultured for 72h in SFGM. SCs were purified by fluorescence-activated cell sorting
on a FACSAria Fusion Cell Sorter (BD Biosciences). Cells were stained with
NCAM1-PE-Cy7 (335826, BD Biosciences), CD29-APC (B247653, BioLegend),
CD31-FITC (MCA1097E, Bio-Rad) and CD45-FITC (MCA2220F, Bio-Rad) and
SCs sorted by gating for the CD31/CD45-, CD29+/NCAM1+ population.

SCs were cultured on flasks coated with Collagen Type I solution (Collagen
from Bovine Skin, Merck) in either GM or SFGM (Extended Data Table 1). Cells
were passaged every 4-5 days upon approaching confluency.

Myogenic differentiation. SCs were differentiated on 0.5% Matrigel-coated

plates (except where noted) by seeding 5x 10* cellscm™ in either GM (for serum
starvation) or SFGM (for serum-free differentiation). Differentiation was induced
by changing to DM after 24 h (for serum starvation), or by exchanging SFGM for
serum-free differentiation medium (SFDM) or the media composition as indicated.

Immunofluorescent staining. Cells were fixed with 4% PFA, permeabilized with
0.5% Triton X-100 and blocked in 5% bovine serum albumin (BSA). Fixed cells
were stained with a-desmin antibody (D1033, Sigma-Aldrich) and Hoechst 33342
(Thermo Fisher Scientific), and imaged using an ImageXpress Pico Automated Cell
Imaging System (Molecular Devices).

Nuclei counts were determined by quantifying Hoechst staining using
MetaXPress software, and normalized against respective controls. The fusion
index was determined by quantifying nuclei within desmin-stained myofibres as a
proportion of total nuclei and multiplying by 100 (refs. ****).

RT-qPCR. Cell lysates were harvested by adding TRK lysis buffer (Omega Bio-tek)
to tissue culture samples after removing culture media and washing with PBS. RNA
was purified using the Omega MicroElute Total RNA Kit (Omega Bio-tek). RNA
concentrations were determined by spectrophotometry and reverse-transcribed
using the iScript cDNA synthesis kit (Bio-Rad). RT-qPCR was performed using iQ
SYBR Green Supermix (Bio-Rad) with primer pairs shown in Extended Data Table
2. The resulting cycle threshold (CT) values were averaged across three technical
replicates, ACTs were calculated and the 24T of genes of interest were normalized
against ‘housekeeping’ genes (B2M and RPLI19). Statistical significance between
respective fold changes was evaluated using Dunnett’s multiple-comparison test
against respective controls.

RNA sequencing. Library preparation and sequencing. Sequencing libraries were
prepared from harvested RNA samples using the TruSeq stranded mRNA kit
(Illumina) and sequenced on a high-output 75bp NextSeq 500 (Illumina). For
GSE173198 (Fig. 1) and GSE173196 (Fig. 5), 37.0X 10° (s.d.=7.3x 10°) and 31.0x 10°
(s.d.=3.6x10°) aligned reads were obtained per sample on average, respectively.

Read alignment and quantification. STAR aligner v.2.7 was used to align single-end
reads to the reference genome bosTau9 (ARS UCD1.2.98). Subsequent analysis was
performed in R v.4.1.0. Gene counts based on the aligned reads were quantified
using the FeatureCounts function of the Rsubread package®. For GSE173198,
78.86% (s.d.=1.04) and for GSE173196, 80.39% (s.d.=1.77) of reads were uniquely
assigned to genes.

Quality control and normalization. DGEList-object was created using the obtained
count matrix and gene meta information from the Btaurus_gene_ensembl
dataset™. Low-abundance genes (below a count of 10 for every individual sample,
below a minimum count of 15 when summed over all samples, or not expressed in
at least two replicates for every condition) were removed, and normalization factors
were calculated using the trimmed-mean of M-values method in the NormFactor
function of edgeR*'". Counts per million (CPM) and reads-per-kilobase per million
(RPKM) were computed based on normalized library sizes.

Dimensionality reduction and differential expression analysis. Principal component
analyses were performed using the 500 most variable genes based on the variance

of RPKMs. Differential expression analysis was performed for each gene between

all conditions using the limma package according to its suggested workflow at
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default parameters, that is, by transforming the counts into log, CPM values,
estimating mean variance and computing observation-based weights (voom
function), fitting a linear model (ImFit function), computing estimated coefficients
(contrasts.fit function) and performing empirical eBayes moderation (eBayes
function) towards a common value with a log, FC threshold of 1.2 (ref. **).

Genes were considered differentially expressed above a log, FC cutoff of 1 and

an FDR <0.05, and were visualized in volcano plots. A heatmap showing the z
values of the 1,000 most differentially expressed genes between 0 and 96 h was
constructed in which genes and samples were clustered using Ward’s minimum
variance method with Euclidean distances. Overrepresented gene ontology terms
were computed for both upregulated and downregulated genes™.

Western blotting. Cells were lysed on ice using the RIPA Lysis Buffer System
(Santa Cruz Biotechnology). Protein samples were boiled in Laemmli buffer for
5min, separated by SDS-PAGE on 4-20% Mini-Protean TGX Gels (Bio-Rad), and
transferred to PVDF membranes by electroblotting. Membranes were stained with
primary antibodies against desmin (D1033, Sigma-Aldrich), myogenin (sc-52903,
Santa Cruz Biotechnology), tropomyosin-al (ab133292, Abcam), myosinHC

B (M8421, Sigma-Aldrich), a-actin (ab97373, Abcam) and a-tubulin (ab4074,
Abcam) and respective secondary antibodies a-mouse-horseradish peroxidase
(ab6721, Abcam) and a-rabbit-horseradish peroxidase (P0447, Dako). Protein
bands were detected with SuperSignal West Femto Maximum Sensitivity Substrate
(Thermo Fisher Scientific) and visualized on an Azure 600 chemiluminescence
imager (Azure Biosystems).

Mass spectrometry. Sample preparation. Protein samples were collected as
triplicates in 5M urea, 50 mM ammonium bicarbonate and lysed by three freeze—
thaw cycles. Samples were reduced with 20 mM dithiothreitol and alkylated

with 40 mM iodoacetamide. Alkylation was terminated by addition of 30 mM
dithiothreitol to consume excess iodoacetamide. Digestion was performed for
2hat 37°C in a thermoshaker (Grant Instruments) with Lys-C/trypsin mix
(Promega, V5073), which was added at a ratio of 1:25 (enzyme to protein). Lysates
were diluted with 50mM ABC to 1 M urea for overnight digestion, which was
terminated by addition of formic acid to a total of 1%.

Liquid chromatography. Peptide separation was performed on a Dionex Ultimate
3000 Rapid Separation UHPLC system (Thermo Fisher Scientific), equipped with
a PepSep C18 analytical column (length, 15 cm; inner diameter, 75 um; 1.9 yum
Reprosil; 120 A). Peptide samples were first desalted on an online installed C18
trapping column. After desalting, peptides were separated on the analytical
column with a 90 min linear gradient from 5% to 35% acetonitrile with 0.1%

FA at 300 nlmin~! flow rate. The UHPLC system was coupled to a Q Exactive
HF mass spectrometer (Thermo Fisher Scientific). Data-dependent acquisition
settings were as follows: full MS scan between m/z 250 and 1,250 at a resolution
of 120,000 followed by MS/MS scans of the top 15 most intense ions at a
resolution of 15,000.

Mass spectrometric raw data analysis. For protein identification and quantitation,
data-dependent acquisition spectra were analysed with MaxQuant (Max Planck
Institute). The Andromeda search engine was used with the SwissProt Bovine
database (SwissProt TaxID, 9913). Dynamic modifications of methionine
oxidation and protein N-terminus acetylation and static modification of cysteine
carbamidomethylation were taken into account.

Quality control and data processing. Data were processed and analysed using the
DEP package in R (ref. **). First, a summarized-experiment object was created
based on label-free quantitation (LFQ) intensities from the MaxQuant output. A
total of 1,169 proteins were identified after filtering for proteins that were present
in all replicates of at least one condition; there were an average of 659.8 (s.d.=84.3)
proteins per sample and 381 proteins present in all samples. Data were normalized
by variance stabilization transformation resulting in log LFQ intensities

before imputation by assuming missing-not-at-random values and using the
MiniProb method.

Differential expression analysis and Pearson correlation. Differential protein
expression between samples was determined through log LFQ intensities using
empirical eBayes moderation. The most significantly differentially enriched
proteins between 0 and 72h were computed (FDR <0.05, log, FC>1) and a
Pearson correlation coefficient was calculated against the transcriptional log, FCs
between 0 and 96 h.
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EPS. Cells were differentiated as previously described in SFDM for 192h in
six-well plates. EPS was applied to cells using a C-PACE EP stimulator (IonOptix)
with six-well electrodes at 12.0 V and 1.0 ms pulse width. Contraction of myotubes
was recorded at 60 f.p.s. with an Evos FL5000 microscope (Thermo Fisher
Scientific). Size changes were quantified by measuring pixel distance between two
fixed points on the myotubes in every fifth frame of Supplementary Video 1 using
Image]. Sizes were converted to nanometres (using the microscope scale bar for
reference) and plotted against time.

BAM fabrication. Cells were cultured for one passage in either SFGM or GM on
Matrigel-coated flasks until they reached confluence. Differentiation was induced
by switching from SFGM to SFB or SFDM as indicated, or from GM to DM. After
48h in SFB, SFDM or DM, cells were harvested and filtered with a 70 um nylon
strainer. BAMs were fabricated by modifying a previously described method’.
Briefly, 5.9 10°cellsml™ in respective media were mixed with 1.5mgml~" ice-cold
Collagen Type I solution (Merck) and neutralized with 0.5N NaOH (Sigma)
solution by mixing on ice. Matrigel (Corning) was mixed within the gel to a

final percentage of 7%, and 70 pl plated around a stainless steel pillar (2 mm in
diameter). After allowing the hydrogel to compact for 2 h, respective differentiation
media were added. Media changes were performed after 96 h (ACh was included
in the medium at a final concentration of 10 uM where indicated) and BAMs were
harvested a total of 192 h after fabrication.

Confocal microscopy. BAMs were washed in ice-cold PBS, fixed in 4% PFA and
harvested by careful removal from pillars. Fixed structures were stained with
primary antibodies against desmin (D1033, Sigma-Aldrich) and myosinHC (M8421,
Sigma-Aldrich) and subsequently with secondary antibodies a-rabbit-Alexa488
(A21206,Thermo Fisher Scientific) and a-mouse-Alexa633 (A21050, Thermo Fisher
Scientific), and with Phalloidin-490LS (14479, Sigma-Aldrich) and Hoechst 33342
(Thermo Fisher Scientific). Images of stained BAM constructs were captured using a
TCS SP8 MP confocal microscope (Leica Microsystems), and are presented as single
slices or maximum-intensity projections as indicated.

SEM. BAM constructs were transferred to Karnovsky fixative at room temperature
(2% PFA, 2.5% glutaraldehyde in 0.1 M NaH,PO,, C0250, Sigma-Aldrich).

BAMs were washed in 0.1 M NaH,PO, and postfixed for 1h with 1% OsO,, 1.5%
ferrocyanide in 0.1 M cacodylate. After postfixative was removed, BAMs were
washed, dehydrated by critical point drying and sputter-coated with a thin gold layer
using a SC7620 Mini Sputter Coater (Quorum Technologies). The prepared samples
were imaged on a JSM-IT200 InTouchScope scanning electron microscope (JEOL).

Statistical analyses. Statistical significance for nuclei counts and fusion indices was
assessed using Prism v.9.1.2 (GraphPad). In the case of one dependent variable,
one-way analysis of variance was performed to determine statistical significance,
followed by Dunnett’s multiple-comparison test against indicated controls (Fig.

3 and Extended Data Fig. 5). In the case of two independent variables, two-way
analysis of variance was performed, followed by Tukey’s multiple-comparison test
(Fig. 4 and Extended Data Figs. 3 and 4). Sample replicates consisted of cells from
the same donor animal, cultured in separate vessels. No statistical methods were
used to predetermine sample sizes, but sample sizes are similar to those previously
reported*®. For nuclei counts and fusion indices, the data distribution was assumed
to be normal although this was not formally tested.

Reporting Summary. Further information on research design is available in the
Nature Research Reporting Summary linked to this article.

Data availability

RNA-seq data has been deposited to the GEO (accession number GSE173199).
Source data are provided with this paper. Further data supporting the findings of
this study are available from the authors upon request.

Code availability

Analysis code is available from the authors upon request.
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Extended Data Fig. 1| Gene expression during myogenic differentiation induced by serum starvation (related to Fig. 1). a, RNA-seq-derived median
fold changes of selected muscle-related genes during serum starvation compared to O h. b, Mean fold changes of genes shown in a), determined via RT-
gPCR; error bars indicate SD, n=3. ¢, Median fold changes of selected strongly upregulated myogenic genes compared to O h, determined via RNA-seq. d,
Median fold changes of selected downregulated genes compared to O h, determined via RNA-seq; boxes indicate IQR, whiskers show 1.5 x IQR.
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Extended Data Fig. 2 | Transcriptomic and proteomic characterisation of serum starvation (related to Fig. 2). a, Volcano plot showing differentially
expressed genes between 0 h (yellow) and 96 h (red) of serum starvation. Selected differentially expressed muscle, stem cell or cell cycle-related genes
are indicated. b, Scatter plot showing correlation of log2-fold changes of overlapping genes from bovine (x-axis) with C2C12 (y-axis) with indicated
Pearson correlation coefficient (R). Colours indicate upregulation (red) or downregulation (yellow) in bovine gene expression, shapes indicate whether
differentially expressed genes are simultaneously up/downregulated in both species (squares) or significantly up/downregulated in one species while
inversely regulated in the other (triangles). ¢, Median fold changes of muscle-related protein levels from Oh to 72 h post serum starvation, normalised
against O h; boxes indicate IQR, whiskers show 1.5xIQR. d, Scatter plot showing the Pearson correlation of log2-fold changes of genes from RNA-seq
(y-axis) and corresponding proteins from mass spectrometry (x-axis) upon serum starvation with indicated correlation coefficient (R). Colours indicate
upregulation (red) or downregulation (yellow) while shapes indicate significantly regulated proteins (points), genes (triangles), or both (squares). e, Mean
fold gene expression changes of differentially regulated surface receptors, determined by RT-gPCR; error bars indicate SD, n=3.
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Extended Data Fig. 3 | Serum-free differentiation and serum starvation are similar with respect to cell age and coating (related to Fig. 4). a, Normalised
nuclei counts of SCs differentiating on indicated coatings after 72 h in SFB, SFDM and serum starvation as percentage against SFB; statistical significance
is indicated for each media against respective Matrigel control, error bars indicate SD, n=3. b, Normalised nuclei counts of SCs after 72 h of SFB, SFDM or
serum starvation at early (left), medium (centre), and late (right) passages with indicated PDs, as percentage of low PDs in SFB; asterisks directly above
bars indicate statistical significance against SFB; error bars indicate SD, n=4. ¢, Representative fluorescence images of differentiating SCs at early (top),
medium (middle) or late (bottom row) passages after 72 h in SFB (left), SFDM (centre) or serum starvation (right), corresponding to Fig. 4e, Extended
Data Fig. 3b; green, desmin; blue, Hoechst. Scale bar, 500 um. *P < 0.05, **P < 0.005, ***P < 0.001.
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Extended Data Fig. 4 | Extent of serum-free differentiation varies between donor animals (related to Fig. 4). a, Normalised nuclei counts of SCs from
different donor animals after 72 h of myogenic differentiation as percentage of SFB with statistical significance indicated between SFDM and serum
starvation respectively for each donor; error bars indicate SD, n=4. b, Mean fusion indices of SCs from different donor animals after 72 h of serum-free
or serum starvation induced differentiation, normalised against respective SFB condition. Statistical significance is indicated between SFDM and serum
starvation respectively for each donor; error bars indicate SD, n=4. ¢, Representative fluorescence images of myogenic differentiation of SCs from

different donor animals after 72 h in SFB (top), SFDM (middle) and serum starvation (bottom row); green, desmin; blue, Hoechst. Scale bar, 500 um.
*P<0.05, **P<0.005, ***P < 0.001.
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Extended Data Fig. 5 | 2D serum-free differentiation can be achieved with different basal media (related to Fig. 6). a, Representative fluorescence
images of SCs after 72h in SFB, SFDM with DMEM/F-12 and DMEM base, and upon serum starvation; green, desmin; blue, Hoechst. Scale bar, 500 uM. b,
Normalised nuclei counts from a) as percentage of SFB with statistical significance indicated against SFDM (DMEM/F-12); error bars indicate SD, n=4.

¢, Mean fusion indices derived from a) with statistical significance performed against SFDM (DMEM/F-12); error bars indicate SD, n=4. d, Scatter plot
indicating correlation of log2-fold changes between SFGM and DMEM/F-12-based SFDM (x-axis) against log2-fold changes between SFGM and DMEM-
based SFDM (y-axis) with Pearson correlation coefficient indicated. *P < 0.05, **P < 0.005, ***P < 0.001.

NATURE FOOD | www.nature.com/natfood


http://www.nature.com/natfood

SFB ‘ SFDM

Base Medium

. DMEM/F-12

B DVEM

[l DM (Serum starv.)

b SFDM + ACh (10 pM)
(o}

SFDM + ACh (10 puM)
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Extended Data Fig. 6 | Acetylcholine supplementation improves myogenic fusion in bioartificial muscles (related to Fig. 6). a, Ultrastructure of BAMs
after 192 h in SFB or SFDM (with DMEM/F-12 or DMEM basal media) or serum starvation. Scale bar, 100 um. b, Representative fluorescence images of
BAMs after 192 h in DMEM-based SFDM without (left) and with (right) 10 uM acetylcholine (ACh); pink, desmin; red, a-actin; green, myosinHC; blue,
Hoechst. Scale bars, 100 um. ¢, Ultrastructure (top), wide (middle) and close-up (bottom) scanning electron microscopy images of BAMs after 192 h in
DMEM-based SFDM with (right) and without (left) 10 uM acetylcholine. Scale bars, 100 um.
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Extended Data Table 1| Media Formulations

Component

| Concentration

Growth medium (GM)

Ham’s F-10 Nutrient Mix (31550-023, Gibco) +

Fetal Bovine Serum (FBS) 20%
FGF2 5ng ml’
Penicillin/Streptomycin/Amphotericin 1%
(PSA; 17-745E, Lonza)

Differentiation medium (DM)

DMEM (22320-022, Gibco) +

FBS 2%

PSA 1%
Serum-free growth medium (SFGM)

DMEM/F-12 (21331-020, Gibco) +

Chemically-defined FBS replacement 1%

PSA 1%
Serum-free base medium (SFB)

DMEM/F-12 (or DMEM where indicated) +

EGF1 10 ng ml”’
Human Serum Albumin 0.5mg ml’
L-ascorbic acid 2-phosphate (Vitamin C) 40 uM
MEM Amino Acids Solution (11130-051, 0.5%
ThermoFisher)

NaHCO3 6.5 mM
PSA 1%
Sodium Selenite 80 nM
Serum-free differentiation medium (SFDM)

SFB +

Insulin 1.8 uM
LPA 1 uM
Transferrin 135 nM
ACh (for BAM fabrication after 96 h) 10 uM
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Extended Data Table 2 | RT-qPCR primers

Gene Primer Sequence
B2M Fwd: 5-TGGAGGTGCTGGCATCTTAG
Rev: 5-ATGCAGAAGACACCCAGATGTT
CAV3 Fwd: 5-GATCGATCTGGTGAACCGGG
Rev: 5-TGTAGCTCACCTTCCACACG
CHRNA1 Fwd: 5-ACTTCATGGAGAGCGGAGAA
Rev: 5-AACACTAGGCCGGTCAAGAA
DES Fwd: 5'-GGAAGCCGAGGAATGGTACA
Rev: 5-TCGATCTCGCAGGTGTAGGA
GCGR Fwd: 5-CGGAGGCTAGAGTGTGGAAG
Rev: 5-GAATGTGGACACGCTGACAC
IGF1R Fwd: 5'-CCTCCACATCCTGCTCATTT
Rev: 5-GATGACCAGGGCGTAGTTGT
LPAR1 Fwd: 5-CCGCAGTGCTTCTACAATGA
Rev: 5-GCCAGATTCGCCATAAGGTA
MYOD1 Fwd: 5-CGACGGCATGATGGACTACA
Rev: 5-GTAAGTGCGGTCGTAGCAGT
MYF5 Fwd: 5-TCTATCTCTCTGCTGTCCAGGC
Rev: 5-AACTCGTCCCCGAACTCAC
MYF6 Fwd: 5-GCGAGAGGCGGCGGCTCAAGAAAATCAACG
Rev: 5-TGGAATGATCCGAAACACTTGGCCACTG
NCAM1 Fwd: 5-CCGAGAAGGGTCCCGTAGA
Rev: 5-ATTTGTGTGGCATCGTTGGG
OXTR Fwd: 5-TCCACGCTGTGACTGATAGG
Rev: 5-GCTTGGTTTGATGGTGGAGT
PAX7 Fwd: 5-CTCCCTCTGAAGCGTAAGCA
Rev: 5-GGGTAGTGGGTCCTCTCGAA
RPL19 Fwd: 5-TCGAATGCCCGAGAAGGTAAC
Rev: 5-CTGTGATACATGTGGCGGTC
TFRC Fwd: 5-GGCTCTGGCTCTCACACTCT
Rev: 5-TTCGTTGTCAATGTCCCAAA
TNNT1 Fwd: 5-CCTCTGATCCCGCCAAAGAT
Rev: 5-GGTCCTTTTCCATGCGCTTC
TPM1 Fwd: 5-GAGTTGAAAACTGTGACGAACAAC
Rev: 5-ACCTCTCCGCAAACTCAGC
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For protein identification and quantification, DDA spectra were analyzed with MaxQuant (Max Planck Institute) to generate LFQ intensities.
Data analysis Subsequent analyses of the RNA-sequencing data and the proteomic data were performed using R 4.0.3.

For manuscripts utilizing custom algorithms or software that are central to the research but not yet described in published literature, software must be made available to editors and
reviewers. We strongly encourage code deposition in a community repository (e.g. GitHub). See the Nature Research guidelines for submitting code & software for further information.

Data

Policy information about availability of data
All manuscripts must include a data availability statement. This statement should provide the following information, where applicable:

- Accession codes, unique identifiers, or web links for publicly available datasets
- Alist of figures that have associated raw data
- A description of any restrictions on data availability

RNA-seq data are available under GEO accession number GSE173199 (and can be accessed at https://www.ncbi.nlm.nih.gov/geo/query/acc.cgi?acc=GSE173199).
Proteomic data is available as Supplementary Table 2.




Field-specific reporting

Please select the one below that is the best fit for your research. If you are not sure, read the appropriate sections before making your selection.

[X] Life sciences [ ] Behavioural & social sciences [ | Ecological, evolutionary & environmental sciences

For a reference copy of the document with all sections, see nature.com/documents/nr-reporting-summary-flat.pdf

Life sciences study design

All studies must disclose on these points even when the disclosure is negative.

Sample size Triplicates or quadruplicate samples were performed for all experiments. No sample-size calculation was performed. These sample sizes were
deemed sufficient for robust P-value calculations.

>
Q
—+
C
=
@)
=
(D
W
()
QL
=
(@)
o
=
D
o
o
=
>
(@]
(2]
c
3
3
Q
=
S

Data exclusions  No data were excluded from the analyses.
Replication All key results were replicated in at least two separate experiments.
Randomization  Randomization was not applicable to this study (since cells from all donor animals were tested in all conditions).

Blinding Data collectors were blinded to group allocation of samples by numbering the conditions during data acquisition.

Reporting for specific materials, systems and methods

We require information from authors about some types of materials, experimental systems and methods used in many studies. Here, indicate whether each material,
system or method listed is relevant to your study. If you are not sure if a list item applies to your research, read the appropriate section before selecting a response.

Materials & experimental systems Methods
Involved in the study n/a 7 Involved in the study
Antibodies X[ ] chip-seq
Eukaryotic cell lines |Z| |:| Flow cytometry
Palaeontology and archaeology |Z| |:| MRI-based neuroimaging

Animals and other organisms
Human research participants

Clinical data

XXXNXNXX[]S
OO00000OK

Dual use research of concern

Antibodies
Antibodies used anti-desmin (D1033, Sigma Aldrich), anti-myogenin (sc-52903, Santa Cruz Biotechnology), anti-tropomyosin-alphal (ab133292,
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(B247653, BioLegend), anti-CD31-FITC (MCA1097F, Bio-Rad), anti-CD45-FITC (MCA2220F, Bio-Rad)
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