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Proteome dynamics reveal Leiomodin 1 as a key regulator of myogenic differentiation
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Abstract

During myogenic differentiation the cellular architecture and proteome of muscle stem cells
and myoblasts undergo extensive remodeling. These molecular processes are only partially
understood and display alterations in disease conditions as well as during aging resulting in
impaired regeneration. Here, we used mass spectrometry to quantify the temporal dynamics
of more than 6000 proteins during myogenic differentiation. We identified the actin nucleator
leiomodin 1 (LMOD1) among a restricted subset of cytoskeletal proteins increasing in
abundance in early phases of myogenic differentiation. We show that LMOD1 is already
expressed by muscle stem cells in vivo and displays increased abundance during skeletal
muscle regeneration, especially during early regeneration suggesting that LMOD1 is important
for induction of myotube formation. Of note, knockdown of LMOD1 in primary myoblasts and
during skeletal muscle regeneration severely affects myogenic differentiation, while
overexpression accelerates and improves the formation of myotubes suggesting that LMOD1
is a critical component regulating myogenic differentiation. Mechanistically, we show that
LMOD1 physically and functionally interacts with the deacetylase sirtuin1 (SIRT1), a regulator
of myogenic differentiation, especially at the onset of myogenic differentiation. We
demonstrate that LMOD1 influences SIRT1 localization and the expression of a subset of its
target genes. Consistently, depletion or pharmacological inhibition of SIRT1 partially rescues
the impairment of myogenic differentiation observed after knockdown of LMOD1. Our work
identifies a new regulator of myogenic differentiation that might be targeted to improve muscle

regeneration in aging and disease.

Keywords: muscle stem cell, satellite cell, cytoskeleton, myogenesis, LMOD1, SIRT1, mass

spectrometry, myogenic differentiation, regeneration
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Main Text

Muscle stem cells (MuSCs), also known as satellite cells, possess a remarkable ability to
regenerate adult skeletal muscle following injury (Sambasivan et al. 2011; Murphy et al. 2011).
These cells are typically quiescent, reside between the basal lamina and the myofiber (Mauro
1961; Sousa-Victor et al. 2015), and are characterized by the expression of the paired box
transcription factor 7 (PAX7) (Seale 2003; Lepper, Partridge, and Fan 2011; von Maltzahn et
al. 2013; Zammit et al. 2006). In response to physiological and regeneration-inducing stimuli,
MuSCs become activated, begin to self-renew, and undergo myogenic differentiation (Fu,
Wang, and Hu 2015; Schmidt et al. 2019). During myogenic differentiation after injury - a
process recapitulating myogenesis during development - MuSCs proliferate, differentiate, and
finally fuse to damaged myofibers or form new myofibers. These processes are tightly
regulated by the expression of different myogenic regulatory factors (MRFs) such as MYF5,
MYOD, myogenin and MRF4 (Chang and Rudnicki 2014; Schmidt et al. 2019; Tiffin et al.
2003). Additionally, external cues from the surrounding microenvironment play a crucial role
in regulating myogenic differentiation (Bentzinger, Wang, Dumont, et al. 2013; Hung et al.
2023). These cues involve different signaling pathways including NOTCH, WNT, BMPs, FGFs,
and Hedgehog (Fre et al. 2005; Baghdadi, Castel, et al. 2018; Baghdadi, Firmino, et al. 2018;
Bentzinger, Wang, von Maltzahn, et al. 2013; Friedrichs et al. 2011; Larrain et al. 1997;
Voronova et al. 2013). Epigenetic mechanisms and chromatin remodeling regulate the
accessibility of transcription factors to regulatory regions of the DNA and, thereby, the
expression of myogenic genes (Saccone and Puri 2010; Massenet et al. 2021). Histone
deacetylases (HDACs) and methyltransferases, e.g., SIRT1 (Ryall et al. 2015), HDAC4
(Moresi et al. 2012; Finke et al. 2022) and SMYD3 (Codato et al. 2019) are implicated in
maintaining muscle integrity and differentiation. The cytoskeleton plays crucial roles in
regulating cell shape, motility and signal transduction (Pollard and Cooper 2009; Higuchi-
Sanabria et al. 2018). This is especially important during fusion of myoblasts to form myotubes
(Abmayr and Pavlath 2012). Perturbations in signalling pathways, mechanosensitivity, and
interactions with the extracellular matrix (ECM) were shown to significantly affect the
cytoskeletal architecture of MuSCs in disease and during aging (Chakkalakal et al. 2012;
Hwang and Brack 2018; Lukjanenko et al. 2016). For instance, in Duchenne muscular
dystrophy (DMD), mutations in the dystrophin gene can disrupt the connection between the
actin cytoskeleton and the ECM, impairing the function of MuSCs (Winder, Gibson, and
Kendrick-Jones 1995; Lu-Nguyen et al. 2017; Mournetas et al. 2021). Similarly, mutations in
plectin, a protein that connects various cytoskeletal components, result in muscle diseases
known as plectinopathies, which are characterized by compromised muscle cell integrity
(Winter and Wiche 2013). Of note, also age-related sarcopenia can be caused by changes in

cytoskeletal proteins, resulting in a decline in myofiber quantity and functionality (Budai,
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Balogh, and Sarang 2018; Larsson et al. 2019). Changes in actin dynamics, e.g., a
dysregulation of ARP2/3 and N-WASP, responsible for forming branched actin networks and
cell motility, can impair the response to muscle injury (Lai and Wong 2020). Additionally, the
distribution of desmin, an essential protein for structural integrity, was shown to affect the
mechanical properties and resilience of myofibers (Meyer, Schenk, and Lieber 2013). Aging
also affects muscle regulatory factors like MyoD and myogenin, disrupting the timely
expression of cytoskeletal and contractile proteins required for proper differentiation of MuSCs
(Sousa-Victor et al. 2014).

Here, we set out to identify new regulators of myogenic differentiation by investigating
alterations in protein dynamics during myogenic differentiation using mass spectrometry.
Thereby, we identified LMOD1 among a restricted group of cytoskeletal proteins that increases
in abundance during early myogenic differentiation. We confirmed the presence of LMOD1 in
MuSCs in vivo and show that LMOD1 is transiently upregulated during skeletal muscle
regeneration and that reducing LMOD1 expression after injury impairs skeletal muscle
regeneration. LMODs are known as powerful actin filament nucleator but their role in myogenic
differentiation has not been investigated so far (Chereau et al. 2008; Boczkowska et al. 2015;
Fowler and Dominguez 2017; Tolkatchev, Gregorio, and Kostyukova 2022). Through
knockdown and overexpression experiments, we show that LMOD1, but not the closely related
LMOD2, is essential for proper myogenic differentiation. Mechanistically, we show that
LMOD1 interacts with the deacetylase SIRT1, a known regulator of myogenic differentiation
(Fulco et al. 2003; Ryall et al. 2015), and thereby influence its subcellular localization and the

expression of a subset of target genes.
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95 Proteome dynamics during myogenic differentiation

96 To comprehensively and unbiasedly examine the protein dynamics during myogenic

97 differentiation, we performed an in vitro five-day differentiation time course experiment using

98 mouse primary myoblasts from five different mice (Figure 1A) and collected samples at each

99 day of differentiation for label-free quantitative proteomics (Table S1). Principal Component
100 Analysis (PCA) based on protein intensities obtained from mass spectrometry data (6098
101  quantified proteins in total) revealed a progressive separation of the different cell populations
102 by the day of differentiation (Figure 1B). We confirmed the expected dynamics of key
103  myogenic regulators by gqRT-PCR and mass spectrometry (Schmidt et al. 2019), validating our
104  experimental setup and proper myogenic differentiation (Figures 1C and 1D). Next, we
105 compared protein dynamics by clustering the obtained proteomics data (Table S1). The 3839
106  protein groups significantly affected in at least one measured time point of differentiation
107  relative to undifferentiated myoblasts were assigned to six clusters by k-means clustering
108  (Figure 1E). Each cluster displayed distinct dynamics and was enriched for specific KEGG
109 pathways (Figure 1F). Notably, cluster 2 included proteins that progressively increased in
110 abundance during differentiation and were closely associated with muscle contraction and
111 function as well as cytoskeletal dynamics e.g. Actinin Alpha 2 (ACTN2), Tropomyosin alpha-
112 1 and -3 (TPM1, TPM3) Leiomodin 1 (LMOD1) and Dystrophin (DMD) (Figure 1G). These
113  findings confirm the importance of cytoskeletal dynamics during myogenic differentiation but
114  also raise questions about the molecular mechanism responsible for this shift in the proteomic

115 landscape.
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117  Figure 1: Analysis of the proteome shows dynamic alterations during myogenic differentiation

118 A. Experimental workflow for analyzing the five-day differentiation time course using mass spectrometry (Table S1)
119  and gRT-PCR. Primary myoblasts isolated from five individual mice were seeded and differentiated for up to five
120  days. B. Principal component analysis (PCA) of proteomics data. Ellipses represent a 95 % confidence interval for
121 each day of differentiation. C. gRT-PCR analysis showing the relative mRNA expression of Pax7, MyoD, and
122 Myogenin, normalized to Gapdh and day 0. D. Mass spectrometry-based quantification of PAX7, MYOD and
123  MYOGENIN protein levels normalized to day 0. E. Pie chart for proteome dynamics. 6098 protein groups were
124 subjected to k-means clustering analysis, 2259 were unaffected, while 3839 protein groups showed significant
125  changes (Absolute AVG log2 ratio>0.58 and Q value<0.25) in expression levels in at least one-time point compared
126 to day 0. Protein groups were classified into six clusters based on their expression dynamics using k-means
127 clustering. F. Clusters showing distinct protein abundance dynamics during myogenic differentiation and KEGG
128  pathways enriched (FDR <0.05) in each cluster (Table S1). G. Proteins from cluster 2 were chosen according to
129 KEGG pathway annotation: striated muscle contraction and function, motor protein activity and cytoskeletal
130 dynamics. The protein-protein interaction network was visualized with STRING (Szklarczyk et al. 2011), edge
131 confidence: medium 0.4. For (C) and (D): In all bar plots, each symbol represents a biological replicate, and the
132  errorbars indicate the standard deviation. (SD). One-way, ANOVA. *: q value < 0.05, **: q value < 0.01, ***: q value
133  <0.001.
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134 LMOD1 levels increase during early myogenic differentiation, in aged MuSCs and
135 regenerating skeletal muscle

136  Given the role of cytoskeleton remodeling as one of the drivers of myogenic differentiation, we
137  focused on this cluster of proteins and specifically looked for proteins that increased early
138  during the differentiation process. Among these, we found two proteins encoded by paralog
139  genes, namely leiomodin 1 (LMOD1) and leiomodin 2 (LMODZ2) (Figure 2A), which share
140 67.05 % sequence similarity, although varying in their number of amino acids and expression
141 across tissues (Qualmann and Kessels 2009; Fowler and Dominguez 2017). Interestingly, the
142  expression pattern of LMOD1 and LMDO2 during myogenic differentiation displayed
143  differences: while LMOD1 showed a significant increase at the beginning (day 1) of myogenic
144  differentiation, LMOD2 increased later in the process (Figure 2A) suggesting that LMOD1
145  might be a key protein in driving early myogenic differentiation. To assess the in vivo relevance
146  of our finding, we queried two proteomic datasets of freshly isolated MuSCs and four different
147  skeletal muscles (gastrocnemius, G; soleus, S; tibialis anterior, TA; extensor digitorum longus,
148 EDL) (Schiler et al. 2021). We found LMOD2 to be the most abundant leiomodin in whole
149  skeletal muscle, as expected (Yuen et al. 2022; Tsukada et al. 2010), while the overall
150 abundance of LMOD1 was lower since this protein has been mainly associated with smooth
151  muscle cells (Nanda and Miano 2012; Conley et al. 2001; Nanda et al. 2018) (Figure 2B).
152  Surprisingly, we detected LMOD1, but not LMOD2, in freshly isolated MuSCs, and noted that
153  the protein levels of LMOD1 increased in MuSCs isolated from old mice (Figure 2C and Figure
154  S1B). To independently validate this finding, we performed immunofluorescence stainings on
155  cryosections of TA muscles from young and geriatric mice. Consistent with previous
156  publications, we observed a reduction in the number of PAX7+ cells with increasing age
157  (Brack, Bildsoe, and Hughes 2005; Shefer et al. 2006; Yamakawa et al. 2020) (Figure S1C).
158  Furthermore, we confirmed the age-related increase of LMOD1 abundance in MuSCs (Figure
159 2D and Figure S1B). Of note, this was accompanied by a significant increase in the number
160 of LMOD1+/PAX7+ cells in sections of geriatric compared to young mice (Figure 2E).
161 Interestingly, we found LMOD1 to be mainly located in the cytoplasm of PAX7+ cells in TA
162  muscles from young mice (Figure 2D and S1D). However, in TA muscles from geriatric mice,
163  we found a significantly higher number of PAX7+ cells that displayed nuclear localization of
164 LMOD1 (Figure 2F), suggesting that LMOD1 accumulates and mis-localizes in MuSCs with
165 increasing age and could be one contributing factor to the reduced ability of MuSCs in aged
166  mice to differentiate.

167  Finally, we investigated the expression of LMOD1 during regeneration of skeletal muscle in
168  vivo. Therefore, we performed a regeneration time course experiment following cardiotoxin
169  (CTX) injury and assessed LMOD1 expression by immunoblot and immunofluorescence

170  analyses in young mice (Figure 2G and Figure 2H). We observed low abundance of LMOD1
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171 in uninjured TA muscle but found a progressive increase in abundance up to day 7 after injury
172  and a decrease thereafter (Figure 2G). Immunofluorescence staining confirmed that LMOD1
173  was highly abundant in myofibers at day 5 after injury when mostly newly formed regenerating
174  myofibers are present, hinting at a functional role of LMOD1 in early myogenic differentiation.
175  Of note, LMOD1 abundance was barely detectable at day 7 and later time points suggesting
176  that LMOD1 abundance decreases during maturation of myofibers (Figure 2H). In conclusion,
177  these findings demonstrate that LMOD1 abundance is not only increased at the onset of
178  myogenic differentiation in vitro but is also expressed by MuSCs under homeostatic conditions
179  invivo and in MuSC and newly formed myofibers following injury, indicating its importance for

180  myofiber differentiation and skeletal muscle regeneration.
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182 Figure 2: LMOD1 increases during early myogenic differentiation and is upregulated in aged MuSCs

183 A. Protein quantification of LMOD1 and LMOD2 during myogenic differentiation, based on mass spectrometry data
184 and normalized to the protein amount of day 0. Error bars indicate SD, and colored dots indicate the mean value
185 of the biological replicates (n = 5). B. LMOD1 and LMOD2 protein abundance estimated from mass spectrometry
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186 data in different skeletal muscles (gastrocnemius, G; soleus, S; tibialis anterior, TA; extensor digitorum longus,
187 EDL). Displayed values are averages of n = 5 samples from individual mice. Mass spectrometry data from (Schuler
188 et al. 2021). C. LMOD1 and LMOD?2 protein quantity in MuSCs obtained from young (n = 10), old (n = 8) and
189 geriatric (n = 5) mice, nd = not detected. Mass spectrometry data from (Schdler et al. 2021). D. Representative
190 immunofluorescence images of LMOD1 (purple), PAX7 (orange), and Hoechst (blue) of TA sections from n = 3
191 individual mice per age group: young (3-month-old) and old (18-months-old), geriatric (33-months-old) mice. Scale
192 bar: 5 ym. E. Ratio of PAX7+ and LMOD1+ cells normalized to the cells positive for PAX7+ (Figure S2C) and F.
193 Quantification of the percentage of PAX7+ cells showing nuclear LMOD1 localization. Related to Figure S1. For
194  (E)and (F): One-way, ANOVA. *: q value < 0.05, **: q value < 0.01, ***: q value < 0.001. In all bar plots, each black
195 dot represents a biological replicate, and the error bars indicate the SD. G. Muscle regeneration time course:
196 Immunoblot of LMOD1 levels in regenerating TA muscle after injury. Quantification of LMOD1 levels normalized to
197 Ponceau and relative to the LMOD1 signal at day 0. Each symbol represents a biological replicate, and error bars
198 represent SD. One-way ANOVA; **: p-value < 0.01, ***: p-value < 0.001. H. Representative immunofluorescence
199 images of LMOD1 (purple), PAX7 (orange), LAMININ (grey), and Hoechst (blue) of TA sections at different days
200 post-injury from young mice (3 months old). The white arrowhead shows PAX7+ cells at day 0, white arrows
201 indicate newly formed LMOD1+ myofibers at day 5. Scale bar: 50 ym.
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204  Figure S1: LMOD1 in MuSCs and skeletal muscle

205 A. LMOD1 protein coverage in proteomics data from MuSCs. Multiple unique (proteotypic) peptides were identified.
206 Data from (Schdler et al. 2021). B. Immunofluorescence images of TA sections from different mice (n = 3) per age
207 group of young (3 months old) and geriatric (33 months old) mice. PAX7 (orange), LMOD1 (purple) and Hoechst
208 (blue). C. Number of PAX7+ cells per mm? cells in muscle sections from young, old and geriatric mice and D.
209 Quantification of PAX7+ cells showing cytoplasmic LMOD1 localization. For (C) and (D): One-way ANOVA,; *: p-
210 value < 0.05, ***: p-value < 0.001, ns: not significant. In all bar plots, each black dot represents a biological replicate,
21 and the error bars indicate the SD. Related to Figure 2.
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212  Knockdown of Lmod1 impairs myogenic differentiation, while overexpression of
213  Lmod1 accelerates myotube formation

214  The early increase of abundance of LMOD1 during myogenic differentiation suggests a
215  potential functional role for this protein in promoting the initiation of myogenic differentiation.
216  Totest this hypothesis, we used a small interfering RNA (siRNA) to reduce LMOD1 expression
217  and analyzed the impact on myoblast proliferation (Figure S2A) and differentiation (Figure 3A).
218  We confirmed the successful knockdown of Lmod7 mRNA by gqRT-PCR (Figure S2B and S2F)
219  andreduced levels of LMOD1 protein by immunoblot analysis (Figure S2C and S2G). After 48
220 hours of proliferation, we observed a slight (26 %) but significant decrease in the number of
221 proliferating Ki67-positive myoblasts upon knockdown of LMOD1 (Figure S2D and S2E).
222  During myogenic differentiation, the cell population becomes heterogeneous with a distinct
223  expression of myogenic markers (such as MyoD, myogenin, and devMHC) determining
224  cellular identity thereby controlling the potential to differentiate and ultimately form new
225 myofibers (Figure 3B). We characterized the cell populations after knockdown of LMOD1
226  based on the expression of myogenic markers using immunofluorescence staining at day
227  three of differentiation (Figure 3C and S2M-Q). We found that the reduced levels of LMOD1
228 resulted in an increased frequency of cells with a pronounced spherical phenotype, also
229 identified as non-elongated, MHC-positive cells (Figure 3C and 3E). Moreover, a significant
230  reduction in the number of nuclei per myotube was observed upon knockdown of LMOD1,
231 indicating a potential role in the fusion process (Figure 3D). Furthermore, we observed
232  significantly shorter myotubes upon knockdown of LMOD1, supporting our previous finding
233 that the cells are unable to properly differentiate (Figure 3F).

234  Given the structural similarities between LMOD1 and LMOD2, we set out to determine if
235 individual knockdown in primary myoblasts induces similar phenotypes during myogenic
236  differentiation (Figure 3G). Knockdown of both Lmod7 and Lmod2 mRNA was validated by
237 qgRT-PCR (Figure S2I) and confirmed at the protein level by immunoblot (Figure S2J).
238 Interestingly, the knockdown of LMOD?2 did not lead to any noticeable phenotypes compared
239 to primary myoblasts transfected with a scramble control siRNA (Figure 3H and S2K).
240 However, we observed a significant reduction in the number of nuclei per myotube (Figure 3l),
241  increased frequency of non-elongated MHC-positive cells (Figure 3J), and increased number
242  of shorter myotubes (Figure 3K) in the Lmod1/2 double knockdown. These data suggest that
243  LMOD1 is required for myogenic differentiation in primary myoblasts, while LMOD2 appears
244  to be dispensable.

245 To examine how reduced levels of LMOD1 affect skeletal muscle regeneration in vivo, we
246  injured the TA-muscle of 3-months-old mice using CTX, followed by injection of a self-
247  delivering siRNA targeting Lmod1 (Figure 3L) at day 3 after injury, a time point when MuSCs

248  start to differentiate. Subsequently, TA-muscles were isolated at day 5 after injury, the time
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249  when LMOD1 was previously shown to be highly expressed in newly formed myofibers.
250 Knockdown of Lmod1 led to a significant reduction in the number of cells expressing the early
251  differentiation marker myogenin (Figure 3M and 3N), suggesting a critical role for LMOD1 in
252  the transition of MuSCs from proliferation to differentiation. Together, these findings indicate
253 that LMOD1 is not only important for myofiber formation but may also play a key regulatory
254 role in the differentiation of MuSCs into myoblasts and myocytes during the muscle
255 regeneration process stressing its role in controling myogenic differentiation.
256  To test whether LMOD1 alone is sufficient to promote myogenic differentiation, we generated
257  six independent primary myoblast cultures that were stably transduced with a virus to
258  overexpress either LMOD1 or GFP (Figure 30). Overexpression (OE) of Lmod1 mRNA by
259 gRT-PCR (Figure S2L) and protein by immunoblot (Figure S2M) was confirmed by comparison
260 to a GFP OE control. Immunofluorescence analysis (Figure 3P and S20) after one day of
261  differentiation showed that overexpression of LMOD1 promotes myogenic differentiation, as
262  shown by a higher number of nuclei per myotube (Figure 3Q). Additionally, we observed an
263  accelerated formation of fully differentiated myotubes (Figure 3Q) and an increase in myotube
264  length (Figure S2N)in LMOD1 OE cells compared to the GFP OE control construct. To further
265 characterize the molecular alterations induced by overexpression of LMOD1 during myogenic
266  differentiation, we generated proteomics data from LMOD1 overexpressing and GFP control
267  cells at multiple time points of differentiation (Table S2). Using gene set enrichment analysis,
268 we found that at day 1 of differentiation, cells overexpressing LMOD1 exhibit higher levels of
269  proteins that are up-regulated at the beginning of differentiation, such as HSPB3, ALDH3A1,
270 SMTNL2, ACTG1, when compared to the GFP control group (Figure S2P) (Table S2). This
271  proteome signature corroborates the observation that LMOD1 overexpression is sufficient to

272  promote myogenic differentiation.
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273

274 Figure 3: Knockdown of Lmod1 impairs myogenic differentiation and reduces muscle regeneration, while
275  overexpression enhances it.

276 A. Schematic of the Lmod1 knockdown experiment after 3 days of differentiation. siRNA directed against Lmod1
277 or scramble (siCtrl) control was used to transfect primary myoblasts isolated from individual mice. Differentiation
278 was induced by a change to differentiation medium at Oh. B. Overview of quantified different cell types based on
279 their expression of myogenic markers; Myogenin (red), Myosin heavy chain (MHC) (green), Hoechst (blue). Scale
280 bar: 50 ym. (a) reserve cells: Hoechst+/Myogenin-/MHC- and undifferentiated. (b) Myogenin+/MHC-: Myogenin
281 positive, MHC negative, just started to differentiate. (c) Myogenin+/MHC+: co-express bot in the process of
282 differentiation. (d) Myogenin-/MHC+: non elongated. (e) Fully differentiated myotubes: quantified by nuclei count
283 to assess the fusion process. C. Representative immunofluorescence images after three days of differentiation and
284 siCtrl or siLmod1 transfection; MHC (green), nuclei (blue). Scale bar: 100 um. D - F. Quantification of the number
285 of nuclei per myotube (D), Myogenin-/MHC+ cells (E) and length of differentiated myotubes (in um) (F). Paired t-
286 test; *: p-value < 0.05, **: p-value < 0.01. G. Schematic of the Lmod2 and Lmod1/Lmod2 double knockdown
287 experiment after 3 days of differentiation. siRNA against Lmod1, Lmod2, both or scramble (siCtrl) was used to
288 transfect primary myoblasts. Differentiation was induced by a change to differentiation medium at Oh. H.
289 Representative immunofluorescence images of siLmod2 and siLmod1/Lmod2 double knockdown after three days
290 of differentiation; devMHC (green), nuclei (blue). Scale bar: 50 ym. I - K. Quantification of the number of nuclei per
291 myotube (I), Myogenin-/MHC+ cells (J), Length of differentiated myotubes (in um) (K). One-way ANOVA,; *: p-value
292 < 0.05, ns: not significant. L. Experimental schematic for analysis of in vivo CTX-induced injury of TA muscles
293 combined with injection of self-delivering siRNAs at 3 days post injury. n = 4 mice per group, 3 months old.
294 M. Representative immunofluorescence images of MYOGENIN (green), LAMININ (grey), and Hoechst (blue) of
295 TA-sections 5 days post-injury from young mice (3 months old). N. Quantification of the number of Myogenin+ cells
296 normalized per area. Unpaired t-test; *: p-value < 0.05. O. lllustration of the experimental setup. Primary myoblasts
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isolated from individual mice stably overexpressing (OE) LMOD1 (purple) or GFP (green) were seeded and either
collected during proliferation (3d proli), after 1 day (1d diff), 3 days (3d diff) or 5 days (5d diff) of differentiation.
Differentiation was induced by a change to differentiation medium at Oh. Cells were harvested for
immunofluorescence analysis (IF), qRT-PCR, immunoblot (WB) or mass spectrometry (MS). P. Representative
immunofluorescence images of primary myoblasts after one day of differentiation, showing either stable expression
of LMOD1 or GFP. devMHC (green), MYOGENIN (red) and nuclei (blue). Scale bar is 50 ym. Q and R.
Quantification of nuclei per myotube of GFP OE or LMOD1 OE cells (Q) and cells expressing Myogenin+/MHC+
defined as just differentiated cells (R) after 1 day of differentiation. Paired t-test *: p-value < 0.05. Related to Figure
S2. In all bar plots, each symbol represents a biological replicate, and the error bars indicate the SD.
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Figure S2: Validation of knockdown efficiency and statistical analysis of siLmod1/Lmod2 knockdown and
LMOD1 overexpression
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310

311 A. Schematic of the Lmod1 knockdown experiment under proliferating conditions. siRNA directed against Lmod1
312 or scramble (siCtrl) control was used to transfect primary myoblasts isolated from individual mice. B. gqRT-PCR
313 analysis showing the relative expression of Lmod1 after siLmod1 knockdown compared to siCtrl transfected cells,
314 normalized to Gapdh expression levels. C. Immunoblot and quantification of LMOD1 after transfections with
315 simod1 and siCtrl and two days of proliferation normalized to GAPDH. Paired t-test: *: p-value < 0.05.
316 D. Immunofluorescence analysis of primary myoblasts stained for the proliferation marker Ki67 (red) and Hoechst
317 (blue). Scale bar: 100 ym. E Quantification of cell populations identified by immunofluorescence staining: reserve
318 cells being Hoechst+/Ki67- and cells being Hoechst+/Ki67+ in siCtrl and siLmod1 transfected conditions and the
319 total counted cells per condition. F. and G. Validation of the siLmod1 knockdown compared to siCtrl transfected
320 cells under differentiation conditions. gqRT-PCR for Lmod1 normalized to Gapdh expression levels (F) and
321 immunoblot analysis with quantification of LMOD1 signal normalized to GAPDH (G). Paired t-test *: p-value < 0.05,
322 ***_H. Quantification of cell populations identified by immunofluorescence staining: reserve (Hoechst+/Myogenin-
323 /MHC-) cells, Myogenin+/MHC- cells, Myogenin+/MHC+, fully differentiated myotubes and total counted cells under
324 differentiating conditions. I. and J. Validation of the siLmod1 or siLmod2 (single) or siLmod1/Lmod2 (double)
325 knockdown compared to siCtrl transfected cells under differentiation conditions. gRT-PCR for Lmod1 and Lmod2
326 normalized to Gapdh expression levels (I) and representative immunoblot with quantification of LMOD2 normalized
327 to GAPDH (J). One-way ANOVA *: p-value < 0.05 or numbers are indicated. ns: not significant. K. Quantification
328 of cell populations (in %) identified by immunofluorescence staining after siLmod1 (single), siLmod2 (single) and
329 siLmod1/2 (double) knockdown under differentiating conditions: reserve (Hoechst+/Myogenin-/MHC-) cells,
330 Myogenin+/MHC- cells, Myogenin+/MHC+, fully differentiated myotubes and total counted cells under
331 differentiating conditions. Related to Figures 31 and 3J. L and M. Validation of LMOD1 OE compared to GFP OE
332 cells after one day of differentiation. Relative Lmod1 expression assessed by gRT-PCR was compared to GFP OE
333 cells and normalized to Gapdh expression levels (L) and immunoblot with quantification of LMOD1 normalized to
334  GAPDH (M). Paired t-test: *: p-value < 0.05. N and O. Quantification of cell populations identified by
335 immunofluorescence staining after LMOD1 OE compared to GFP OE: reserve (Hoechst+/Myogenin-/MHC-) cells,
336 Myogenin+/MHC- cells, Myogenin+/MHC+, fully differentiated myotubes, total counted cells after and myotube
337 length (in um) (N). Paired t-test: numbers are indicated, ns: not significant. Related to Figures 3N and 30. P. Gene
338 set enrichment analysis (GSEA) was based on a gene set containing proteins that significantly increased at one
339 day of differentiation compared to Oh/proliferating primary myoblasts (AVG Log2 Ratio > 0.58 and Q value < 0.05,
340 189 proteins) from the proteomic data generated in (Figure 1A). The GSEA was performed using this gene set on
341 the comparison LMOD1 OE vs. GFP OE at 1 day of differentiation (Table S2). In all bar plots, each symbol or black
342 dot represents a biological replicate, and the error bars indicate the SD.

343

344

345 LMOD1 interacts with SIRT1 and SIRT2

346  To elucidate the mechanism by which LMOD1 contributes to myogenic differentiation, we

347  performed a proximity-dependent biotinylation experiment (BiolD) for LMOD1 to identify its
348 interaction partners in HEK293T cells (Figure 4A). Given their sequence similarity but distinct
349 functions during myogenic differentiation, we analyzed the interaction partners of LMOD1 and
350 LMOD2 in parallel and focused on hits retrieved exclusively by LMOD1. Therefore, we fused
351  the promiscuous biotin ligase (BirA*) C-terminal to Lmod1 or Lmod2. A cell line expressing
352  only the sequence for BirA* was used as a control (BirA*-Ctrl) to account for non-specific
353  biotinylation. The tetracycline-dependent expression of the respective fusion proteins was
354  validated by immunofluorescence (Figure 4B and 4C) and anti-FLAG immunoblot (Figure
355 S3A). Biotinylation activity, after the addition of exogenous biotin, was assessed using
356  streptavidin-HRP immunoblot (Figure S3A) and immunofluorescence staining (Figure 4B and
357  4C). Subsequently, biotinylated proteins were captured using streptavidin enrichment and
358 analyzed by mass spectrometry (Table S3). PCA analysis demonstrated a distinct separation
359  between C-terminal fused LMOD1 and LMOD2 expression constructs (Figure 4D). Using both
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360 LMOD1 and LMODZ2, we found a significant enrichment compared to the BirA*-Ctrl for known
361 interaction partners (Fowler and Dominguez 2017; Boczkowska et al. 2015) involved in actin
362 filament nucleation such as Tropomodulins (TMODs) and Tropomyosins (TPMs) (Figure S3B-
363 D), validating our constructs. Interestingly, a direct comparison of streptavidin-enriched
364  proteins from LMOD1-BirA* vs. LMOD2-BirA* revealed a subset of interaction partners that
365  specifically interact with LMOD1. These include the histone deacetylases sirtuin 1 (SIRT1)
366  and sirtuin 2 (SIRT2), as well as the RuvB Like AAA ATPase 1/2 (RUVBL1/2) (Figure 4E and
367 4F). Sirtuins are involved in various biological processes, including DNA regulation,
368 metabolism, longevity, and myogenesis (Horio et al. 2011; Abdel Khalek et al. 2014;
369  Vachharajani et al. 2016). In particular, one study revealed that mice with muscle-specific
370 inactivation of Sirt1 displayed repression of the myogenic program (Ryall et al. 2015). Since
371  SIRT1 was already identified as a potential mediator of myogenesis, we wanted to validate its
372  preferential interaction with LMOD1 by co-immunoprecipitation independently. Therefore, we
373 transfected SIRT1 as a GFP fusion protein in HEK293T expressing LMOD1-BirA* or LMOD2-
374  BirA* and performed pull-down experiments using a GFP trap. Immunoblot analysis of the
375  GFP-trap eluates using anti-BirA antibodies confirmed a co-precipitation between LMOD1 and
376  SIRT1, while LMOD2 co-precipitated with SIRT1 to a lower extent (Figure 4G). To further
377 validate the interaction of LMOD1 and SIRT1 in primary myoblasts and myogenic
378 differentiation, we performed in situ detection of LMOD1 and SIRT1 using proximity ligation
379  assays (PLA) (Figure 4H). In proliferating myoblasts, when the abundance of LMOD1 is low,
380 only a weak PLA signal indicating close proximity of SIRT1 and LMOD1 was detectable both
381 inthe cytoplasm and the nucleus. However, at the beginning of myogenic differentiation, when
382  the abundance of LMOD1 increases, an increase in PLA signals indicating close proximity of
383 LMOD1 and SIRT1 was detectable almost exclusively in the cytoplasm. Together these data
384  show that LMOD1 preferentially interacts with the deacetylase SIRT1, suggesting a potential
385 functional interaction between these two proteins in modulating myogenic differentiation.

386

387
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389  Figure 4: LMOD1 interacts with SIRT1

390 A. BiolD workflow. Lmod1 and Lmod2 were C-terminally fused to a promiscuous biotin ligase (BirA*) and expressed
391 in HEK293T cells. BirA* alone served as a control (Ctrl) to assess non-specific biotinylation. Overexpression of
392 fusion proteins was induced by addition of tetracycline. Exogenous biotin was introduced to label interaction
393 partners in close proximity. Biotinylated proteins were captured using streptavidin enrichment, followed by mass
394 spectrometry analysis to identify and quantify proximal interactors. B. and C. Immunofluorescence analyses of
395 LMOD1-BirA*-FLAG and LMOD2-BirA*-FLAG in HEK293T cells 4 days after seeding without addition of any
396 substance (-tet/-bio), with addition of only tetracycline for 4 days (+tet/-bio) or with addition of both tetracycline for
397 4 days and biotin for 1 day (+tet/+bio); FLAG (green), Streptavidin (red), nuclei (blue). Scale bar: 20 um. D. Principal
398 component analysis (PCA) of the BiolD data. Ellipses represent 95 % confidence intervals. E. Volcano plot of
399 proteins enriched by streptavidin pull-down and analyzed by mass spectrometry from LMOD1-BirA* and LMOD2-
400 BirA*. n = 4 biological replicates (Table S3) F. Quantification of selected unique interaction partners of LMOD1-
401 BirA* and LMOD2-BirA* in comparison to BirA*-Ctrl. Each symbol represents a biological replicate, error bars
402  indicate the SD. One-way ANOVA, *: p-value < 0.05, **: p-value < 0.01. G. Validation of the SIRT1-LMOD1
403 interaction. Cells expressing either GFP or SIRT1-GFP were used for co-immunoprecipitation using GFP-trap. The
404 eluates from the GFP-trap were analyzed by immunoblot using antibodies directed to BirA* or GFP. For
405 quantification, BirA* was normalized to SIRT1-GFP intensity. H. Representative images of proximity ligation assay

406 (PLA) (red) in primary myoblasts during proliferation and after one day of differentiation. Scale bar: 10 ym.
407
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409  Figure S3: BiolD for LMOD1 and LMOD2

410 A. Immunoblot of BirA* fusion proteins performed on lysates from HEK293T cells stably transfected with LMOD1-
411 BirA*-FLAG, LMOD2-BirA*-FLAG or Ctrl-BirA*-FLAG following 24 h incubation with (+tet) or without (-tet)
412 tetracycline. Middle panel, streptavidin-HRP blot following induction of BirA* fusion proteins with tetracycline and
413 supplementation of biotin for 24 h. Ponceau stainings were used as loading control. HRP: horseradish peroxidase.
414 B. Volcano plot of proteins enriched by streptavidin pull-down and analyzed by mass spectrometry from LMOD1-
415  BirA* and C. LMOD2-BirA* compared to BirA*-Ctrl. Significantly enriched (AVG Log2 Ratio > 0.58 and Q value <
416  0.05), known interaction partners for LMOD1 and LMOD?2 are highlighted in red (Table S3). D. Quantification of
417 selected known interaction partners of LMOD1-BirA* and LMOD2-BirA* in comparison to BirA*-Ctrl. Each symbol
418 represents a biological replicate, and error bars indicate the SD. One-way ANOVA, *: p-value < 0.05, **: p-value <
419  o0.01.

420

421 LMOD1 and SIRT1 show dynamic subcellular localization during myogenic
422  differentiation

423  Next, we investigated how LMOD1 might influence SIRT1 activity and thereby myogenic
424  differentiation. SIRT1 has been shown to localize both in the cytoplasm and nucleus of neural
425  precursor cells, murine pancreatic beta cells, rat cardiomyocytes, and vascular endothelial
426  cells, while LMODs have been mainly associated with cytoplasmic localization (Hisahara et
427  al. 2008; Tanno et al. 2010; Tong et al. 2013; Tanno et al. 2007; Conley 2001; Nauen et al.
428 2020). To determine the localization of SIRT1 and LMOD1 and a potential change in
429 localization during myogenesis, we performed co-immunostainings for LMOD1 and SIRT1 in
430 primary myoblasts to determine their localization at different stages of myogenic differentiation
431  (Figure 5A). Overall, the total fluorescence intensity of LMOD1 significantly increased during
432  differentiation (Figure S4A), while the signal intensity of SIRT1 slightly decreased (Figure
433  S4B). However, under proliferating conditions, SIRT1 and LMOD1 predominantly localized in
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434  the nucleus (Figure 5A). Interestingly, after initiation of differentiation, both SIRT1 and LMOD1
435  were clearly detectable in the cytoplasm, indicating their translocation into the cytoplasm. At
436 alater time point (2d of differentiation), the localization of SIRT1 can once again be observed
437  in the nucleus, while LMOD1 remains in the cytoplasm. Using the fluorescent signal intensity,
438  we quantified the cytoplasmic/nuclear ratios for both SIRT1 and LMOD1 and found that both
439  proteins change their intracellular distribution during myogenic differentiation suggesting that
440 theirlocalization in the cell affects the differentiation process (Figures 5B and 5C). Of note, we
441  also observed a correlation between their cytoplasmic-nuclear partitioning, particularly during
442  proliferation and at day one of differentiation (Figure 5D and 5E). The correlation between their
443  respective localization was reduced at day 2 of differentiation, with SIRT1 displaying mainly a
444  nuclear localization while LMOD1 remained predominantly cytoplasmic (Figure 5F). We
445  confirmed these dynamic changes of sub-cellular localization for SIRT1 and LMOD1 by
446  cellular fractionation experiments followed by immunoblot analysis (Figure S4C).

447  Since SIRT1 protein abundance decreased with each day of differentiation as shown by our
448  proteomics data and immunoblot analysis (Figure 5G and S4D), we hypothesized that the
449 LMOD1-mediated change in SIRT1 location is especially required during early differentiation.
450 Therefore, we repeated the cellular fractionation experiments focusing on the onset of
451 myogenic differentiation with additional time points and by using LMOD1 OE cells. Next, we
452  compared the nuclear fraction of the LMOD1 OE cells to the control cells to determine if
453 LMOD1 alone can alter SIRT1 subcellular localization (Figure 5H-K). In particular, at 6 and 12
454  hours of differentiation, SIRT1 is highly abundant in the nucleus in control cells. However,
455 these dynamics shift and the SIRT1 abundance decreases in the nucleus when LMOD1 is
456  overexpressed (Figure 5H and 5I). In line with this observation, in LMOD1 overexpressing
457  cells the cytoplasmic SIRT1 abundance increased at Oh (proliferation) and 6h differentiation,
458  suggesting a shift of SIRT1 protein to the cytoplasm upon LMOD1 OE compared to the control
459  already under proliferating conditions (Figure 5J and 5K). Together these data demonstrate
460 that SIRT1 and LMOD1 dynamically change their subcellular localization and that
461  overexpression of LMOD1 favors the cytoplasmic localization of SIRT1 at early stages of

462  myogenic differentiation.
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Figure 5: Overexpression of LMOD1 influences the subcellular localization of SIRT1.

A. Representative immunofluorescence staining of LMOD1 and SIRT1 at different timepoints of myogenic
differentiation; LMOD1 (purple), SIRT1 (yellow), nuclei (Hoechst, blue). Scale bar: 20 ym. B - C. Cytoplasmic to
nuclear SIRT1 (B) and LMOD1 (C) ratio at different days of differentiation, n = 50 cells were analyzed per biological
replicate per time point. D - F. Correlation of the cytoplasmic to nuclear ratio of LMOD1 and SIRT1 at 2 days of
proliferation (R = 0.47) (D), 1 day differentiation (R?> = 0.42) (E) and 2 days of differentiation (R?> = 0.08) (F). G.
SIRT1 protein abundance upon LMOD1 OE at different timepoints, 3 days proliferation (3dp), 1 day differentiation
(1dd), 3 days differentiation (3dd), 5d differentiation (5dd). Each symbol represents a biological replicate (n = 4
primary myoblasts); error bars indicate SD. H - K. Representative immunoblot of SIRT1 in the nuclear (H and I)
and cytoplasmic (J and K) fraction, comparing GFP and LMOD1 OE at early time points of differentiation (Oh:
undifferentiated/proliferating, 6h, 12h, 24h of differentiated primary myoblasts). SIRT1 signal was analyzed inn = 3
immunoblots and was normalized to Ponceau. In bar plots, each symbol represents a biological replicate, and the
error bars indicate the SD. Paired t-test *: p-value < 0.05, ns: not significant.
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480 Figure S4: Sub-cellular localization of LMOD1 and SIRT1 during myogenic differentiation

481 A - B. Total immunofluorescence intensity (nucleus and cytoplasm) of LMOD1 (A) and SIRT1 (B) during different
482 timepoints of myogenic differentiation. C. Representative immunoblot of the nuclear-cytoplasmic fractionation
483 experiment in primary myoblasts at different timepoints: 2d proliferation, 1d differentiation and 2d differentiation.
484 SIRT1 and LMOD1 signal was analyzed in (n = 3) immunoblots and was normalized to Ponceau. ALDOA signal
485 was used as a cytoplasmic marker, and Histone 4 (H4) was used as a nuclear marker. Immunoblot analyses of
486 LMOD1 and SIRT1 intensity for each cellular compartment are depicted in the barplots. One-way ANOVA *: p-
487 value < 0.05, ns: not significant. D. Immunoblot showing LMOD1 and SIRT1 protein abundance at different
488 timepoints of myogenic differentiation (Oh = proliferating conditions, 6h differentiation, 12h differentiation, 24h
489 differentiation). Quantification of immunoblots for LMOD1 and SIRT1 shown in barplots normalized to GAPDH. For
490 all bar plots, each symbol represents a biological replicate, and the error bars indicate the SD.

491
492

493 Reduction or inhibition of SIRT1 can partially restore the impaired myogenic
494  differentiation caused by knockdown of LMOD1

495  Given the interaction of LMOD1 and SIRT1, we hypothesized that LMOD1 regulates SIRT1-
496 mediated transcription of genes that are critical for myogenic differentiation. To test this
497  hypothesis, we investigated the impact of reduced SIRT1 levels using both a genetic (siRNA
498 targeting Sirt7) and a pharmacological approach (25 uM EX527, small molecule inhibitor
499  specific for SIRT1) during myogenic differentiation (Figure 6A) (Peck et al. 2010; Broussy,
500 Laaroussi, and Vidal 2020). Primary myoblasts were transfected with siLmod1 and siSirt1 or
501 incubated with EX527, at the time of induction of differentiation. After three days of
502 differentiation, immunofluorescence staining was performed and analyzed (Figure 6B). We
503 confirmed the significant decrease in LMOD1 and SIRT1 levels upon siRNA-mediated
504  knockdown through immunoblot analysis (Figure S5A) and qRT-PCR (Figure S5B). Our
505 results show that both genetic and pharmacological inhibition of SIRT1 signaling effectively

506 promoted myogenic differentiation (Figure 6B and 6F) leading to an increased number of
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507  nuclei per myotube in the siLmod1/siSirt1 double knockdown compared to the knockdown of
508 LMOD1 alone, indicating an improvement in myotube fusion after knockdown of SIRT1
509 (Figure 6C, 6G and Figure S5C and S5D). Moreover, both interventions were able to
510  counteract the negative effects observed after knockdown of LMOD1 alone (Figure 6D and
511 6H). Previous studies have demonstrated that Sirt7 knockout mice exhibited premature
512  differentiation of MuSCs (Ryall et al. 2015). As a measure of myogenic differentiation, we
513  measured the length of myotubes and observed an elongation after knocking down SIRT1
514  together with LMOD1 (Figure 6E and 6l).

515  Next, we performed RNA-sequencing to identify downstream effectors that could explain the
516  improvements in myogenic differentiation observed after double knockdown of Lmod1 and
517  Sirt1 (Table S4). Therefore, we performed a knockdown of Lmod1 and Sirt1 two days prior to
518 differentiation, followed by a second siRNA transfection at the initiation of differentiation to
519  ensure a high knockdown efficiency. After one day of differentiation, cells were harvested to
520 quantify early transcriptional changes in the myogenic program after knockdown of Lmod1
521 and Sirt1 using RNAseq (Figure 6J). Differential gene expression analysis confirmed a
522  significant reduction of Lmod1 and Sirt1 mRNA in our experimental setup (Figure S5E). Next,
523  we identified 246 genes being significantly and oppositely regulated after knockdown of either
524  Lmod1 or Sirt1 (Table S4). Interestingly, among these genes, we identified a subset of known
525  SIRT1 target genes that were previously defined by ChIP-Seq analysis of MuSCs from WT
526  and Sirt1™° mice (Ryall et al. 2015) (Table S4). These include key factors involved in cell
527  signaling and differentiation, such as Fgf6, Tgfa, Mcr, Lifr, and Camk1d (Figure 6K). Taken
528 together, our data show that genetic or pharmacological inhibition of SIRT1 signaling can
529 partially reverse the impaired myogenic differentiation caused by knockdown of Lmod1 and
530 that affecting LMOD1 level is sufficient to alter the expression of a subset of SIRT1 target
531  genes, highlighting the role of the LMOD1-SIRT1 axis in myogenic differentiation.
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533 Figure 6: Reduced SIRT1 signaling can partially reverse siLmod1-induced impaired myogenic
534  differentiation

535 A. lllustration of the experimental setup. Primary myoblasts were co-transfected with Lmod17-specific siRNA
536 (siLmod1) and siRNA against Sirt1 (siSirt1) (depicted in orange) or treated with SIRT1 inhibitor EX527 (depicted in
537 pink), simultaneously to the induction of differentiation. B./F. Representative immunofluorescence images after
538 Lmod1 and Sirt1 knockdown with siRNA at day 3 of differentiation (B) or after Lmod? knockdown and addition of
539 25 uM EX527 at day 3 of differentiation (F); MYOGENIN (red), devMHC (green), nuclei (Hoechst, blue). C - E.
540 Quantification of the number of nuclei per myotube (C), percentage of Myogenin-/MHC+ cells (D) and measured
541 length of differentiated myotubes (E) after siRNA transfection of SIRT1 and LMOD1. One-way ANOVA *: p-value
542 < 0.05, **: p-value < 0.01. G - I. Quantification of the number of nuclei per myotube (G), percentage of Myogenin-
543 /MHC+ cells (H) and measured length of differentiated myotubes (l) after siRNA knockdown of LMOD1 and EX527
544 treatment to inhibit SIRT1. One-way ANOVA *: p-value < 0.05, **: p-value < 0.01. J. lllustration of the experimental
545 setup for the RNA-Seq experiment. Primary myoblasts were first seeded and then transfected with siRNA against
546 LMOD1 or SIRT1 or siCtrl. After two days of incubation, the primary myoblasts were transfected a second time with
547 siRNA and induced to differentiate simultaneously. After one day of differentiation, cells were harvested, and RNA
548 was isolated for library preparation and RNAseq analysis. K. Heatmap indicating oppositely differentially expressed
549 SIRT1 target genes from siSirt1 vs siCtrl an siLmod1 vs siCtrl with a log2 FC ratio > 0.58. SIRT1 target genes
550 identified from ChipSeq experiment published in (Table S4) (Ryall et al. 2015). For all bar plots, each symbol
551 represents a biological replicate, and the error bars indicate the SD.

552
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Figure S5: Reduced SIRT1 signaling can partially reverse siLmod1-induced impaired myogenic
differentiation

A. Immunoblot validation of the LMOD1 and SIRT1 single knockdown and double knockdown (siLmod1/siSirt1) or
a scrambled siRNA. Primary myoblasts were transfected at the initiation of differentiation and harvested after three
days of differentiation. One-way ANOVA: *: p-value < 0.05. **: p-value < 0.01. B. gRT-PCR analysis showing the
relative expression of Sirt71 and Lmod1 in siLmod1 or siSirt1 single knockdown or double knockdown compared to
siCtrl treated cells, normalized to Gapdh expression levels. Paired t-test *: p-value < 0.05 **: p-value < 0.01. C and
D. Percentage of cell populations found in immunofluorescence staining: reserve (Hoechst+/Myogenin-/MHC-)
cells, Myogenin+/MHC- cells, Myogenin+/MHC+, fully differentiated myotubes and total counted cells under
differentiating conditions after siRNA mediated knockdown of LMOD1 and SIRT1 (C. related to Figure 6C - E) or
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siRNA mediated knockdown of LMOD1 and EX527 treatment to inhibit SIRT1 (D. related to Figure 6G - I.) E.
Normalized RNA-seq read counts of Lmod1 and Sirt1 after one day of differentiation after siCtrl and siLmod1 and
siCtrl and siSirt1 knockdown (Table S4). Paired t-test *: p-value < 0.05 ***: p-value < 0.001. For all bar plots, each
symbol represents a biological replicate, and the error bars indicate the SD. F. Working model: During the
proliferation stage, SIRT1 is found in the nucleus, repressing the expression of myogenic regulating factors.
However, at the onset of myogenic differentiation, LMOD1 interacts with SIRT1 and affects its subcellular
localization, leading to decreased levels of SIRT1 in the nucleus. This reduction in SIRT1 levels results in the de-
repression of MRFs and the initiation of differentiation.
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573 Discussion

574  Myogenic differentiation involves the coordinated alterations of gene expression and
575 reorganization of the cellular architecture. Here, we present a temporally resolved analysis of
576  the proteome of primary mouse myoblasts undergoing differentiation in vitro. With a depth of
577 more than 6000 proteins, our analysis covers three times more proteins compared to a
578  previous study performed on an immortalized myoblast cell line (C2C12 cells) (Tannu et al.
579  2004; Kislinger et al. 2005). By using five independent primary myoblast lines, we were able
580 to take into account the variability that typically affects primary cultures and derive robust and
581  reproducible proteome signatures (Hindi et al. 2017; K. H. Kim, Qiu, and Kuang 2020). Our
582  data highlight hundreds of changes in energy metabolism, RNA and protein synthesis as well
583 as cytoskeletal organization that occur with specific temporal dynamics during myogenic
584  differentiation. To demonstrate the relevance of our data, we decided to focus on LMOD1, a
585  cytoskeletal protein whose role in myogenic differentiation has not yet been investigated.
586  Although it is known that actin cytoskeletal dynamics are involved in myogenesis and that
587 LMOD1 contributes to actin filament nucleation in smooth muscle cells (Guerin and Kramer
588  2009; Heng and Koh 2010; Xie et al. 2020; Chereau et al. 2008), the biological significance
589  and functional role of LMOD1 during myogenic differentiation remained so far elusive. We
590 found that LMOD1 is expressed by MuSCs, that its expression increases during myogenic
591  differentiation in vitro and in vivo, and that reduction of LMOD1 levels significantly affects
592  myotube formation and the number of myonuclei per myotube. Furthermore, the timing of
593 induction of LMOD1 expression during skeletal muscle regeneration suggests a role in
594  differentiation and fusion rather than in myofiber maturation. This is further supported by our
595 finding that knockdown of Lmod1 after injury of skeletal muscle results in reduced
596 regeneration. Consistently, our knockdown studies revealed that the reduction of LMOD1
597  severely affects the myogenic differentiation and myonuclear numbers. Cells that expressed
598 Myogenin started differentiating into proper myotubes, indicated by the quantification of
599  Myogenin+/MHC- and Myogenin+/MHC+ cells even after knockdown of LMOD1. However, a
600 subset of cells positive for MHC but negative for Myogenin did not progress in differentiation,
601  possibly due to loss or insufficient activation of myogenin expression. Loss of myogenin has
602 been shown to lead to deregulated mTORC1 signaling and results in faster cell cycle entry in
603 MuSCs (Ganassi et al. 2020). Since the knockdown of LMOD1 leads to an increase in the
604 percentage of Myogenin-/MHC+ cells, the observed differentiation phenotype might be at least
605 partially explained by a direct or indirect effect of LMOD1 on myogenin expression.

606 We found that LMOD1 selectively interacts with SIRT1. So far, there is no direct evidence
607  suggesting that LMOD1 and SIRT1 have a specific binding domain where they can directly
608 bind to each other. However, the comparison of primary sequences between LMOD1 and

609 LMOD2 (Fowler and Dominguez 2017) reveals a 103 amino acid sequence unique for LMOD1,

24


https://paperpile.com/c/7fZR7q/gpG9+EsSw
https://paperpile.com/c/7fZR7q/gpG9+EsSw
https://paperpile.com/c/7fZR7q/FLxI+o5Yn
https://paperpile.com/c/7fZR7q/WIm7K+y7tAg+Nvcnt+Qqfv5
https://paperpile.com/c/7fZR7q/WIm7K+y7tAg+Nvcnt+Qqfv5
https://paperpile.com/c/7fZR7q/ZBGiv
https://paperpile.com/c/7fZR7q/d7zIa
https://doi.org/10.1101/2024.03.29.587321
http://creativecommons.org/licenses/by-nd/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/2024.03.29.587321; this version posted October 10, 2024. The copyright holder for this
preprint (which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in
perpetuity. It is made available under aCC-BY-ND 4.0 International license.

610  which could represent a possible binding interface. It is also conceivable that other proteins or
611 molecules might be involved in mediating the interaction between LMOD1 and SIRT1, e.g.,
612 the RuvB-like AAA ATPase 1/2 (RUVBL1/RUVBL2). RUVBL1 participates in various
613 complexes, including INO80, NuA4, SWR1, TIP60-P400, PAQosome (R2TP), as a
614  transcriptional and/or chromatin modifier, with or without its homologue RUVBL2 (Gorynia et
615 al. 2011; P. B. Chen et al. 2015; Lakisic et al. 2016).

616  SIRT1 is a protein deacetylase that can localizes in the nucleus and cytoplasm (Bai and Zhang
617  2016; Moynihan et al. 2005; I.-Y. Chen et al. 2006), and was shown to play a critical role in
618  muscle differentiation and metabolism (Ryall et al. 2015; Diaz-Ruiz et al. 2015; Fulco et al.
619 2003, 2008). Myogenesis involves the shuttling of various proteins and myogenic regulators
620 between the nucleus and cytoplasm, regulated by various signals and interactions (Grifone et
621 al. 2021; Nguyen et al. 2022). We have observed that the localization of SIRT1 changes
622  dynamically during myogenic differentiation, and that the interaction between SIRT1 and
623 LMOD1 increases during the initial stages of myogenic differentiation. Additionally, we showed
624  that overexpression of LMOD1 affects the subcellular localization of SIRT1, leading to reduced
625 levels of SIRT1 in the nucleus. We hypothesize that relocation of SIRT1 to the cytoplasm,
626 mediated by LMOD1, is critical for the initiation of myogenic differentiation, resulting in the de-
627  repression of MRFs including myogenin. Alternatively, LMOD1 might sequester SIRT1 within
628 the cytoplasm, preventing its re-entry into the nucleus, which in turn results in the expression
629 of MRF to initiate myogenic differentiation (Figure S5F).

630 Previous studies have demonstrated that reducing the protein levels of SIRT1 can enhance
631 the differentiation of MuSCs (Ryall et al. 2015). Consistently, our data suggest that the
632 negative impact of knockdown of Lmod1 on myogenic differentiation can be partially restored
633 by co-depletion of Sirt1. Our RNAseq analysis highlighted a subset of genes which were
634  oppositely up- or downregulated after knockdown of either LMOD1 or SIRT1, including
635 secreted factors and receptors that could potentially mediate this restoration of myogenic
636 differentiation when LMOD1 and SIRT1 levels are reduced. The identified factors include Fgf6,
637  Tgfa, Camk1d, Mcr, Lifr, Isl2 and Tgm2, which were previously shown to be involved in
638 proliferation and differentiation of MuSCs (Armand, Laziz, and Chanoine 2006; Knight and
639  Kothary 2011; Yamane et al. 1998; Dos Santos et al. 2023; Hunt et al. 2013) by modulating
640  signaling pathways such as mTOR, Wnt or IGF1-PI3K/Akt-Foxo signaling (Wang et al. 2022;
641  Cui et al. 2020; Zhang et al. 2018). Further investigation of possible downstream effectors or
642 modulators identified by RNAseq could reveal additional mechanisms by which LMOD1
643 interferes with the myogenic program.

644  Finally, we have discovered that the abundance of LMOD1 is approximately four times higher
645 in MuSCs from geriatric mice compared to the abundance in MuSCs from young mice.

646  Specifically, LMOD1 tends to accumulate in the nucleus of MuSCs as mice age. Disruption of
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647 the actin organization of the cytoskeleton and dynamics in aging and disease such as
648  Duchenne muscular dystrophy (DMD) or Nemaline myopathy (NM) were shown to impact the
649  expression of myogenic regulators and different signaling pathways (Lai and Wong 2020;
650 Eliazeretal. 2019; Y. J. Kim et al. 2022). Studies have shown that SIRT1 maintains H4K16 in
651  a deacetylated state in quiescent MuSCs, which leads to transcriptional repression (Ryall et
652 al. 2015). Given the SIRT1-LMOD1 interaction that we have discovered, we speculate that the
653  nuclear accumulation of LMOD1 might affect gene expression and chromatin remodeling in
654 aged MuSCs. However, it remains to be investigated whether the accumulation of LMOD1 is
655 a compensatory mechanism or is a causative factor leading to the dysregulation and
656 impairment of MuSCs during aging. Identifying the molecular mechanism and potential
657  downstream targets could be a promising strategy for discovering potential therapeutic targets

658  for promoting muscle regeneration and improving muscle health in older adults.
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701  EXPERIMENTAL MODEL AND SUBJECT DETAILS
702

703  Mice

704  All wild-type mice were C57BL/6J obtained from Janvier or internal breeding at the Leibniz
705 Institute on Aging — Fritz Lipmann Institute (FLI) using the Janvier strain. All animals were kept
706 in groups in a specific pathogen-free animal facility with a constant 12 h light/dark cycle and
707  fed ad libitum. Young mice were aged 2-6 months, old mice were aged 18-20 months and
708  geriatric animals were aged 24-33 months. All animal experiments were approved by the
709  Thiringer Landesamt fur Verbraucherschutz (Germany) under Reg.-Nr. FLI-17-014 and FLI-
710  22-011.

711

712  Cardiotoxin muscle injury and siRNA injection of the TA muscle

713  Young mice (3-months old) were anaesthetized by inhaling isoflurane using the Tec 7
714 Isoflurane (798932, Covetrus) Anesthesia Vaporizer (Datex Ohmeda). The TA muscle was
715  injured once by injecting 50 pl of 10 uM cardiotoxin (L8102, Latoxan) in sterile 0.9% NaCl
716 (12391112, Medpex) using an insulin syringe with a 29 G needle. To manage pain, the mice
717  were given Metacam (1 mg/kg, 798932, Covetrus) subcutaneously for three days.

718  Self-delivering Accell siRNA ON-TARGETplus Non-targeting Pool (D-001910-10-50,
719  Dharmacon) or Accell siRNA ON-TARGETplus targeting Lmod1 (E-051082-00-0050,
720  Dharmacon) were injected into the CTX-damaged TA-muscles on day 3 after injury to induce
721 knockdown in vivo. TA muscles were further analyzed by quantifying the number of myogenin+
722  cells per area.

723

724  FACS isolation of MuSCs

725  MuSCs were isolated from the hindlimb muscles of adult male mice of age 8 - 12 weeks. The
726  muscles were dissected and collected in PBS, minced using scissors and digested in 2.5 g/mL
727  collagenase B (Sigma) and 1 g/mL dispase (Sigma) for 30 min at 37 °C. Together with 12 mL
728  of isolation medium (HAMs F10 + 20 % FBS) the digested muscle pieces were transferred
729 into a 15 mL tube to allow the sedimentation of larger undigested muscle chunks. The sample
730  was then filtered using a 0.74 mm cell strainer into a 50 mL tube, spun down at 450x g for 5
731 min at room temperature and resuspended in 500 mL isolation medium. The sample was then
732  incubated on ice for 15 min with the antibodies used for FACS analysis, as indicated below.
733  Afterwards, 15 mL PBS was added, and the sample was spun down for 5 min at 450x g at
734  room temperature followed by resuspension in 1mL PBS. After filtering the cells with a
735  0.35 mm cell strainer staining with SYTOX Blue Dead Cell Stain (S34857, Thermo Fisher) was
736  performed to distinguish between dead and alive cells. A BD FACSAria Ill was used for sorting
737  the cells. To FAC sort MuSCs, gating was set to alpha7-integrin+ (anti-Alpha 7 Integrin 647
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738 (clone:R2F2), 67-0010-05, The University Of British Columbia AbLab, 1:500), CD11b-(CD11b-
739  PE, 553311, BD Bioscience, 1:500), CD31- (CD31-PE, 553373, BD Bioscience,1:500), CD45-
740 (CD45-PE, 553081, BD Bioscience,1:500) and Sca1- (Ly-6A/E-PE, 553108, BD Bioscience,
741 1:500).

742

743  Cell culture

744  FACS isolated primary myoblasts were cultured on collagen (#354236, Corning) coated (1h
745 at RT with 0.167 mg/mL) plates in Ham’s F-10 Nutrient Mix (Thermo Fisher #31550031)
746  supplemented with 10 % FBS (#10270106, Thermo Fisher), 1 % Penicillin-Streptomycin
747  (#15140-122, Thermo Fisher) and 2.5 ng/mL bFGF (#13256029, Thermo Fisher) in a 37 °C
748  incubator with 95 % humidity and 5 % CO.. For the proliferation assay, primary myoblasts
749  were seeded onto collagen-coated 24-well plates (734-2325, VWR) (25,000 cells per well) and
750  cultured for 48 h in the myoblast growth medium. For differentiation assays on 24-well plates,
751 75,000 primary myoblasts were seeded and cultivated for 72 h in the differentiation medium.
752  Primary myoblasts were always harvested using 0.25 % Trypsin. For location stainings, cells
753  were grown on collagen-coated 4-well culture slides (80426, Ibidi). For proliferation conditions,
754 5,000 cells were seeded per well, and 12,000 cells were seeded per well for differentiation
755  conditions. The cells were then incubated at 37 °C.

756  HEK293T cells (Flp-In 293 T-Rex cells) were obtained from Thermo Fisher (R78007).
757  HEK293T cells were grown in Dulbecco’s modified Eagle’s medium (#D6429, Sigma) with high
758  glucose (5 g/l) supplemented with 10 % heat-inactivated FBS and supplementation with 100
759  mg/mL Zeocin (#R250-01, Thermo Fisher) and 15 mg/mL Blasticidin (#R210-01, Thermo
760  Fisher). After generation of a stable line cells were supplemented with 100 mg/mL Hygromycin
761  (#10687-010, Thermo Fisher) and 15 mg/mL Blasticidin. Cells were cultured in a 37 °C
762  incubator with 95 % humidity and 5 % CO.. For immunofluorescence staining of HEK293T,
763  cells were grown on 50 ug/mL Poly-D-Lysine solution (Gibco™ A3890401) coated autoclaved
764  coverslips (Carl Roth, YX03.1). Each coverslip was placed in an individual well of a 12-well
765  Lab solute plate (with a specified number), and 25,000 cells were seeded per well.

766  The Platinum-E (Plat-E) cells, a potent retrovirus packaging cell line were cultured in DMEM
767  high glucose (#D6429, Sigma) supplemented with 10 % FBS, 1 %Penicillin-Streptomycin in a
768 37 °C incubator with 95 % humidity and 5 % CO..

769

770  siRNA transfection of cells with Lipofectamine® RNAIMAX Reagent

771 Knockdown experiments using small interfering RNAs (siRNA) (ON-TARGETplus Non-
772  targeting Pool (D-001810-10-05, Dharmacon), SMART:pool ONTARGETplus Lmod1 siRNA
773  (9530015K06Rik | SM-Lmod), SMART:pool ONTARGETplus Lmod2 siRNA (C-Lmod),
774  SMART:pool ONTARGETplus Sirt1 siRNA (AA673258 | SIR2L1 | Sir2 | Sir2a | Sir2alpha)
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775 against a target mRNA were performed. For siRNA transfection, the Lipofectamine®
776  RNAIMAX Kit (13778075, ThermoFisher) was used according to the manufacturer’s protocol.
777

778  Generation of overexpression cell lines

779  The murine stem cell virus (MSCV) retroviral expression system (634401, Takarabio) was
780 used for overexpression studies. The MSCV vectors are optimized for introducing and
781  expressing target genes in stem cells such as MuSCs. The vector pENTR233.1-Lmod1
782 (100016603, Dharmacon, spectinomycin resistant) and GFP were blunt end cloned in the
783  donor vector cloneJET™ (K1232, Thermo Fisher, ampicillin-resistant) to finally generate
784  pMSCV.puro plasmids (634401, Takarabio, ampicillin-resistant) encoding Lmod1 and GFP,
785  respectively (Table 1).

786  Plat-E cells were transfected with 20 ug of the generated pMSCV.puro plasmids using
787  polyethylenimine (PEI). 60 uL PEI (1 mg/mL) were added to the plasmid mixture (3:1 ratio of
788  PEI:DNA), briefly mixed by inverting the tube and incubated for 20 min at RT. Subsequently,
789 the transfection complex was added dropwise to a 10 cm plate and incubated for 5-6 h in 3.5
790 % CO2, 37 °C. The medium was changed to standard proliferation medium (DMEM, 10 %
791 FBS and 1 % Pen-Strep) and incubated until the next day to collect the retrovirus. For further
792  infection of primary myoblasts, 1 Mio cells were seeded in a p10 plate and infected using a
793  1:5ratio of retrovirus to growth medium (F10, 20 % FBS, bFGF, 1 % Pen-Strep) mixed with 5
794  ul of Protamine Sulfate (8 pg/mL). Infection of primary myoblasts was repeated the next day
795 as previously described and incubated at 37 °C. After 48 h post-transfection, primary
796  myoblasts were selected with 1.25 pg/mL puromycin for up to one week. Medium was changed
797  every 2 - 3 days.

798

799  In vitro proximity labeling for BiolD protocol

800 HEK293T cells (Flp-In 293 T-Rex cells) expressing BirA*-LMOD1 and BirA*-LMOD2, were
801  generated as described by (Mackmull et al. 2017). The cells were selected using 15 pg/mL
802  Blasticidin (GibcoTM, R21001) and 100 pg/mL Zeocin™ (Thermo Fisher Scientific, R25001).
803  Once stable cell lines were generated, the cells were selected using 100 yg/mL Hygromycin B
804  (Thermo Fisher Scientific, 10687010) and 15 pg/mL Blasticidin (GibcoTM, R21001).

805  Stable HEK293T cell lines expressing fusion proteins containing BirA* were seeded in 150
806 mm dishes at the density of approximately 500K cells. To induce expression of BirA* fusion
807  proteins, cells were treated with 1 ug/mL tetracycline (Sigma Aldrich, 87128) for four days.
808  Biotin (50 uM) (Sigma Aldrich, B4501) was added to the cells 24 h prior to harvest to biotinylate

809  proximal proteins.
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810 Table 1: Primers for cloning
Primer name Sequence (5’-3’)
Lmod1 sequencing primer (forward) CTT GTG GCC GTT TAC GTC
Lmod1 sequencing primer (reverse) CCCACTTGCTTGCTTTCATC
GFP sequencing primer (forward) TAATACGACTCACTATAGGG
GFP sequencing primer (forward) CGACTCACTATAGGGAGAGCGGC
pMSCV.puro sequencing primer (forward) CGAGACCTCATCACCCAGG
T7 (forward) TAATACGACTCACTATAGGG
pJet1.2 sequencing primer (forward) CGACTCACTATAGGGAGAGCGGC
Lmod1_pcr_(forward) CACCATGTCCAAAGTAGCTAAGTACCG
Lmod1.wSTOP (reverse) TTATTGAAGTAGCTTGGGCACC
Lmod1.woSTOP (reverse) TTGAAGTAGCTTGGGCACC
Lmod2.pcr (forward) CACCATGTCTACGTTTGGCTACAGAAG
Lmod2.woSTOP (reverse) TCTCAGAGCTTCGGGAACTTC
Lmod2.wSTOP (reverse) TTATCTCAGAGCTTCGGGAACTTC

811

812  Skeletal muscle cryostat sections and staining

813  TA muscles were isolated and frozen sections (14 um) were made using a Leica Cryostat CM
814 3050 (Meyer Instruments) at -21 °C and placed on glass slides. Sections were stored at -80
815  °C. For immunostaining, muscle cryosections were fixed with 4 % paraformaldehyde (v/v,
816  CP10.1, Roth, pH 7.4). for 7 min and then permeabilized with 0.1 M Glycine (1042011000,
817 VWR)in PBS, (pH 7.4) for 5 min and after one wash with PBS 0.5 %Triton-X was added (v/v,
818  3051.3, Roth) for 10 min. After another washing step with PBS sections were incubated for 20
819 min at 65 °C in pre-heated Citrate Antigen Retrieval buffer (10 mM Sodium citrate, 0.05 %
820 Tween 20, pH 6.0). Slides were re-equilibrated by washing 3x with PBS for 5 min and
821  incubated for 30 min using MOM blocking (1:40) and subsequently blocked in blocking solution
822 (5 % horse serum (v/v) in PBS) at RT. The sections were incubated in primary antibody Pax7
823 (Pax7, DSHB, Hybridoma mouse IgG1, undiluted), myogenin (DSHB, F5D, hybridoma cell
824  supernatant, undiluted), Lmod1 (Proteintech, 15117-1-AP, 1:500) and Laminin (LSBio, LS-
825 C96142, 1:500) overnight at 4 °C in a wet chamber. Sections were washed 3x with 0.1 %
826  Triton in PBS (pH 7.4) for 5 min and secondary antibodies anti-chicken IgG (Alexa Fluor® 488,
827  A-11039), anti-mouse IgG (Alexa Fluor® 546, A-21123, Thermo Fisher, 1:1000) and anti-
828 rabbit IgG (Alexa Fluor® 647, A-31573, Thermo Fisher, 1:1000), were applied for 1 h at RT.
829  Nuclei were stained with Hoechst (bisBenzimideH 33258, B2261 Sigma, 0.02 pg/ul in PBS,
830  1:5000) for 5 min. After washing sections 3x with 0.1 % Triton in PBS, sections were mounted
831 in Permafluor mountain medium (TA-006-FM, Thermo Fisher).
832  microscopy was performed with the Zeiss Axio Scan Z.1 using a Plan-Apochromat 20x/0.8
833  M27 Objective (Zeiss).

Immunofluorescence
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834 Immunofluorescence staining of primary myoblasts

835 Primary myoblasts from proliferation or differentiation assays were fixed with 2 %
836 formaldehyde (v/v in PBS, CP10.1, Roth) for 5 min at RT, washed twice with PBS for 5 min
837  and were permeabilized with permeabilization solution (0.1 % Triton-X-100 (v/v, 3051.3, Roth),
838 0.1 M Glycine (1042011000, VWR) in PBS) for 5 min at RT. Cells were incubated for 1 h in
839  blocking solution (5 % horse serum, v/v, 26050-088, Thermo Fisher) in PBS at RT. Incubation
840  with primary antibodies was carried out in 5 % horse serum in PBS overnight at 4 °C.
841  Subsequently, the cells were washed three times with PBS for 5 min and incubated with the
842  secondary antibodies in blocking solution for 1 h at RT in the dark. Next, the cells were washed
843  once with PBS for 5 min, stained with Hoechst (bisBenzimide H 33258, B2261 Sigma, 1:5000
844  in PBS) at RT for 5 min and washed twice with PBS for 5 min. The cells were stored at 4 °C
845 in PBS in the dark until they were analyzed. For location stainings, the removable chamber
846  was detached, and cells were mounted in permafluor mounting medium (TA-006-FM, Thermo
847  Fisher) and coverslips (631-1574, VWR). The cells were then analyzed using an Axio
848  Observer microscope (Carl Zeiss) or with an Axio Imager (Z2 using a Plan-Apochromat 63 x /
849 0.8 M27 Objective) and analyzed with Zen 2 Blue Edition software (Carl Zeiss Microscopy
850 GmbH).

851  Primary antibodies used for immunofluorescence analysis (Table 3): Hybridoma mouse IgG1
852 myogenin (DSHB, F5D, hybridoma cell supernatant, undiluted), Hybridoma mouse IgG1
853 devMHC (DSHB, MF20, hybridoma cell supernatant, undiluted), anti-ki67 (ab15580, rabbit IgG
854  1:500), Lmod1 (Proteintech, 15117-1-A, rabbit, 1IgG, 1:500) and Sirt1 (Proteintech, 60303-1-
855 Ig, mouse, IgG2b, 1:400). Secondary antibodies: anti-mouse IgG2b (Alexa Fluor® 488, A-
856 21141, Thermo Fisher, 1:1000), anti-rabbit IgG (Alexa Fluor® 546, A10040, Thermo Fisher,
857  1:1000), anti-mouse IgG (Alexa Fluor® 546, A-21123, Thermo Fisher, 1:1000)

858

859 Immunofluorescence staining of HEK293T cells

860 The cells were washed 3x with 1 x PBS and fixed in 4 % formaldehyde (v/v) in PBS for 10
861 minutes at room temperature. After that, cells were washed again 3x with 1 x PBS and
862  permeabilized using a permeabilization buffer (0.7 % Triton X-100 in 1 x PBS) for 15 minutes
863 at room temperature, followed by two washing steps with PBS for 5 minutes each. The
864  samples were incubated with a blocking solution (10 % (w/v) BSA, 10 % (v/v) Triton X-100, 5
865 % (v/v) goat serum) for 1h at room temperature. The coverslips were incubated with primary
866  antibody anti-FLAG (Sigma-Aldrich, mouse, F1804, 1:500) at 4 °C overnight. After washing 3x
867  with PBS, the secondary fluorescence-labeled antibody anti-mouse IgG (Alexa Fluor® 488, A-
868 21121, Thermo Fisher, 1:1000) in blocking solution and anti-biotin (Streptavidin AlexaFuor®
869 568, S11226, Thermo Fisher, 1:2000) in blocking solution were incubated for 1 h at RT. After
870  washing once with PBS nuclei were stained with Hoechst (bisBenzimideH 33258, B2261
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871  Sigma, 0.02 yg/pl in PBS, 1:5000) at RT for 5 minutes. and were finally washed twice for 5
872  minutes with PBS. Finally, the samples were washed twice with PBS for 5 minutes, and cells
873  were mounted in Permafluor mounting medium (TA-006-FM, Thermo Fisher) and coverslips
874  (631-1574, VWR). Immunofluorescence microscopy was performed with an Axio Imager (Z2
875 using a Plan-Apochromat 63 x / 0.8 M27 Objective) and analyzed with Zen 2 Blue Edition
876  software (Carl Zeiss Microscopy GmbH).

877

878  Proximity ligation assay

879  Primary myoblasts were cultured in a collagen-coated removable 12-well chamber (81201,
880 Ibid) and fixed in 2 % PFA for 5 minutes at RT. Subsequently, the proximity ligation assay
881  (PLA) (#DU092008, Sigma-Aldrich) was performed according to the manufacturer's protocol.
882  Anti-Sirt1 antibodies and anti-Lmod1 antibodies were incubated overnight at 4 °C.
883  Immunofluorescent pictures were taken with an Axio Imager (Z2 using a Plan-Apochromat 63x
884 /0.8 M27 Objective) and analyzed with Zen 2 Blue Edition software (Carl Zeiss Microscopy
885 GmbH).

886

887  Harvesting and lysis of cells for immunoblotting

888 To harvest the cultured cells from proliferation or differentiation assay, the medium was
889 removed and the cells were washed with PBS at RT. Then, 50 ul RIPA buffer (150 mM Sodium
890  Chloride (P029.2, Roth), 1 % Triton X-100 (v/v, 3051.3, Roth), 0.5 % Sodium Deoxycholate
891 (89904, Thermo Fisher), 0.1 % SDS (w/v, 75746-250G, Sigma), 50 mM Tris (4855.2, Roth),
892  pHB8) was added to each well of the 24 well plate. The cells were carefully scraped off the plate
893 by using a cell scraper. Cells were incubated on ice for 20 min and mixed by vortexing every
894 5 min. Cell lysis was completed by sonication using Diagenode’s Bioruptor® Plus 10x for 1
895  min (1 min ‘on’, 30 sec ‘off’).

896  Primary antibodies used for immunoblotting analysis: anti-BirA (Novus Biologicals, 5B11c3-3,
897  1:500), anti-GFP (Santa Cruz, sc-9996, 1:1000), anti-mouse (Agilent Dako, P0448, 1:1500)
898  anti-Lmod1 (Proteintech, 15117-1-AP, 1:500), anti-Lmod2 (Atlas Antibodies, HPA051039,
899  1:500), anti-Sirt1 (Proteintech, 60303-1-lg, 1:1000), anti-Aldoa (Proteintech, 67453-1-Ig,
900 1:20.000), anti-H4 (Cell Signaling, #2935, 1:1000), anti-Gapdh (SantaCruz, sc-365062,
901 1:200). Secondary antibodies: anti-rabbit (Agilent Dako, P0447, 1:2000), anti-mouse (Agilent
902 Dako, P0448, 1:1500).
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Table 3: Antibody-List

Antibody name Source Product number
Monoclonal rat IgG2a Sca1-FITC eBioscience 11-5981-85RRID:AB_465334
Monoclonal rat IgG2a Sca1-PE (Ly-6A/E-PE) | BDBioscience 553108RRID:AB_394629
Hybridoma mouse IgG1 Pax7 DSHB Pax7RRID:AB_528428
Polyclonal rabbit IgG Lmod1 Proteintech 15117-1-AP

Polyclonal human IgG Lmod2 Atlas Antibodies HPA051039

Polyclonal chicken IgG Laminin LSBio LS-C96142

Hybridoma mouse IgG1 myogenin DSHB F5D

Hybridoma mouse IgG1 devMHC DSHB MF20

Polyclonal rabbit IgG Ki-67 Abcam ab15580

Monoclonal mouse IgG2b Sirt1 Proteintech 60303-1-Ig
bisBenzimideH 33258 (Hoechst) Sigma-Aldrich B2261

Monoclonal mouse M2 Flag Sigma-Aldrich F1804

Monoclonal mouse IgG GFP Santa Cruz Sc-9996

Monoclonal mouse 1gG BirA Novus Biologicals 5B11¢3-3

Monoclonal mouse IgG1 Gapdh SantaCruz sc-365062

Monoclonal mouse IgG H4 (L64C1) Cell Signaling #2935

Monoclonal mouse IgG Aldoa Proteintech 67453-1-Ig

anti-mouse IgG Alexa Fluor® 488 Thermo Fisher A-21121

anti-mouse IgG Alexa Fluor® 546 Thermo Fisher A-21123

anti-mouse IgG2b Alexa Fluor® 488 Thermo Fisher A-21141

anti-mouse IgG2b Alexa Fluor® 488 Thermo Fisher A-21242

anti-rabbit IgG Alexa Fluor® 488 Thermo Fisher A-21206

anti-rabbit IgG Alexa Fluor® 546 Thermo Fisher A10040

anti-rabbit IgG Alexa Fluor® 647 Thermo Fisher A-31573

anti-chicken IgG Alexa Fluor® 488 Thermo Fisher A-11039
Anti-Streptavidin Alexa Fluor ® 568 Thermo Fisher S11226

Anti-Mouse Immunoglobulins/HRP Agilent Dako P0448

Anti-Rabbit Immunoglobulins/HRP Agilent Dako P0447

Protein quantification assays

The EZQ™ Protein Quantitation Kit (R33200, Thermo Fisher) and the Invitrogen™ Qubit™ 3
Fluorometer (15387293, Invitrogen), together with Qubit™ assay tubes (Q32856, Invitrogen),
were used to quantify protein samples according to the manufacturer’s protocols. The TECAN
microplate reader (1405005206, Tecan INFINITE M1000 PRO, excitation 485 nm, emission

580 nm) was used to analyze the EZQ assay.
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912 GFP Trap

913  For the generation of cell lines transiently expressing Sirt1 fused to GFP or GFP control,
914  plasmids were generated using Gateway Technology (Invitrogen). Four 10 cm dishes of
915  HEK293T cells (3 million cells/dish) were used for each candidate, and prior to transfection,
916 the medium was replaced with a transfection medium (DMEM with 1 % FBS, without
917  antibiotics). Each plate was transfected with 5 ug plasmid DNA and 15 pg Polyethylenimine
918 (PEI 25K™, Polysciences, 23966-100), both previously prepared in OptiMEM (Gibco,
919  11520386). The transfection medium was changed to 5 mL DMEM with 10 % FBS and 1 %
920 Pen-Strep 6 h post-transfection. Additionally, 5 pl (1 mg/mL) of Tetracycline was to the media
921  and cells were incubated for 48 h at 3.5 % CO2, 37 °C. Subsequently, cells were harvested
922 by trypsinization, and 20 million cells per pellet were collected for GFP-Trap pull-down. Each
923  pellet was lysed in 200 pl of lysis buffer (20 mM Tris pH 7.5, 150 mM NaCl, 1 mM EDTA, 0.3
924 % Triton, 10 % Glycerol) containing protease and phosphatase inhibitors. Tubes were placed
925 onice for 30 min with vortexing every 10 min, followed by brief sonication in a Bioruptor Plus
926  for 5 cycles (30 sec on/30 sec off) at the highest setting and afterwards centrifuged at 20000x
927 g, for 10 min at 4 °C. Lysate-supernatants were transferred to a pre-cooled tube and to each
928  of them 300 pl dilution buffer (10 mM Tris pH 7.5, 150 mM NaCl, 0.5 mM EDTA), was added.
929 25 pyl of GFP Trap beads (ChromoTek GFP-Trap® Agarose, Proteintech, gta) were
930 equilibrated in 0.5 mL of ice-cold dilution buffer and were spun down at 100x g for 5-10 sec at
931 4 °C. Beads were washed two more times with 500 pl dilution buffer. Cell lysates were added
932  to equilibrated GFP Trap beads and incubated for 1 h at 4 °C with constant mixing. Tubes
933  were spun at 100x g for 5-10 sec at 4 °C. GFP Trap beads were washed with 500 pl ice-cold
934  dilution buffer, followed by two washes with wash buffer (10 mM Tris pH 7.5, 150 mM NacCl,
935 0.05 % P40 Substitute, 0.5 mM EDTA). To elute proteins, 2 x 30 pl of 2x SDS-sample buffer
936 (120 mM Tris pH 6.8, 20 % glycerol, 4 % SDS, 0.04 % bromophenol blue) was added to the
937 GFP Trap beads and boiled for 5 min at 95 °C. Subsequently, the beads were collected by
938 centrifugation at 2500x g for 2 min and supernatant was collected to perform an SDS-PAGE.
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939  Nuclear cytoplasmic fractionation experiment

940  Nuclear cytoplasmic fractionation was performed seeding 3 x 10° primary myoblasts. Prior cell
941 harvest, cells were washed twice with 10 mL of PBS at RT to remove any residual media.
942  Then, they were trypsinized with 0.25 % Trypsin and resuspended in 8 mL of myoblasts growth
943  medium. After centrifuging at 500x g for 5 minutes, the supernatant was discarded, and the
944  cells were resuspended in 5 mL of ice-cold PBS. At this stage, the total number of cells was
945  counted. For hypotonic lysis, the cells were spun at 4 °C and 500x g. The resulting pellet was
946  resuspended in 500-700 ul of Buffer A (10 mM Tris pH 7.5) containing protease inhibitor. The
947  cells were incubated on ice for 20-30 minutes, and their swelling was monitored. Then, they
948  were lysed by passing them through a 27G needle 15-30 times. The process was stopped
949  when 70-80 % of the cells were lysed to prevent nuclei breakdown. Nuclei were manually
950 counted to calculate the ratio of nuclei to total cells. The lysed cells were centrifuged at 1000x
951 g at 4 °C to separate nuclei, and the supernatant was collected as the cytoplasmic fraction.
952  The pellet of nuclei was resuspended in 60-100 pl of Buffer B (0.25 M sucrose, 50 mM Tris
953 pH 7.5, 25 mM Kcl, 5 mM MgCI2, 2 mM DTT) with protease inhibitor and the nuclei were
954  manually counted using a hemocytometer.

955

956 RNA isolation

957 RNA isolation was performed with TriFast (Peglab) according to the manufacturer’s protocol.
958  Primary myoblasts were either directly harvested into TriFast or cell pellets were resuspended
959  and lysed by pipetting.

960

961 cDNA synthesis

962 cDNA was synthesized by reverse transcription using 600 ng of isolated RNA. The GoScript™
963 Reverse Transcriptase kit (A5001, Promega) was used according to the manufacturer’s
964  protocol. Finally, the cDNA was diluted 1:10 and stored at -20 °C until further analysis.

965

966 qgRT-PCR

967 Quantitative real-time PCR was performed on a CFX384 Touch Real-Time PCR Detection
968  System (Biorad). One qRT-PCR reaction mix consists of 3 pl cDNA, 5 ul iQ SYBR™ Green
969  Supermix (1708882, Biorad), 1 pl sterile ddH20 and 0.5 pl of 10 yM forward and reverse
970  primer (Metabion, ordered as 100 pM stock in sterile ddH20, sequences listed in Table 2).
971  Technical triplicates were performed for each sample. For triplicates having a Cg-SEM
972  (calculated by Bio-Rad CFX Maestro 1.1) higher than 0.4, the replicate with the largest
973 difference was excluded. The obtained Ct-values of target genes and housekeeping genes

974  were used to calculate relative expression according to the 222 formula (Pfaffl 2001).
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975 Table 2: Primers for qRT-PCR
Primer name Sequence (5’-3’)
GAPDH (forward) ATGCCAGTGAGCTTCCCGTC
GAPDH (reverse) CATCACCATCTTCCAGGAGC
Lmod1 (forward) AAAAGACAGGAGTGTCAAGAAC
Lmod1 (reverse) CCCCAGAACCTATGCCCTC
Lmod2 (forward) ACCTTATCCCGATTTGCTGAAG
Lmod2 (reverse) ACCTTGAGCATGTCTGCAATG
MyoD (forward) CTACAGTGGCGACTCAGAT
MyoD (reverse) CACTGTAGTAGGCGGTGTC
Myogenin (forward) CAGTACATTGAGCGCCTAC
Myogenin (reverse) AAGGCAACAGACATATCCTC
Pax7 (forward) TCTTACTGCCCACCCACCTA
Pax7 (reverse) CACGTTTTTGGCCAGGTAAT
Sirt1 (forward) TGATTGGCACCGATCCTCG
Sirt1 (reverse) CCACAGCGTCATATCATCCAG
18S (forward) CCATCCAATCGGTAGTAGCG
18S (reverse) GTAACCCGTTGAACCCCATT

976

977 RNA Sequencing

978  Primary myoblasts were seeded and pre-treated with siRNA against Lmod1 and Sirt1 for two
979 days under proliferating conditions. A second transfection with siLmod1 and siSirt1 was
980 performed simultaneously with the induction of differentiation. After one day of differentiation,
981 the cells were collected in TriFast and RNA was isolated using the procedure described above.
982 The concentration and integrity of the isolated RNA was determined using Qubit 3.0
983  Fluorometer (Thermo Fisher), Bioanalyzer 2100, and Tapestation RNA (Agilent). To prepare
984  the poly-A library, TruSeq RNA Library Prep Kit v2 (lllumina, RS-122-2001) was used
985  according to the manufacturer's protocol. The process started with the enrichment of poly-A-
986  containing mRNA using magnetic beads, followed by first-strand synthesis of cDNA using
987  SuperScript lll Reverse Transcriptase (Thermo Fisher). The second strand synthesis was
988  performed using the second strand master mix (TruSeq RNA Library Prep Kit v2 (lllumina)),
989 and the DNA was cleaned up using Agencourt AMPure XP Beads (Beckman Coulter,
990 A63881). After end repair and dA-tailing, adaptors were ligated, and the library was further
991  enriched using the PCR Master Mix (TruSeq RNA Library Prep Kit v2 (lllumina)). The
992  concentration and quality of the library were determined using Qubit 3.0 Fluorometer (Thermo
993  Fisher), Bioanalyzer 2100, and Tapestation DNA (Agilent). Finally, the libraries were pooled
994  and RNA-Seq and data analysis was performed by Azenta US using lllumina NovaSeq (USA;
995 www.GENEWIZ.com).
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996 Whole proteome analysis

997  For proteomics analysis of myoblasts or Lmod1 overexpression cell lines, samples were

998  sonicated (Bioruptor Plus, Diagenode, Belgium) for 10 cycles (60 sec ON/30 sec OFF) at high

999  setting, at 20 °C, followed by boiling at 95 °C for 5 min. Reduction with 10 mM Dithiothreitol
1000 (DTT) (6908.3, Roth) for 15 min was followed by alkylation with iodoacetamide (IAA, final
1001 concentration 15 mM) for 30 min at room temperature in the dark. Protein amounts were
1002  estimated following an SDS-PAGE gel of 10 yL of each sample against an in-house cell lysate
1003  of known quantity. 30 ug of each sample was used for digestion. Proteins were precipitated
1004 overnight at -20 °C after addition of 4x volume of ice-cold acetone. The following day, the
1005 samples were centrifuged at 20800x g for 30 min at 4 °C and the supernatant was carefully
1006 removed. Pellets were washed twice with 300 pL ice-cold 80 % (v/v) acetone in water and
1007  then centrifuged at 20800x g at 4 °C for 10 min. After removing the acetone, pellets were air-
1008 dried before addition of 25 pL of digestion buffer (1M Guanidine, 100 mM HEPES, pH 8).
1009 Samples were resuspended with sonication as explained above, then LysC (Wako) was added
1010 at 1:100 (w/w) enzyme:protein ratio and digestion proceeded for 4 h at 37 °C under shaking
1011 (1000 rpm for 1 h, then 650 rpm). Samples were then diluted 1:1 with MilliQ water and trypsin
1012  (Promega) added at at 1:100 (w/w) enzyme:protein ratio. Samples were further digested
1013  overnight at 37 °C under shaking (650 rpm). The day after, digests were acidified by the
1014  addition of TFA to a final concentration of 10 % (v/v), heated at 37 °C and then desalted with
1015 Waters Oasis® HLB pElution Plate 30 ym (Waters Corporation, MA, USA) under a soft
1016  vacuum following the manufacturer instruction. Briefly, the columns were conditioned with
1017  3x100 pL solvent B (80 % (v/v) acetonitrile; 0.05 % (v/v) formic acid) and equilibrated with
1018  3x100 pL solvent A (0.05 % (v/v) formic acid in Milli-Q water). The samples were loaded,
1019  washed 3 times with 100 uL solvent A, and then eluted into 0.2 mL PCR tubes with 50 uL
1020 solvent B. The eluates were dried down using a speed vacuum centrifuge (Eppendorf
1021  Concentrator Plus, Eppendorf AG, Germany). Dried samples were stored at -20 °C until
1022  analysis.
1023
1024  Enrichment and digestion of biotinylated proteins (BiolD)
1025  The protocol was used as described in Bartolome et al (Bartolome et al. 2023). In short, pellets
1026  corresponding to 20 Mio cells were resuspended in 4.75 mL lysis buffer (60 mM Tris pH 7.5;
1027 150 mM NaCl; 1 mM EDTA; 1mM EGTA; 1 % (v/v) Triton X-100; 1 mg/ml aprotinin; 0.5 mg/ml
1028  leupeptin; 250 U turbonuclease; 0.1 % (w/v) SDS) and incubated for 1 h at 4 °C. Streptavidin
1029  Sepharose High Performance (GE Healthcare) was acetylated by the addition of 10 mM sulfo-
1030  NHS acetate (Thermo Fisher Scientific) for 30 min twice and then equilibrated in lysis buffer.
1031 For each lysate 80 ul of equilibrated beads were used. Upon loading, beads were washed 5
1032  times with 600 yl 50 mM AmBic. On-bead digest was performed with 200 ul LysC (5 ng/ul) at
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1033 37 °C overnight. First elution step was achieved using two times 150 ul of 50 mM AmBic. After
1034  pooling both fractions, peptides were further digested off-beads by adding 1 ug trypsin and
1035 incubating at 37 °C for 3 h. Biotinylated peptides were eluted in a second elution step using
1036  two times 150 ul 20 % TFA (Biosolve) in acetonitrile (Biosolve). Both fractions were pooled
1037 and neutralized to pH 8.0 by adding 50 pyl 200 mM HEPES and sodium hydroxide as
1038 necessary. Peptides were digested further off-beads by adding 1 ug trypsin at 37 °C for 3 h.
1039 Digested peptides from the two elution steps were desalted using Waters Oasis® HLB
1040  pElution Plate 30 ym (Waters) according to the manufacturer’s instructions.

1041

1042 LC-MS/MS analysis

1043  Peptides were reconstituted in 10 pl reconstitution buffer at a concentration of 1 ug/ul, 0.5 pl
1044  of the HRM kit (Ki-3002-1, Biognosys) was added in a dilution recommended by the
1045 manufacturer and 1 pl were injected for measurement. Peptides were separated using the
1046  UltiMate 3000 UPLC system (Thermo Fisher Scientific, for myoblasts) or nanoAcquity UPLC
1047 system (Waters, for BiolD and Lmod1 overexpressing cell lines) fitted with trapping
1048  (nanoAcquity Symmetry C18, 5um, 180 um x 20 mm) and an analytical column (nanoAcquity
1049 BEH C18, 1.7um, 75um x 250mm). The outlet of the analytical column was coupled directly
1050 to Q-exactive HF (Thermo Fisher Scientific, for myoblasts) or Orbitrap Exploris 480 (Thermo
1051 Fisher Scientific, for BiolD and Lmod1 overexpressing cell lines) using the Proxeon nanospray
1052  source. For myoblast experiment, solvent A was water, 0.1 % FA and solvent B was 80 %
1053  (v/v) acetonitrile, 0.08 % FA. Peptides were eluted via a non-linear gradient from 1 % to 62.5
1054 % B in 131 min. Total runtime was 150 min, including clean-up and column re-equilibration.
1055 The peptides were introduced into the mass spectrometer via a Pico-Tip Emitter 360 um OD
1056 x 20 um ID; 10 um tip (New Objective) and a spray voltage of 2.2 kV was applied. The RF ion
1057  funnel was set to 60 %.

1058 Data Dependent Acquisition (DDA) settings were as follows: Full scan MS spectra with mass
1059 range 350-1650m/z were acquired in the Orbitrap with a resolution of 60,000 FWHM. The
1060 filling time was set at a maximum of 20ms with an AGC target of 3x10° ions. A Top15 method
1061  was employed to select precursor ions from the full scan MS for fragmentation (minimum AGC
1062 target of 1x 10% ions, normalized collision energy of 27 %), quadrupole isolation (1.6 m/z) and
1063 measurement in the Orbitrap (resolution 15,000 FWHM, fixed first mass 120 m/z). The
1064  fragmentation was performed after the accumulation of 2x10° ions or after filling time of 25ms
1065 for each precursor ion (whichever occurred first). Only multiply charged (2+ -7+) precursor
1066 ions were selected for MS/MS. Dynamic exclusion was employed with a maximum retention
1067  period of 20s. Isotopes were excluded.

1068 For Data Independent Acquisition (DIA), 1 ug of reconstituted peptides were loaded using the

1069 same setup and LC conditions used for DDA. MS conditions were modified as follows: Full
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1070  scan MS spectra with mass range 350-1650 m/z were acquired in profile mode in the Orbitrap
1071 with resolution of 120,000 FWHM. The filling time was set at a maximum of 60 ms with an
1072  AGC target of 3x10° ions. DIA scans were acquired with 40 mass window segments of differing
1073  widths across the MS1 mass range. The default charge state was set to 3+. HCD
1074  fragmentation (stepped normalized collision energy; 25.5, 27, 30 %) was applied and MS/MS
1075  spectra were acquired with a resolution of 30,000 FWHM with a fixed first mass of 200 m/z
1076  after accumulation of 3x 10° ions or after a filling time of 35ms (whichever occurred first). Data
1077  was acquired in profile mode. For data acquisition and processing Tune version 2.9 Q-
1078  Exactive HF

1079  For BiolD project experiment and, solvent A was water, 0.1 % FA and solvent B was 80 %
1080  (v/v) acetonitrile, 0.08 % FA. Peptides were eluted via a non-linear gradient from 3 % to 40 %
1081 B in 90 min. Total runtime was 115 min, including clean-up and column re-equilibration. The
1082  peptides were introduced into the mass spectrometer via a Pico-Tip Emitter 360 um OD x 20
1083 umID; 10 um tip (New Objective) and a spray voltage of 2.2 kV was applied. The RF ion funnel
1084 was set to 30 %. For Data Independent Acquisition (DIA), MS conditions were modified as
1085  follows: Full scan MS spectra with mass range 350-1650 m/z were acquired in profile mode in
1086  the Orbitrap with resolution of 120,000 FWHM. The filling time was set at a maximum of 60
1087  ms with an AGC target of 3x10° ions (300 %). DIA scans were acquired with 34 mass window
1088 segments of differing widths across the MS1 mass range. The default charge state was set to
1089  2+. HCD fragmentation (stepped normalized collision energy; 25.5, 27, 30 %) was applied and
1090 MS/MS spectra were acquired with a resolution of 30,000 FWHM with a fixed first mass of 200
1091  m/z after accumulation of 3x 10° ions (3000 %) or after a filling time of 40ms (whichever
1092  occurred first). Data was acquired in profile mode. For data acquisition and processing Tune
1093  3.1.

1094  For Lmod1 overexpressing cell line experiment, solvent A was water, 0.1 % FA and solvent B
1095  was acetonitrile, 0.1 % FA. Peptides were eluted via a non-linear gradient from 3 % to 40 % B
1096 in 120 min. Total runtime was 145 min, including clean-up and column re-equilibration. The
1097  peptides were introduced into the mass spectrometer via a Pico-Tip Emitter 360 um OD x 20
1098 umID; 10 um tip (New Objective) and a spray voltage of 2.2 kV was applied. The RF ion funnel
1099 was set to 30 %. For Data Independent Acquisition (DIA), 1 ug of reconstituted peptides were
1100 loaded using the same setup and LC conditions used for DDA. MS conditions were modified
1101  as follows: Full scan MS spectra with mass range 350-1650 m/z were acquired in profile mode
1102 in the Orbitrap with resolution of 120,000 FWHM. The filling time was set at a maximum of 60
1103  ms with an AGC target of 3x10° ions. DIA scans were acquired with 40 mass window segments
1104  of differing widths across the MS1 mass range. The default charge state was set to 3+. HCD
1105 fragmentation (stepped normalized collision energy; 25.5, 27, 30 %) was applied and MS/MS
1106  spectra were acquired with a resolution of 30,000 FWHM with a fixed first mass of 200 m/z
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1107  after accumulation of 3x 10° ions or after a filling time of 35 ms (whichever occurred first). Data
1108  was acquired in profile mode. For data acquisition and processing Tune 2.0.

1109

1110  Proteomics data analysis

1111 For myoblasts DIA search against a library was performed. Acquired data were processed
1112  using Spectronaut Professional v13 (Biognosys AG). For library creation, the DDA and DIA
1113  raw files were searched with Pulsar (Biognosys AG) against the mouse UniProt database (Mus
1114  musculus, v. 160106, 16,747 entries) with a list of common contaminants (247 entries)
1115  Swissprot database appended, using default settings. For library generation, default BGS
1116  factory settings were used.

1117  DIA data were then uploaded and searched against this spectral library using Spectronaut
1118  Professional (v.10 and v.13 Biognosys) and default settings. Relative quantification was
1119  performed in Spectronaut for each pairwise comparison using a two-sided t-test performed at
1120 the precursor level followed by multiple testing correction and default settings, except: Major
1121 Group Quantity = median peptide quantity; Major Group Top N = OFF; Minor Group Quantity
1122 = median precursor quantity; Minor Group Top N = OFF; Data Filtering = Q value sparse;
1123  Normalization Strategy = Local normalization; Row Selection = Q value complete.

1124  For Lmod1 overexpression cell lines, DIA raw data were analyzed using the directDIA pipeline
1125 in Spectronaut v.14 (Biognosysis, Switzerland) with BGS settings besides the following
1126  parameters: Protein LFQ method= QUANT 2.0, Proteotypicity Filter = Only protein group
1127  specific, Major Group Quantity = Median peptide quantity, Minor Group Quantity = Median
1128  precursor quantity, Data Filtering = Qvalue, Normalizing strategy = Local Normalization. The
1129 data were searched against an in-house database (Mus Musculus, 16,747 entries) and a
1130 contaminants (247 entries) Swissprot database. The data were searched with the following
1131  variable modifications: Oxidation (M) and Acetyl (Protein N-term). A maximum of 2 missed
1132  cleavages for trypsin and 5 variable modifications were allowed. The identifications were
1133 filtered to satisfy FDR of 1 % on peptide and protein level. Relative quantification was
1134  performed in Spectronaut for each paired comparison using the replicate samples from each
1135 condition. The data (candidate table) and data reports (protein quantities) were then exported,
1136  and further data analyses and visualization were performed with Rstudio using in-house
1137  pipelines and scripts.

1138  BiolD DIA raw data were analyzed using the directDIA pipeline in Spectronaut with v.15. The
1139  data were searched against a specific species (Homo sapiens, v. 160112, 20,375 entries) and
1140  a contaminants (247 entries) Swissprot database. The data were searched with the following
1141 modifications: Oxidation (M), Acetyl (Protein N-term) and Biotin_K. A maximum of 2 missed
1142  cleavages for trypsin and 5 variable modifications were allowed. The identifications were

1143 filtered to satisfy FDR of 1 % on peptide and protein level. Relative quantification was
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1144  performed in Spectronaut using LFQ QUANT 2.0 method with Global Normalization, precursor
1145 filtering percentile using fraction 0.2 and global imputation. The data (candidate table) and
1146  data reports (protein quantities) were then exported, and further data analyses and
1147  visualization were performed with Rstudio using in-house pipelines and scripts.

1148

1149  Clustering and gene set enrichment analysis

1150 Proteomics data for the myoblast differentiation time course were filtered for protein groups
1151  quantified by at least two unique (proteotypic) peptides. All the differentiation time points
1152  (1d:5d) were compared to undifferentiated myoblast (0d) and protein groups that showed an
1153 absolute AVG Log2 Ratio > 0.58 and Q value < 0.25 at any time point were selected for
1154  clustering analysis. Determination of an optimal number of clusters, clustering, and enrichment
1155  analysis for each cluster was performed with ClueR (Yang et al. 2015) using the AVG Log2
1156  Ratios to 0d as input.

1157 A gene set was created to analyze the LMOD1 overexpression cell line using all the protein
1158  groups differentially abundant in 1d vs. 0d myoblast differentiation time course (AVG Log2
1159 Ratio > 0.58 and Q value < 0.05). This gene set was used as input for a gene set enrichment
1160 analysis based on AVG Log2 Ratios from the comparison of LMOD1 OE vs. GFP OE
1161  performed with WebGestalt (Liao et al. 2019).

1162

1163  Statistical analysis

1164  Mouse and cell line experiments were performed at least in biological triplicates, and numbers
1165  areindicated in the figure legends. The results are shown as the mean + SEM unless indicated
1166  otherwise in the figure legends. Statistical significance was calculated using the GraphPad
1167  Prism software using the statistical test indicated in the figure legends, with *: p 0.05, **: p 0.01,
1168  ***:p 0.001, ****: p 0.0001 and ns (not significant) or nd (not detectable). RNA-seq approaches
1169  were conducted in biological replicates (n = 5) using primary myoblasts isolated from individual

1170  mice per experimental group, and statistical analysis is described in the respective section.
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1171 Data availability

1172

1173 The mass spectrometry proteomics data have been deposited to the MassIVE
1174  (https://massive.ucsd.edu) repository with the following dataset identifier:

1175

1176  Proteomic dataset: MSV000093379

1177  Username: MSV000093379 reviewer

1178 Password: ES Lmod1

1179

1180 RNA-Seq data have been deposited on Gene Expression Omnibus (GEO) international public
1181 repository at: GSE254443

1182  Password: epkbcyyinjmxzmd
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