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One _Sentence Summary: A comprehensive collection of mutant mouse models were used to
uncover a vital role for slow myosin binding protein-C in skeletal muscle development, growth and
function.
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Abstract (200 words)

Skeletal muscle is the largest organ in the body, responsible for gross movement and metabolic
regulation. Recently, variants in the MYBPCL1 gene have been implicated in a variety of
developmental muscle diseases, such as distal arthrogryposis. How MYBPCL1 variants cause
disease is not well understood. Here, through a collection of novel gene-edited mouse models,
we define a critical role for slow myosin binding protein-C (sMyBP-C), encoded by MYBPC1,
across muscle development, growth, and maintenance during prenatal, perinatal, postnatal and
adult stages. Specifically, Mybpcl knockout mice exhibited early postnatal lethality and impaired
skeletal muscle formation and structure, skeletal deformity, and respiratory failure. Moreover, a
conditional knockout of Mybpcl in perinatal, postnatal and adult stages demonstrates impaired
postnatal muscle growth and function secondary to disrupted actomyosin interaction and
sarcomere structural integrity. These findings confirm the essential role of sSMyBP-C in skeletal
muscle and reveal specific functions in both prenatal embryonic musculoskeletal development
and postnatal muscle growth and function.
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The sarcomere is the fundamental functional unit of skeletal muscle. During muscle
development, multiple structural and regulatory sarcomere proteins in thick and thin filaments
are expressed spatiotemporally to confer physiological specification to muscle groups.
Dysregulation of sarcomere proteins can lead to severe inherited myopathies resulting in
immature muscle structure and functional deficits as well as embryonic or postnatal death (1).
Myaosin binding protein-C is a crucial sarcomere regulatory protein localized in the C-zone of the
A band associated with the thick filament (2). Of the three MyBP-C isoforms, slow and fast
MyBP-C (sMyBP-C and fMyBP-C) are expressed in skeletal muscle and encoded by MYBPC1
and MYBPC2 genes, respectively (Figure 1A). The third MyBP-C isoform, cardiac MyBP-C
(cMyBP-C), encoded by MYBPC3 gene, is specific to the heart (3). cMyBP-C regulates
actomyosin interaction and calcium transients in the heart, and mutations in it are closely linked
to the development of hypertrophic cardiomyopathy (HCM) (4-6). sMyBP-C is expressed in all
muscle fiber types (7). Multiple splice variants and post-translational modifications of sMyBP-C
have been identified in human and mouse skeletal muscles (8, 9). The recently identified
association of mutations in MYBPC1 gene with distal arthrogryposis (DA) has increased its
clinical relevance (10, 11). While previous studies have reported the occurrence of muscle
atrophy and functional deficits in mouse and zebrafish models (12, 13) and lethal congenital
contracture syndrome-4 in patients (14) lacking sMyBP-C, our understanding of the precise
mechanisms through which it regulates muscle structure and function remains incomplete.

In this study, we generated novel mouse models to systematically investigate the pre- and
postnatal cellular and molecular mechanisms through which sMyBP-C regulates skeletal muscle
formation and contractile function. Strikingly, both global and muscle-specific conditional
knockouts (KO) of Mybpcl lead to neonatal lethality within the first day after birth, or in adults,
result in compromised muscle formation and impaired muscle function. Our findings
demonstrate that sMyBP-C is indispensable for facilitating actomyosin interactions, generating
mechanical force and maintaining sarcomere structural organization. Through these pathways,
sMyBP-C regulates muscle development and maturation during embryogenesis and facilitates
growth and maintenance in postnatal muscle development. In addition to advancing our
understanding of the pivotal role played by sMyBP-C, in both the development and function of
skeletal muscle, these results hold promise for guiding the formulation of effective therapeutic
strategies for related disorders.

Results
Early sMyBP-C expression is required for postnatal survival.

To investigate the functional and structural roles of sMyBP-C at various stages of muscle
development, we examined its expression profile in differentiating C2C12 myoblasts and
developing skeletal muscles. sMyBP-C protein was detected within one day after the initiation of
differentiation and increased in parallel with myosin heavy chain expression during myotube
formation in C2C12 cells. In contrast, fMyBP-C was not detected until approximately one week
after initiation of differentiation (Figure 1B and C). A similar pattern of gene expression was
observed in developing skeletal muscles, where Mybpcl gene expression was detected one
week after birth and maintained during muscle growth until eight weeks. By contrast, Mybpc2
gene expression was low in the early stages but increased significantly at four weeks in EDL
and eight weeks in SOL muscles (Figure 1D). These results suggest that early sMyBP-C
expression may play a role in the formation and maturation of skeletal muscle structure.

To define the role of sMyBP-C in embryonic musculoskeletal development and survival,
we developed the Mybpc1lgKO mouse model using the CRISPR Cas9 system. This involved
switching 859CG to A in exon 8 of the Mybpcl gene, which caused a premature stop codon at
amino acid 215 (Figure 1E). We confirmed complete deletion of sMyBP-C protein and
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63  transcripts in homozygous MybpclgKO diaphragm muscles (Figure 1F and Suppl. Figure 1).

64  Body weight was slightly but significantly lower in homozygous pups (Mybpcl1gKO™’) compared
65 to heterozygous (MybpclgKO*") and wild-type (MybpclgKO**) littermates, and all the

66  MybpclgKO™ pups died within 24 h after birth (Figure 1G-H). Developing embryos (E15.5 to

67 E18.5) and newborn mice (P1) revealed significant hypercontractile wrist and severe kyphosis in
68 the MybpclgKO™ mice. Deletion of Mybpc1l also caused severe whole-body tremors and

69  complete immobility after birth (Figure 11, 2A-C, and Suppl. Video 1).

70  Global Mybpcl KO causes severe respiratory stress and muscle atrophy

71 In our investigation of Mybpc1gKO™ mice, we observed abnormal breathing patterns in newborn
72 pups. Plethysmography revealed a significantly lower respiratory rate and irregular breathing

73 patterns in MybpclgKO™ mice compared to controls (Figure 2D-F and Suppl. Figure 2B-C).

74  However, tidal volume was not significantly different between the groups, and neuronal

75  development in the diaphragm was preserved in MybpclgKO™” (Suppl. Figure 2A, D-F). We also
76  found that contractile functions of the diaphragm were reduced in the Mybpc1gKO™ mice, with
77  significantly lower force generation and calcium sensitivity of skinned muscle, while force

78  redevelopment rate (ky) after slack and re-stretch test was increased in Mybpc1gKO” compared
79  to controls (Figure 2G-J).

80 To elucidate the underlying mechanisms of respiratory stress and functional loss in

81  MybpclgKO’ mice, we performed histology and gene expression profiling of the diaphragm

82 muscle. Our analysis revealed a significant reduction in the average size of diaphragm muscle
83 fibers in MybpclgKO™ (Figure 3A and B), as well as smaller-sized muscle fibers in hindlimb

84  muscles (Suppl. Figure 2G-1). RNAseq analysis of diaphragm muscle identified a total of 277

85 differentially expressed genes and 580 related pathways. Gene set enrichment analysis (GSEA)
86 revealed up-regulated pathways associated with muscle atrophy and negative regulation of

87  muscle differentiation while down-regulated pathways included fat metabolism and muscle

88  development (Figure 3C, D and F). Finally, in Mybpc1gKO™ diaphragms, we observed an

89 increase in numerous muscle atrophy-related genes and key genes related to sarcomere

90  structure were dysregulated (Figure 3E and G). In summary, our findings from the Mybpc1gKO™
91 mouse model demonstrate the essential role of sMyBP-C in both embryonic musculoskeletal

92 development and postnatal survival. The severe skeletal deformity and immature muscle

93  development observed in Mybpcl1gKO™ mice leads to perinatal demise, most likely from

94  markedly impaired respiratory function.

95 Impaired muscle growth and functional capacity after Mybpcl KO after birth

96 During postnatal growth, changes occur in skeletal muscle fiber types and key sarcomere

97  proteins, such as myosin heavy chain. To investigate the impact of sMyBP-C on early muscle

98 development and functional capacity after birth, we generated a Mybpcl muscle specific

99  conditional KO mouse (Mybpcl"MCKe®, MybpclcKO), in which the floxed exon 5 of the
100 Mybpcl gene was deleted under the control of the MCK promoter-derived Cre recombinase,
101  which is constitutively active after birth (Figure 4A). At 3 to 4 months of age, sSMyBP-C protein
102  was almost completely removed (>99%) in MybpclcKO muscles, while fMyBP-C protein levels
103  were upregulated in fast twitch muscles (Figure 4B-C). Mybpc1cKO mice had significantly
104  reduced body weight and muscle mass compared to control mice (Mybpc1™) (Figure 4D-E). We
105  evaluated in vivo skeletal muscle function by measuring running capacity, forelimb grip strength
106  and isometric peak plantarflexor torque generation. All measurements were significantly lower in
107  MybpclcKO than Mybpcl1™ mice. During the plantar flexor torque test, the activation rate was
108 preserved, but the relaxation rate was decreased in Mybpcl1cKO (Figure 4F-J).
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To further investigate the function of Mybpc1cKO skeletal muscle, we examined soleus
muscle ex vivo and in vitro. Slow twitch type 1 and 2a fibers are dominant in the soleus muscle
(15) and fMyBP-C does not compensate for the loss of sMyBP-C (Figure 4C), making it an ideal
tissue to study the roles of sSMyBP-C in skeletal muscle in the absence of compensatory fMyBP-
C expression. We found that the isometric peak twitch (P;) and peak tetanic (P,) force of intact
soleus muscle were reduced by 37% and 55%, respectively. Moreover, the specific force (SP,)
was significantly decreased, and the half relaxation time (1/2RT) was prolonged in Mybpc1cKO,
along with slower rates of activation and relaxation, as compared to Mybpc1" (Figure 5A-G). In
addition, Mybpc1cKO soleus muscle generated less submaximal force at low to medium
electrical stimulation and exhibited lower fatigue resistance in response to repeat tetanic muscle
contractions compared to Mybpc1™". Interestingly, during low frequency tetanic electrical
stimulation, we observed that force was unable to accumulate in a manner similar to WT soleus
muscle. Instead, after maximal force was generated, an oscillating plateau followed by a loss of
force mid-stimulation was observed (Suppl. Figure 4A2). Maximal and submaximal force
generation capacities were measured in vitro at the skinned muscle fiber level. The results
showed a significant reduction in force generation over a wide range of calcium concentrations
in Mybpc1cKO fiber, along with a decreased calcium sensitivity and increased ki (Figure 5J-N).
Additional functional measurements were performed on fast twitch EDL muscle, revealing a
significant reduction in normalized peak tetanic force and specific force, as well as an increase
in half relaxation time and a decrease in the rate of relaxation in Mybpc1cKO (Suppl. Figure 5).

These comprehensive functional analyses, conducted in whole muscle and isolated
muscle fibers, consistently demonstrate that sMyBP-C is essential for generating submaximal
and maximal force and also for relaxing the muscle after contraction. In addition, sSMyBP-C is
necessary for maintaining repeated force generation capacity in the slow-twitch soleus muscle.

Muscle atrophy and fiber type changes in response to conditional MybpclcKO

To understand the underlying cellular and molecular mechanisms of the functional loss of
sMyBP-C in the Mybpc1cKO (Mybpc1™/MCK®®) muscle at 3~4 months, we investigated the
histological adaptations of soleus muscle. We stained cross-sectioned soleus muscle with
myosin heavy chain (MHC) antibodies and analyzed fiber size and types. Our results showed a
significantly increased number of small-sized fibers but a decreased number of large-sized
fibers in MybpclcKO soleus muscle (Figure 6A-B). Moreover, we observed a near-total
elimination of fast-twitch type 2x and 2b fibers, with an increase in the population of type 2a
fibers. Additionally, the cross-sectional area (CSA) of all fiber types were significantly smaller,
while the number of fibers increased in Mybpc1cKO soleus (Figure 6C-E). We also investigated
whether muscle atrophy and hyperplasia after Mybpc1cKO were due to impaired muscle cell
fusion and longitudinal muscle growth. De-membraned soleus muscle fibers were stained with
DAPI, followed by measuring the length and number of nuclei in a single soleus fiber. Our
results showed no statistical difference in the number of nuclei per millimeter of fiber, indicating
that myonuclei fusion during muscle growth after birth was preserved in the KO. However,
Mybpc1cKO soleus fibers contained significantly more nuclei when normalized by estimated
fiber volume with singnifican reduction in fiber diameter (Figure 6F-I). In fast-twitch EDL muscle,
the proportion of slow-twitch fibers increased, and the CSA of type 2a fibers decreased in
MybpclcKO. The number of type 2b fibers did not change, but that of other fiber types
increased significantly (Suppl. Figure 6). These histology results, which show fiber atrophy and
a transition from fast to slow fiber types, provide the cellular mechanisms that underlie the
observed functional decline in the Mybpcl1cKO muscles.

RNAseq analysis was conducted to investigate the molecular mechanisms of the
functional deficit and muscle atrophy observed after sMyBP-C deletion. We identified 530
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differentially expressed genes (DEGSs), of which 208 genes were up-regulated, and 322 genes
were significantly down-regulated in Mybpcl1cKO soleus muscle. Gene set enrichment analysis
(GSEA) identified 97 differentially regulated pathways (28 up and 69 down). Pathway analysis
showed that a group of genes responsible for sarcomere and extracellular matrix (ECM)
structure and muscle contraction were down-regulated, while fat metabolism, muscle necrosis,
and immune response regulated pathways were activated in MybpclcKO (Figure 7A-D).

To confirm the RNAseq results, we examined the expression of key muscle sarcomere,
atrophy, and ECM-related genes by RT-qPCR. Consistent with RNAseq results, we found
significantly reduced expression of numerous sarcomere genes, such as Myhl, Mybpc2, Tnnt1,
Actcl, and Actn3, as well as troponin complex genes (Tnncl, Tnntl, and Tnnil), Z-disk protein
(Myoz3), and major skeletal ECM components (Collal and Coll2al) in MybpclcKO (Figure 7D
and Suppl. Figure 7). In particular, gene expression of two key ubiquitin E3 ligases responsible
for myofilament proteolysis, Fbxo32 (Atroginl) and Trim63 (MuRF1), were significantly reduced
in Mybpc1cKO, with no changes in Mstn and Foxol expressions (Suppl. Figure 7). All the
results from histologic and RNAseq analyses presented above demonstrate that sMyBP-C is
crucial not only for embryonic muscle development but also for the process of skeletal muscle
maturation after birth. In the absence of sMyBP-C, the generation of type 2x and 2b fast twitch
fibers is impaired, and the remaining fibers are not able to properly increase in volume or
express essential muscle sarcomere and structure components.

Alterations in sarcomere microstructure in Mybpc1lcKO soleus muscle

Structural roles of sSMyBP-C in soleus muscle were studied by evaluating sarcomere structure
and actomyosin interactions using small-angle X-ray diffraction. X-ray diffraction patterns were
measured from intact soleus muscle both at rest and during peak isometric tetanic contraction.
Interfilament lattice spacing was significantly expanded (~8%) in resting Mybpc1cKO muscle
relative to wild type (Figure 8A-D), consistent with the observed reduction in maximum isometric
force and increase in ky (16, 17). Equatorial intensity ratios (l11/10) were not significantly different
between wild type and Mybpcl1cKO muscle (Figure 8A-D), indicating that there were no
differences in radial mass shifts of myosin heads during contraction. Intensity of the meridional
reflections including M3, M6, and residual MLL4 under maximum isometric contraction (Figure
8E-G) were all significantly elevated in the absence of sMyBP-C, indicating less recruitment of
active myosin heads from the inactive quasi-helically ordered resting configuration in the
absence of sMyBP-C during muscle contraction in Mybpc1cKO (Figure 8E-G) consistent with
reduced isometric force. Axial spacing of the M3 (SM3) and M6 (SM6) meridional reflections
was significantly longer in Mybpc1cKO than in WT under resting conditions, indicating
alterations in thick filament backbone structure, but the expected increase in axial spacing under
fully activated conditions was significantly reduced in Mybpc1cKO soleus muscle relative to wild
type (Figure 8H-K), indicating less strain on the thick filaments.

We further evaluated the structural integrity of sarcomeres lacking sMyBP-C by electron
microscopy, which revealed misaligned streaming of the Z-disk in Mybpc1cKO (Figure 8L). We
also found a significantly increased number of mitochondria in longitudinal and transverse views
and within each sarcomere (Figure 8M). Mitochondria were randomly located and frequently
found in the space between myofibrils in MybpclcKO. These results suggest that sMyBP-C is
required for maintaining both sarcomere structure and metabolic homeostasis in skeletal
muscle.

Functional deficit and fiber type changes in adult Mybpc1cKO

In order to further investigate the roles of sMyBP-C in the function and structure of adult skeletal
muscle, we generated a second conditional Mybpc1cKO mouse model using a tamoxifen-
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204  inducible HSA-merCremer system, achieving over 90% sMyBP-C protein knockdown at three
205 months (Figure 9A-B). Grip strength and running capacity were significantly decreased in the
206  adult MybpclcKO (Mybpcl™/HSAC™) at five months old. In intact soleus muscle, peak isometric
207 tetanic force, specific force and fatigue resistance were also significantly lower in the KO

208  compared to the control (Mybpc1™) (Figure 9E-H). We observed similar force reductions in

209  skinned soleus fibers after the conditional KO at maximal and submaximal calcium

210  concentrations, but the calcium sensitivity was preserved in the KO (Suppl. Figure 8B, right).
211  Histological analyses showed significant muscle atrophy (-19% CSA) and fiber type switching
212 (2x and 1 to 2a) in the conditional Mybpc1""/HSAC" soleus muscle. These phenotypes were
213 consistent with those observed in the early postnatal Mybpc1cKO (Mybpcl1™/MCK®) muscle,
214  indicating that Mybpcl not only has essential functional and structural roles in early muscle

215  development but also impacts critical regulatory mechanisms that regulate muscle homeostasis
216  functions into adulthood.

217 Discussion

218 Mutations in sMyBP-C cause skeletal muscle myopathies, primarily DA (10, 14, 18-20).
219  As such, sMyBP-C represents a potentially powerful therapeutic target to understand and

220  reverse contractile deficiencies inherent to DA. Comprising approximately 2% of the

221  myofilament mass, sMyBP-C plays important roles in both contraction and relaxation in vitro
222 (21, 22). In vitro and in situ studies have shown that sMyBP-C is a key player in the regulation of
223 contractility (19, 20, 23, 24). Specifically, sSMyBP-C mutations in a Zebrafish model (13) resulted
224 inreduced survival and tail contracture. Investigators have also used in vivo electroporation of a
225 CRISPR-mediated knockdown plasmid to assess the role of Mybpcl in mouse footpad fibers
226 (25, 26). However, these studies only targeted a limited group of muscles, and knockdown was
227  incomplete, making it impossible to discover the true impact of global sMyBP-C ablation (21,
228  26). In the present study, we systematically unraveled the novel structural, functional and

229  regulatory roles of sMyBP-C at various stages of skeletal muscle development. Our findings
230 reveal that sSMyBP-C is expressed early on during myotube formation and skeletal muscle

231  growth. Global Mybpcl KO experiments have provided compelling evidence that sMyBP-C is
232 indispensable for embryonic musculoskeletal development and postnatal survival. These

233 findings mark a paradigm shift in our understanding of sMyBP-C's role within skeletal muscle.
234  sMyBP-C has been considered as a sarcomere accessary protein, but we have demonstrated
235  sMyBP-C is vital for skeletal muscle development. In addition, previously unrecognized roles in
236  postnatal muscle function and maturation we found sMyBP-C is involved in congenital muscle
237  diseases, such as arthrogryposis.

238 Both hetero- and homozygous MybpclgKO mice were born according to predicted

239  Mendelian expectations. Body weights and sMyBP-C protein levels were normal in

240  heterozygous pups, demonstrating haplosufficient sMyBP-C expression. However, it is

241  interesting that Mybpcl” showed a severe phenotype manifesting whole-body tremors, as

242  reported previously (27). This phenotype expresses a mutant Mybpcl in mice (27) with

243  complete immobility and reduced body weight at birth, indicating significant impairment of

244  musculoskeletal development during the embryonic stage. The presence of tremor could be
245  explained by increased activation of potassium channels in the muscle fibers (28). In our study,
246  the presence of irregular breathing patterns shortly after birth and cyanotic skin discoloration
247  suggest a severe respiratory distress. In contrast, preserved tidal volume in Mybpcl1gKO

248  suggested that lung functions were not compromised; instead, decreased breathing frequency
249  and apnea might primarily result from diaphragmatic dysfunction. Histologic analysis revealed
250  significantly smaller muscle fiber size in diaphragm and hindlimb muscles, confirming our

251  hypothesis that sMyBP-C, much like myosin heavy chain, is required for the development of
252  embryonic skeletal muscle. RNA-seq analysis revealed differential expression of 277 genes and
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253 580 related signaling pathways in Mybpcl1gKO diaphragm muscles. Among them, we have

254  highlighted upregulation of muscle atrophy-related genes and pathways, including Foxol,

255  Fbxo32 (Atroginl), and Trim63 (MuRF-1), along with a decrease in key sarcomere genes

256  essential for embryonic muscle development, such as Myh1, Myl2, Tnnil, and Tnncl. These
257  results demonstrate the crucial role of sMyBP-C in both promoting expression of key sarcomere
258  genes and preventing the loss of muscle structure during embryonic muscle development.

259 Interestingly, embryonic Mybpcl deletion induced a compensatory increase in fast-twitch or
260  adult muscle-specific genes, including Mybpc2, Myh4, and Mylk2.

261 To investigate the structural and functional roles of sMyBP-C in postnatal and adult

262  skeletal muscle, we generated two new conditional Mybpcl-knockout (cKO) mouse models
263  (Mybpcl™/MCKC™ and Mybpcl1"/HSAC™), In fast-twitch muscles, sMyBP-C and fMyBP-C are
264  expressed together in the A-bands of sarcomeres. Deletion of fMyBP-C has been shown to
265 increase sMyBP-C expression in EDL muscle (29). In this study, we found that the inverse is
266  also true. Specifically, sMyBP-C deletion induced compensatory upregulation of fMyBP-C

267  protein expression in fast-twitch muscles, including EDL and TA. However, in soleus muscle,
268  fMyBP-C expression remained at extremely low levels and could not act as a substitute for

269  sMyBP-C deletion, owing to the lack of type 2b fibers. Postnatal knockdown of sMyBP-C, at ~8
270  weeks of age, roughly equivalent to a young adult human, resulted in reduced muscle function,
271  body weight, and muscle mass in vivo. A comprehensive analysis of isolated soleus muscle
272 function revealed that Mybpcl1cKO not only reduced force generation capacity and contractility
273 but also specific force and fatigue resistance, collectively suggesting a decline in muscle quality
274  and integrity. Furthermore, a significant decrease in tetanic force accumulation after each

275  electrical stimulation was observed, and the generated peak force was not sustained during
276  contraction, indicating reduced cross-bridge cooperation and affinity, respectively.

277 Mechanical tension and force generation play critical roles in skeletal muscle

278  development, particularly at embryonic stages during which appropriate musculoskeletal

279  development requires body movement and muscle growth (30-33). Deletion of embryonic

280 sMyBP-C may disrupt actomyosin interactions and impair force generation which would inhibit
281  the expression of key thin and thick filaments, but activate muscle atrophy signaling pathways.
282  To rule out the possibility of neuronal defect, we confirmed proper neuromuscular junctions and
283  acetylcholine receptor development. Therefore, it was concluded that impaired diaphragmatic
284  development and function can cause severe respiratory burden, ultimately leading to the death
285  of newborns, as demonstrated in several preclinical and clinical studies (34-36). We also found
286  altered patterns of muscle relaxation in soleus muscle. After isometric tetanic contraction in WT,
287  muscle relaxation was initiated by a slow linear phase followed by fast exponential relaxation.
288  However, in MybpclcKO muscle, force decreased immediately after cessation of electrical

289  stimulation, and was accompanied by a nearly complete absence of slow relaxation, indicating
290 fast detachment of cross-bridges (37, 38). Moon et al. (39) reported that MyBP-C could reduce
291  the inhibitory effect of tropomyosin via partial dislocation of the protein, thereby facilitating

292  actomyosin binding and increasing calcium sensitivity. Therefore, conditional knockout of

293  sMyBP-C may disrupt normal regulation of thin filaments, leading to unstable and less

294  cooperative actomyosin interactions and cross-bridge cycles. These mechanical perturbations
295  contribute significantly to delayed maturation and growth in the soleus muscle. Our RNA-seq
296 and gPCR data further confirmed immature skeletal muscle development accompanied by

297  significantly lower expression of sarcomere and extracellular matrix genes, such as Actcl,

298  Tnncl, Tnntl, Tnnil, Collal, and Col12al. An unexpected reduction in the expression of two
299  key ubiquitin E3 ligase genes, Fbxo32 and Trim63, may represent a compensatory response to
300 impaired muscle growth, similar to the observed increase in fiber number in soleus muscle. In
301 fast-twitch EDL, however, upregulation of fMyBP-C could partially compensate for functional
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302 loss after deletion of SMyBP-C. Peak twitch force was preserved, and loss of peak tetanic and
303  specific force was milder in EDL compared to soleus muscle.

304 Our X-ray diffraction results revealed significant changes in sarcomere structure in

305 MybpclcKO muscle that could explain reduced force output. The larger lattice spacing in

306 MybpclcKO muscle strongly suggests that sMyBP-C plays a crucial role in anchoring actin and
307 myosin and maintaining optimum distance between thick and thin filaments. The longer thick
308 filament backbone periodicities in MybpclcKO muscle under resting conditions indicate

309 alterations in thick filament backbone structure in the absence of sMyBP-C. Recent cryo-EM
310  studies also support the role of MyBP-C in stabilizing thick filament backbone structure (40, 41).
311  The reduced extension of MybpclcKO thick filament backbones relative to WT under

312  contracting conditions could result simply from the reduced isometric force or if the changes in
313  backbone structure made the thick filaments stiffer. The observed reduced isometric force can
314  be explained by the smaller fraction of active force-producing heads, as indicated by increased
315 residual MLL4 intensity. Our X-ray diffraction analysis suggests that the absence of sMyBP-C
316  results in expansion of the myofilament lattice and changes in thick filament backbone structure.
317  Together, these effects may cause impaired recruitment of active myosin heads, providing an
318  explanation for reduced maximum isometric force during contraction.

319 While gross sarcomere structure was preserved in MybpclcKO, muscle ultra-structure
320 examined with electron microscopy revealed distortion of Z-disk alignment to a wavy shape.

321  Underdeveloped sarcomere structure may be the cause of Z-disk deformation, as evidenced by
322  the decreased expression of sarcomeric genes, such as Myoz3 and Actn3. In addition, the

323  higher number of mitochondria observed in Mybpc1cKO is consistent with the increase in

324  respiratory electron transport pathway via RNA-seq analysis. These findings suggest that

325  disruption of energy metabolism and balance may occur in MybpclcKO mice. Similar Z-disk
326 disarray and increased mitochondria number have been reported in the knockout of cMyBP-C
327  (42). Compared to developmental KO of MybpclcKO (Mybpc1™/MCK®™®, adult muscle knockout
328  of Mybpcl (Mybpc1™/HSAC™) exhibited similar functional and histological phenotypes, including
329 reduced in vivo and ex vivo force generation, muscle atrophy, and fiber type switch. These

330 results indicate that sMyBP-C is essential in regulating actomyosin interaction and force

331 generation during early muscle development and adult muscle homeostasis.

332 In summary, our comprehensive and mechanistic assessment demonstrates that

333 sMyBP-C is a vital sarcomere protein necessary for proper muscle growth and function during
334  prenatal, perinatal, and postnatal development, as well as adult stages. sMyBP-C is not only
335  critical for embryonic musculoskeletal development, essential for survival after birth, but also for
336  postnatal muscle growth and homeostasis. The findings of this study make a significant

337  contribution to our understanding of the molecular mechanisms underlying muscle contraction
338 and relaxation and contribute to identifying the genetic disorders that cause muscle diseases
339  associated with mutations of the MYBPC1 gene.

340 Materials and Methods

341

342  An expanded Materials and Methods section can be found in the online data supplement

343  available.

344

345  Mouse models:

346  Various mouse models were used in the present study to determine the role of sMyBP-C during
347  embryonic, early post-natal and adult stages in skeletal muscle formation and function. These
348 mouse models include global Mybpcl knockout (MybpclgKO), post-natal conditional Mybpcl
349  knockout (Mybpc1™/MCKC®®) and Mybpcl adult conditional knockout (Mybpc1™i/HSAmerCremen)



https://doi.org/10.1101/2023.10.23.563591
http://creativecommons.org/licenses/by-nc-nd/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/2023.10.23.563591; this version posted November 30, 2023. 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

350
351
352
353
354
355
356
357
358
359
360
361
362
363
364
365
366
367
368
369
370
371
372

373
374
375
376
377
378
379
380
381
382
383
384
385
386
387

388
389
390
391
392
393

394

available under aCC-BY-NC-ND 4.0 International license.

All mice were anesthetized by 1.5-2.0% isoflurane inhalation and euthanized by cervical
dislocation prior to tissue collection. All animal procedures were performed in accordance with
protocols approved by the Institutional Animal Care and Use Committee at the University of
Cincinnati.

Cellular, Molecular, Structural and Functional Analyses:

Molecular analyses, including protein and RNA analyses, functional analyses such as
plethysmography, treadmill running and grip strength tests, in vivo hindlimb muscle function, ex
vivo intact muscle function test, and in vitro skinned fiber test and imaging analyses such as
immunohistochemistry, whole-body X-ray scanning, muscle X-ray diffraction, transmission
electron microscopy were systematically performed using the diaphragm, soleus, and EDL
muscles from the various Mybpcl KO mouse models.

In vitro Cell Culture Studies:

C2C12 myoblasts and immortalized myoblasts from wild-type and Mybpc1gKO mice were
differentiated into myotubes to determine the critical role of sMyBP-C in sarcomere and
myotube formation.

Statistical Analysis:

All data is presented as mean + SE. For group comparisons, we used Student’s t-test or one
way ANOVA with Tukey’s post-hoc test using GraphPad Prism 7.04 software. Survival curves of
new-born pups were analyzed by Mantel-Cox test. Statistical significance was defined as a P-
value less than 0.05.
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497

498  Figure 1. Essential early constitutive sMyBP-C expression for neonatal mouse survival.
499  A) Domain structure of two skeletal MyBP-C isoforms, slow and fast MyBP-C encoded in

500 Mybpcl and Mybpc2 genes, respectively. B) Time course images of differentiating C2C12.

501  Scale bar=500um. C) Early sMyBP-C expression but late expression of fMyBP-C protein in

502 differentiating C2C12 myocytes. D) Expression profile of Mybpcl and Mybpc2 genes in mouse
503 fast (EDL) and slow (soleus) twitch muscles at 1, 4 and 8 weeks old (n=3 per group). E)

504  Schematic illustration of a mouse model with sequence comparison of Mybpc1** and Mybpcl™.
505 F) sMyBP-C and fMyBP-C protein expression in diaphragm muscles (n=4 per group). G)

506 Average body weight measured immediately after birth. H) Survival curve of Mybpc1**,

507  Mybpcl* and Mybpcl” newborn mice over first 36 hours of life (n=8-15 per group). 1) Similar
508  body development of Mybpcl**, Mybpcl*- and Mybpcl” at various embryonic stages. **p<0.01
509 and ***p<0.001. Statistical analyses by one way ANOVA and log rank Mantel-Cox test for (H).
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510
511  Figure 2. Congenital contractures, respiratory distress and functional deficit after early
512 sMyBP-C deletion. A) Wholemount analysis of wild-type (Mybpc1**), MybpclgKO*" (Mybpc1*-)
513  and MybpclgKO™ (Mybpcl) newborn mice and B) contracture of the forelimb (n=4-9 per
514  group). C) X-Ray scan of fixed neonatal pups demonstrating kyphosis in Mybpcl” pups. D)
515 Representative plethysmography traces for Mybpc1**, Mybpc1*- and Mybpcl’ neonatal pups.
516 E) Average number of breaths and F) calculated breath irregularity scores in Mybpc1**,
517  Mybpcl* and Mybpcl” pups. G) Skinned diaphragm fiber force-pCa curves with H) maximum
518  force production, I) calcium sensitivity in skinned diaphragm muscle fibers and J) Rate of
519 tension re-development at pCa4.5. **p<0.01, **p<0.001, p<0.0001. Statistical analyses for (B),
520 (E) and (F) by one way ANOVA and t-test for (G to J).
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Figure 3. Atrophied muscle and disrupted gene expressions in Mybpc1 global knockout
mice. A) Cross-sections of diaphragms stained with wheat germ agglutinin and DAPI. Scale
bar=50um. B) Quantification of myofiber size (from panel A). C) RNAseq analysis of total
number of differentially expressed genes and associated pathways in Mybpcl™ diaphragm.
Gene Ontology terms related to significantly upregulated (D) and downregulated (F) genes in
Mybpc1” diaphragms. Select gene expression related to muscle atrophy (E) and muscle
structure (G). ***p<0.001. Statistical analysis by one way ANOVA. Cutoff set for DEGs is
logFC>1.5 and p<0.001.
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530
531 Figure 4. Postnatal deletion of sMyBP-C impairs muscle growth and in vivo muscle

532  function at 3~4 months old. A) Schematic illustration of skeletal muscle-specific

533  Mybpcl™/MCKC™ conditional knockout model. B) Representative Western blot of slow and fast
534  MyBP-C protein expressions in EDL and C) quantification of the two skeletal MyBP-C protein’s
535  expression in slow and fast twitch muscles. D) Muscle mass and E) body weight of 12-week-old
536  mice. Mybpcl is required for normal function (n=5-10/group). F) Treadmill running test

537 demonstrating time and distance to exhaustion. G) Grip strength test. In vivo plantarflexion

538  function test showing H) maximal isometric torque production, I) rate of contraction and J) rate
539  of relaxation. *p<0.05, **p<0.01, ***p<0.001. t-test was used for statistical analyses.
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Figure 5. sMyBP-C knockdown after birth reduced contractile functions of slow twitch
soleus muscle. A) Representative ex vivo peak isometric tetanic force generation graph. B)
Peak twitch force, C) peak tetanic force, and D) specific force generation. E) Half relaxation
time, F) rate of activation, and G) rate of relaxation during the peak isometric contraction. H)
Force-frequency graph depicted from force generation at electrical frequency at 12.5~200Hz. I)
Fatigue resistance profile after 50 repeated isometric contraction at 150Hz. J) In vitro isometric
force generation of skinned SOL fiber from pCa 7.0 to 4.5. K) Normalized force at different
calcium concentration. L) Peak isometric force at pCa4.5, M) calcium sensitivity of contraction
and N) force re-development rate. *p<0.05, **p<0.01, ***p<0.001, ****p<0.0001 after t-test.
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550

551  Figure 6. Postnatal sMyBP-C deletion causes muscle atrophy, fiber type switch and

552  disruption of muscle integrity. A) Cross-sectioned soleus samples immunostained with

553  antibodies against myosin heavy chain | (green), myosin heavy chain lla (magenta), myosin
554  heavy chain llb (cyan) and laminin (grey). Scale bar=100um. B) Fiber CSA and C) fiber type
555  distribution in soleus muscles. D) Average cross-sectional area of each fiber type and E)

556  numbers of fibers per 1000um?. F) Single soleus fiber stained with DAPI. The edge of the fiber
557 is highlighted by dotted lines. Scale bar=50um. Number of myonuclei normalized by G) fiber
558 length and H) volume. I) Averaged fiber dimeter. *p<0.05, **p<0.01, **p<0.001 after t-test.
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Figure 7. Differential gene expression and molecular pathways in postnatal MybpclcKO
by RNAseq analysis. Ten up (A) or down (B) regulated pathways identified by GSEA in
Mybpc1"/MCKC™ (C17) soleus muscle. C-D) Heatmap and enrichment score graph of key
increased or decreased genes of mitochondria respiration, immune response, ECM structure,
and muscle contraction. E) gPCR results of key sarcomere genes. DEGs were selected with
criteria of logFC>1.5 and FDR<0.05. *p<0.05, **p<0.01. Statistical analyses by t-test for (E).
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566

567 Figure 8. Disrupted sarcomere regulation and structural integrity in soleus muscle after
568 postnatal SMyBP-C deletion. A) Representative small angle X-ray diffraction images in resting
569  and activating conditions. Equator 1110 ratio before (B) or during (C) peak isometric tetanic

570  contraction. D) Average lattice spacing between thick and thin filaments. The relative intensity of
571 M3 (E), M6 (F), and residual MLL4 (G) during the peak contraction normalized by its resting

572  values. SM3 and SM6 distances at rest and contracting conditions (H-K). L) Longitudinal and
573  cross-sectioned electron microscopy images of Mybpc1™ and Mybpc1""/MCKC" soleus muscle.
574  Scale bar=1um. M) Number of mitochondria were counted and normalized by sarcomere (Left)
575 and area (longitudinal, Middle and transverse, Right). *p<0.05, **p<0.01, **p<0.001. Averaged
576  value of two groups were compared by t-test.
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Figure 9. sMyBP-C knockdown at adult stage also compromises muscle function and
structure. A) Schematic diagram of skeletal muscle specific adult conditional Mybpc1"MHSACre
knockout model. B) Knockdown of sMyBP-C protein expression in EDL and soleus muscles.
Grip strength (C) and running capacity (D) were significantly reduced in the KO. Reduced ex
vivo soleus muscle function; peak isometric tetanic force (E-F), specific force (G), and fatigue
resistance (H) in Mybpc1"/HSAC, 1) Cross-sectioned soleus samples were stained with H&E
(Top) and MHC isoform antibodies (Bottom). Scale bar=50um. Fiber CSA was significantly
reduced, and fiber types were switched from type 2X and 1 to type 2A after MybpclKO at two
months (J-K). **p<0.01, ***p<0.001.t-test was used for statistical analyses.
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598 Supplemental Figure 1. Slow and fast MyBP-C protein and gene expressions in global
599  MybpclKO muscle. A) Quantification of sMyBP-C and fMyBP-C protein expression in

600 diaphragm muscles by Western blot (n=4 per group). B) gPCR analysis of Mybpcl and Mybpc2
601  transcript levels in hindlimb samples (n=3 per group). *p<0.05, *p<0.01, ***p<0.001 by one way
602  ANOVA.
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Supplemental Figure 2. Respiratory function measurement and histology of
neuromuscular junction and hindlimb of Mybpc1gKO. A) Measurement of tidal volume
(n=5~7 pups). Representative graph depicting breath number (B) and variability (C). D)
Immunostaining image of neuromuscular junction (NMJ) with a-bungarotoxin and 2H3/SV2
antibodies. Scale bar=10um. Quantification of NJM area (E) and density of acetylcholine
receptor (F). G) Cross-sectioned hindlimbs of Mybpc1** (left) and Mybpc1” (right) were
immunostained with eMHC, dystrophin and DAPI. Scale bar=300um (top) and 20um (bottom).
Averaged CSA (H) and size distribution (1) of hindlimb muscle fibers. **p<0.01, p<0.0001.
Statistical analyses for (A), (E) and (F) by one way ANOVA and t-test for (H).
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613

614  Supplemental Figure 3. Reduced force generation and cooperativity in MybpclcKO
615 soleus muscle. Representative isometric tetanic force generation graph at 25 and 50 Hz

616  electrical stimulation (A and B). C) Down shifted relative isometric tetanic force-frequency graph
617  in MybpclcKO.
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618

619  Supplemental Figure 4. Impaired contraction and relaxation during isometric tetanic

620 contraction. A) Averaged relative isometric tetanic force graph at 100 Hz (center, n=5 in each).
621  Distinct patterns of the force generation graph are highlighted during different periods of

622  contractions (resting, contracting, relaxingl, relaxing2, and resting, A1~A5, respectively).
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623

624  Supplemental Figure 5. Decreased contractile functions of Mybpc1cKO EDL muscle. A)
625  Peak twitch force (A), peak tetanic force (B), relative peak tetanic force (C) and specific force
626 (D) generation of EDL muscle. Measurements of half relaxation time (E), rate of activation (F),
627  and relaxation (G) during the peak tetanic contraction. H) Absolute force-frequency relation
628  during the isometric tetanic contractions at 12.5~200Hz electrical stimulation (n=5 in each

629  group). *p<0.05, **p<0.01, **p<0.001 after t-test.
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Supplemental Figure 6. Fiber type switch and atrophy of EDL muscle fiber in
MybpclcKO. A) Representative cross-sectioned EDL muscle immunostained with myosin
heavy chain | (green), myosin heavy chain lla (magenta), myosin heavy chain Ilb (cyan) and
laminin (blue) antibodies. Scale bar=500um. Fiber type distribution (B), averaged CSA of each
fiber type (C) and numbers of each fiber type (D) were quantified from six slides per group, with
three mice in each group. **p<0.01 after t-test.
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638 Supplemental Figure 7. Quantification of gene expression related with sarcomere

639  structure, muscle atrophy and ECM in soleus muscle. Relative mRNA expressions of

640  sarcomere thick and thin filament (A-J), key muscle atrophy (K-N) and skeletal ECM (O-R) were
641 measured by gPCR and compared between Mybpc1™ and Mybpc1"/MCKC® (C17). Gene

642  expression was hormalized by GAPDH (n=4 in each group). **p<0.01, **p<0.001 after t-test.
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Supplemental Figure 8. Reduced force generation capacity of skinned soleus fiber in
adult Mybpc1cKO (Mybpc1™ HSAC™®) mice. A) Representative picture of skinned single
soleus muscle fiber. B) Peak isometric force generation and calcium sensitivity. C) Absolute in
vitro isometric force-pCa graph of skinned soleus fiber ranging from pCa 7.0 to 4.5. D)
Normalized force generation of the skinned fiber. N=3 in each group. *p<0.05 after t-test.
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