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Abstract

Vesicle-mediated transport is necessary for maintaining cellular homeostasis and proper signaling.
The synaptosome-associated protein-23 (SNAP23) is a member of the SNARE protein family and
mediates the vesicle docking and membrane fusion steps of secretion during exocytosis. Skeletal
muscle has been established as a secretory organ; however, the role of SNAP23 in the context of
skeletal muscle development is still unknown. Here, we show that depletion of SNAP23 in C2C12
mouse myoblasts reduces their ability to differentiate into myotubes as a result of premature cell
cycle exit and early activation of the myogenic transcriptional program. This effect is rescued
when cells are seeded at a high density or when cultured in conditioned medium from wild
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type cells. Proteomic analysis of collected medium indicates that SNAP23 depletion leads to

a misregulation of exocytosis, including decreased secretion of the insulin-like growth factor 1
(IGF1), a critical protein for muscle growth, development, and function. We further demonstrate
that treatment of SNAP23-depleted cells with exogenous IGF1 rescues their myogenic capacity.
We propose that SNAP23 mediates the secretion of specific proteins, such as IGF1, that are
important for achieving proper differentiation of skeletal muscle cells during myogenesis. This
work highlights the underappreciated role of skeletal muscle as a secretory organ and contributes
to the understanding of factors necessary for myogenesis.
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INTRODUCTION

The transport of cargo through the endomembrane system modulates cell-cell
communication, cell signaling, and intracellular homeostasis. This compartmentalized
movement of proteins within membrane-bound vesicles is therefore necessary for
maintaining proper cellular physiology. In striated muscles, membrane trafficking is
critical for contractile functions, as defects in membrane trafficking contribute to muscular
dystrophies, congenital cardiomyopathies, heart failure, and muscle wasting, among several
other diseases! 2.

The transport of cargo from the intracellular to the extracellular space is known as
exocytosis. Exocytosis is mediated through docking and subsequent fusion of intracellular
vesicles with the plasma membrane, leading to the release of molecules outside of the cell.
Key proteins regulate vesicle docking and fusion during secretion, including those belonging
to the SNARE (soluble N-ethylmaleimide-sensitive factor attachment protein receptor)
family. The core SNARE complex, composed primarily of syntaxins, vesicle-associated
membrane proteins (VAMPSs, also known as synaptobrevins), and synaptosome-associated
proteins (SNAPs), mediates membrane fusion throughout the secretory pathway20.

Syntaxins and VAMPs are ubiquitously expressed within all cell types; however, SNAP
proteins show some cell type-specificity. While SNAP25 is almost exclusively expressed
within the brain, SNAP23 is found in all mammalian cells as an essential component of the
fusion machinery!l. The importance of SNAP23 within the trimeric core SNARE complex
is further exemplified by the impact of genetic ablation of individual components. Depletion
of syntaxin and VAMP proteins in murine models results in no significant impairment of
embryonic development213, Similarly, SNAP25 deletion does not affect embryo viability14.
In contrast, a global SNAP23 knockout results in pre-implantation embryonic lethality in
micel®,

Modulating SNAP23 expression in a tissue-specific manner has shed light on its role in
the physiology of individual organs. Knockout studies in adipocytes'®, the central nervous
systeml’, and B and T cells!® have demonstrated that SNAP23 is a key player in the
physiology of different organs. Moreover, we know that SNAP23 plays an important role

FASEB J. Author manuscript; available in PMC 2023 August 01.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Gentile et al.

Page 3

in trafficking of proteins such as the GLUT4 glucose transporter in adipocytes!®, pancreatic
acinar cells?0, and the release of dense core granules in platelets?}:22. In the context of
muscle, however, the characterization of SNAP23 is limited. In skeletal muscle, SNAP23 has
been shown to localize to mitochondria and lipid droplets23. In atrial myocytes, SNAP23
competes with the SNAP-associated protein (SNAPIN) to interact with the L-type calcium
channel CAV1.3, and high concentrations of SNAP23 increased CAV1.3 stability?4. In
patients with atrial fibrillation, CAV1.3 is downregulated, indicating that SNAP23 function
might modulate proper electrical signaling in atrial cardiomyocytes24. It has also been
demonstrated that SNAP23 is responsible for secreting microRNAs from endothelial cells
during smooth muscle cell activation in response to shear stress2.

SNAP23 is constitutively expressed during skeletal muscle cell differentiation (myogenesis);
however, identifying the role of SNAP23 in this context remains to be elucidated. Indeed,
myogenesis requires the precise trafficking of intracellular and extracellular components8,
and SNARE proteins may play crucial roles. Myogenesis is a complex and dynamic

process that is attained in multiple steps. Proliferating myoblasts first exit the cell cycle,
thereby committing to differentiation26:27, The myoblasts then migrate and align, fusing into
long, multinucleated myotubes28. These myotubes ultimately mature into fully functional
myofibers, which are capable of contraction and force generation?°.

Myoblast proliferation and differentiation are antagonistic muscle cell states2’; therefore,
myogenesis requires cells to strike the proper balance between cell division and cell cycle
exit for healthy differentiation. The cell cycle consists of four successive phases: gap 1 (G1),
synthesis (S), gap 2 (G2), and mitosis (M). Progression through each of these phases is
tightly controlled by cyclin and cyclin-dependent kinase (CDK) proteins. Cyclin expression
levels rise and fall throughout the cell cycle, thereby orchestrating the transition from one
phase to the next. Myaoblasts will proliferate until they are challenged by growth factor
deprivation or other external stimuli, which cause the cells to irreversibly withdraw from the
cell cycle and undergo differentiation2®.

During myogenesis, the balance between the proliferation and differentiation states of
myoblasts is controlled by myogenic regulatory factors (MRFs)30. MRFs are transcription
factors that activate the myogenic gene expression program to drive muscle cell
differentiation31:32, Two well-studied MRFs are the myoblast determination protein 1
(MYOD1) and myogenin (MYOG). MYODL is expressed in proliferating myoblasts that
have committed to the myogenic lineage30:33 while MYOG acts downstream of MYOD1

as a differentiation factor39:34.35_ Together, the transcriptional changes induced by the MRFs
turn off cell cycle genes and turn on genes involved in mature muscle function, such

as the myosin heavy chain (MYH) isoforms, to promote differentiation and contractile
properties3®:36,

To migrate, align, and fuse, myoblasts largely rely upon their surrounding niche
environment. Skeletal muscle cells are nested within a diverse network of proteins

that comprise the extracellular matrix (ECM), including collagens, glycoproteins, and
proteoglycans?2:37-39 |t is well-known that the structure of the ECM is important for
myogenesis, providing the proper scaffolding and support for cell adhesion, migration, and
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fusion22:37, Indeed, recent work has shown that collagen, the most abundant component
in the ECM, promotes C2C12 cell migration and differentiation“®. Additionally, the
composition of the ECM is dynamically remodeled during skeletal muscle development,
allowing the cells to maintain the appropriate physiological state and behavior as they
differentiate?2:37-3941,

Proteomic profiling of skeletal muscle cells has revealed that skeletal muscle is a secretory
organ®2-44, Muscle cells can secrete ECM components as well as enzymes, growth

factors, and signaling molecules, which together establish an environment conducive for
metabolism, inflammation, proliferation, migration, and differentiation*2-44. Specifically,
the cytokines and peptides produced by myofibers, known as myokines, are necessary for
the communication with other organs, the control of muscle hypertrophy, and the regulation
of muscle regeneration and maintenance#243. New treatments for muscular diseases would
benefit from a greater understanding of the regulation and function of the secretory pathway
in skeletal muscle and from the identification of new molecular factors that fine-tune the
secretion of myokines into the extracellular milieu.

Here, we investigated the function of SNAP23 in muscle cells. We show that SNAP23

is important for regulating myoblast cell cycle progression and the activation of the
myogenic transcriptional program, which together influence the ability of myoblasts to

fully differentiate into myotubes. Furthermore, through rescue experiments with conditioned
medium along with unbiased secretome studies, we revealed that SNAP23 mediates the
exocytosis of the insulin-like growth factor 1 (IGF1). This suggests that SNAP23-mediated
secretion of IGF1, and potentially other growth factors, is important for proper skeletal
muscle cell proliferation, differentiation, and morphology. Overall, we have revealed a
previously unknown role of SNAP23 in the secretion of myokines that regulate myogenesis.

MATERIALS AND METHODS

Cell culture.

Undifferentiated C2C12 myoblasts (ATCC® CRL-1772™) were cultured maintaining

low confluency (less than 60%) in Dulbecco’s Modified Eagle’s Medium (DMEM)
supplemented with 10% fetal bovine serum (FBS) (Gemini Bio-Products), 100 units/mL
penicillin, and 100 ug/mL streptomycin (referred to as growth medium). To induce myoblast
differentiation, cells were grown to high confluence (80-95%), rinsed with PBS (pH 7.4),
and cultured in DMEM supplemented with 2% horse serum (Gibco), 100 units/mL of
penicillin, and 100 ug/mL streptomycin (referred to as differentiation medium). Cells were
maintained in a 37°C humidified incubator in a 5% CO, atmosphere.

Delivery of small interfering RNAs (si-RNAS).

C2C12 myoblasts were seeded into six well plates (70,000-100,000 cells per well) in
growth medium lacking antibiotics to ensure 50-60% confluence by the next day. Myoblasts
were transfected using Lipofectamine RNAIMAX transfection reagent (Invitrogen) and

10 pmol stealth si-RNAs (Invitrogen) (Supplemental Table 1) following the recomended
protocol from the manufacturer. When myaoblasts reached 80-95% confluence, they were
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rinsed with PBS (pH 7.4) and differentiated for four to six days in differentiation medium.
Myotubes were rinsed with PBS and processed for immunofluorescence or for RNA or
protein extraction.

RNA extraction and reverse transcription.

RNA was extracted using TRIzol reagent (Invitrogen) following the manufacturer’s
suggested protocol. RNA concentration was measured using a nanodrop lite
spectrophotometer (Thermo Fisher Scientific). RNA (2—-4 pg) was reversed transcribed into
cDNA using the High-Capacity cDNA Reverse Transcription Kit (Applied Biosystems) per
the manufacturer’s suggested protocol. The reverse transcription thermocycler protocol was
as follows: (i) 25°C for 10 min, (ii) 37°C for 120 min, (iii) 85°C for 5 min, (iv) 4°C pause.

Quantitative real-time PCR (qPCR).

Transcripts for Snap23, Cend1 (cyclin d1), Igfl, Myh3 (myosin heavy chain 3), Myod1
(myoblast determination protein 1), Myog (myogenin), Ki67, Gapdh (glyceraldehyde-3-
phosphate dehydrogenase), Hmbs (hydroxymethylbilane synthase), and Rpl30 (ribosomal
protein L30) were evaluated using TagMan probes (Supplemental Table 2). Reactions
containing 50-100 ng cDNA template were performed in quadruplicate using the TagMan
Fast Advanced master mix buffer (Applied Biosystems) and amplified with the StepOnePlus
Real-Time PCR system (Applied Biosystems). Relative mRNA expression and fold changes
were estimated by applying the delta-delta threshold cycle (AACt) quantification method
using Gapdh, Hmbs or Rpl30 as housekeeping genes. Expression levels were further
normalized to mock samples or control luciferase (si-Luc) treated samples.

Protein extraction for western blotting.

C2C12 cells were scraped in RIPA buffer (50 mM Tris pH 7.5, 150 mM NaCl, 5 mM
EDTA, 1% Triton X-100, 0.1% SDS, 0.5% sodium deoxycholate) supplemented with Halt
protease and phosphatase inhibitors (Thermo Fisher Scientific), incubated on ice for 15-30
min, sonicated, incubated again on ice for 15 min, centrifuged at top speed for 10 min,

and frozen. Protein concentration was measured using either a Pierce BCA protein assay
kit (Thermo Fisher Scientific) or a Prometheus BCA assay kit (Genesee Scientific) per the
manufacturer’s suggested protocol for microplates.

Western blot assays.

Protein samples (2540 pg) or the collected medium were prepared in loading buffer

(62.5 mM Tris-HCI pH 7.5, 10% glycerol, 2% SDS, 0.02% bromophenol blue, 143 mM
beta-mercaptoethanol) and incubated for 5 min at 95°C before loading into 12% or 4—

20% gradient Mini-Protean TGX Stain-Free Gels (BioRad), or 12% long polyacrylamide
gels (prepared in-house). Protein samples were electrophoresed in running buffer (25 mM
Tris, 190 mM glycine, 0.1% w/v SDS, pH 8.3) for: (a) 30 min at 90 V and then for

60-120 min at 90-120 V (mini gels) or (b) for 60 min at 100 V and then for 4 h at 170

V (long polyacrylamide gels). Protein samples were transferred onto 0.2 um Amersham
Hybond PVDF low fluorescence membranes (Cytiva) for 60 min at 100 V. For total protein
visualization, the membranes were stained with Ponceau S solution (Sigma Aldrich, P7170)
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for long polyacrylamide gels or exposed to UV light for 2.5-5 min (ChemiDoc XRS+,
BioRad) to activate the TGX within the mini gels. Membranes were blocked with 5%
non-fat dried milk in Tris-buffered saline (19 mM Tris pH 7.6, 2.7 mM KCI, 137 mM
NaCl) containing 0.1% Tween 20 (TBST) for 60 min and incubated overnight at 4°C with
the primary antibodies diluted in 5% bovine serum albumin (BSA) in TBST (Supplemental
Table 3). The next day, the membranes were washed three times (for 10 min each) with
TBST and incubated for 60-90 min in the dark at room temperature with a polyclonal goat
anti-rabbit 1gG (H+L) secondary antibody DyLight 800 4X PEG (Invitrogen, SA5-35571)
or a goat anti-mouse 1gG (H+L) secondary antibody DyL ight 800 4X PEG (Invitrogen,
SA5-35521) diluted 1:10,000 in 5% BSA or 5% milk in TBST. Membranes were then
washed three times (for 10 min each) with TBST. Fluorescent signal was detected using
the Odyssey CLx Blot Imager (Li-Cor) and analyzed by densitometry. Protein levels were
normalized either to a housekeeping gene or total transferred protein (full lanes) visualized
by either Ponceau stain (long polyacrylamide gels) or the BioRad ChemiDoc XRS+ system
(mini gels).

Confluency assay.

C2C12 myoblasts were transfected as described above. The next day, cells were collected,
counted, and re-seeded into six well plates at a range of densities (80,000, 160,000, or
640,000 cells per well). Cells were then cultured in differentiation medium for five days.

Coating of culture plates with fibronectin, gelatin, or collagen.

Six well culture plates were coated with 0.05% gelatin type B (Sigma Aldrich, G1393) for
45 min at 37°C. Alternatively, plates were coated with 0.05 mg/mL PureCol Type | collagen
(Advanced BioMatrix, #5005) or 1.58 ug/mL fibronectin and were incubated overnight at
37°C. Plates were then rinsed with PBS (pH 7.4) and dried under UV sterilization.

Collection of conditioned medium.

C2C12 myoblasts were cultured in growth medium until they reached 80-95% confluence.
Myablasts were then differentiated in differentiation medium. The enriched conditioned
medium was collected from cultures at days two, four, six, and eight after the initiation

of differentiation. The conditioned medium was centrifuged at 1,200 r.p.m. for 5 min and
filtered through a 0.2 pum filter before storing separately in frozen stocks.

Treatment of SNAP23-depleted cells with the conditioned medium.

Once the si-RNA transfected myoblasts reached 80-95% confluence, they were rinsed with
PBS (pH 7.4). Half of the transfected cells were differentiated with standard differentiation
medium. The remainder of the transfected cells were differentiated using conditioned
medium. To prepare the conditioned medium, equal parts of standard differentiation medium
(DMEM supplemented with 2% horse serum, and antibiotics) and conditioned medium (a
mixture of equal volumes of conditioned medium collected from differentiation days two,
four, six, and eight) were added together to form the enriched medium. Transfected cells
were differentiated for four to six days with daily medium replenishment. Cells were fixed,
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rinsed three times with PBS (pH 7.4), and subsequently processed for immunofluorescence
experiments.

Treatment of cells with IGF1.

Following the delivery of si-RNAs against the control luciferase reporter or si-Snap23

#2 (MSS209236), myoblasts were maintained in growth medium without antibiotics until
they reached 80-95% confluence. Myoblasts were briefly rinsed with PBS (pH 7.4) and
differentiated in standard differentiation medium supplemented daily with vehicle (0.1%
BSA), 10 ng/mL IGF1, or 1 ng/mL IGF1 (Sigma Aldrich, 13769) for five days. Cells
were fixed, rinsed three times with PBS (pH 7.4), and processed for immunofluorescence
studies.HHkId;laskfj

Bromodeoxyuridine (BrdU) labeling assay.

Following the delivery of si-RNAs against the control luciferase reporter or si-Snap23 #2
(MSS209236), cells were maintained in growth medium for 24-48 hours. For myoblasts, the
cells were treated with 10 uM of BrdU (Abcam, ab142567) for 2 h at 37°C. For myotubes,
the cells were first cultured in differentiation medium for four days. Cells were then treated
with 10 uM of BrdU for 18 h at 37°C. Following BrdU treatment, cells were washed three
times (for 2 min each) with PBS (pH 7.4). Cells were then fixed in 4% paraformaldehyde
for 20 min, washed three times (for 10 min each) with PBS (pH 7.4), incubated with 0.5%
Triton X-100 for 15 min, and then incubated in blocking solution (1% BSA, 0.3% Triton
X-100 in PBS, pH 7.4) for 60 min at room temperature. After blocking, cells were treated
with 1.5 M HCI (Fisher Scientific, A144) for 60 min at room temperature to hydrolyze

the DNA. The HCI was removed and cells were neutralized with 0.1 M sodium borate

(pH 8.5) (Sigma, SX0355) for 30 min at room temperature. Cells were again washed three
times (for 10 min each) with PBS (pH 7.4), and then incubated with 4 pg/mL mouse
monoclonal (11B5) anti-BrdU (Santa Cruz Biotechnology, sc-32323) diluted in blocking
solution overnight at 4°C. The next day, cells were washed three times (for 10 min each)
with PBS (pH 7.4) and incubated with 4 ug/mL goat polyclonal anti-mouse 1gG (H+L)
Alexa Fluor 488 (Invitrogen, A11001) diluted in blocking solution for 60 min at room
temperature and protected from the light. Cells were once again washed three times (for 10
min each) with PBS (pH 7.4) and stained with 2 uM DAPI (Invitrogen, D1306) for 5 min at
room temperature. Cells were washed three times (for 5 min each) with PBS (pH 7.4) and
then imaged using confocal microscopy.

TUNEL staining.

Coverslips were coated with 0.1 mg/mL Purecol Type I collagen (Advanced BioMatrix,
#5005) and were incubated overnight at 37°C. Coverslips were then rinsed with PBS (pH
7.4) and allowed to dry. C2C12 myaoblasts were seeded onto the coverslips (100,000 cells
per well) and transfected the next day with si-RNAs against the control luciferase reporter
or si-Snap23 #2 (MSS209236). For myoblasts, the cells were maintained in growth medium
for 48h after transfection. For myotubes, the cells were cultured in differentiation medium
for four days. Cells were washed briefly with PBS (pH 7.4), fixed in 4% paraformaldehyde
in PBS (pH 7.4) for 15 min at room temperature, permeabilized in 0.5% Triton X-100 in
PBS (pH 7.4) for 20 min at room temperature, and washed briefly with deionized H,0.
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As a positive control, cells were incubated with DNase | (Invitrogen, #18068015) for

30 min at room temperature then washed briefly with deionized H,0. The Click-iT Plus
TUNEL Assay kit (Invitrogen, C10617) was used to stain apoptotic cells according to the
manufacturer’s protocol. Cells were then stained with 2 uM DAPI (Invitrogen, D1306) for 5
min at room temperature. Cells were washed three times (for 5 min each) with 3% BSA in
PBS (pH 7.4) and then imaged by confocal microscopy.

Immunofluorescence assays.

Cells were washed briefly with PBS (pH 7.4), fixed in 2-4% paraformaldehyde in PBS

(pH 7.4) for 30 min, washed three times (for 10 min each) with PBS (pH 7.4) (for 10

min each), and then incubated in blocking solution (1% BSA, 0.3% Triton X-100 in PBS
(pH 7.4)) for 60 min at room temperature. Cells were then incubated with 4 ug/mL mouse
monoclonal (B-5) anti-MYH3 (Santa Cruz Biotechnology, sc-376157) diluted in blocking
solution overnight at 4°C. The following day, cells were washed three times (for 10 min
each) with PBS (pH 7.4) and incubated with 4 pg/mL goat polyclonal anti-mouse IgG (H+L)
Alexa Fluor 488 (Invitrogen, A11001) diluted in blocking solution for 60-90 min at room
temperature and protected from the light. Cells were once again washed three times (for 10
min each) with PBS (pH 7.4) and stained with 2—3 uM DAPI (Invitrogen, D1306) for 5 min
at room temperature. Cells were washed three times (for 5 min each) with PBS (pH 7.4) and
then imaged using confocal microscopy.

Confocal microscopy.

The Hooker Imaging Core at The University of North Carolina at Chapel Hill provided
access to a Zeiss LSM 880 confocal microscope with a 10x Plan Apochromat objective
(0.45 WD) (for six well plates) or 63x Oil Immersion objective (for coverslips). Laser
excitation was as follows: argon multiline laser at 488 nm (Alexa Fluor 488) (2% power)
or a 405 nm diode at 30 mW (DAPI) (2% power). Emission filters for all experiments were
set as follows: 490-615 nm (Alexa Fluor 488) and 410-514 nm (DAPI). A tile scan of
nine frames (1,024 x 1,024 pixels per frame, 10% overlap) was taken for each treatment
condition and the nine frames were stitched together using ZEN black imaging software
(Zeiss).

Image processing and quantitation.

Processing and quantitative analysis of confocal images were performed using ImageJ
software (imagej.nih.gov) and MyoCount (version 1.3.1). For MyoCount, each image was
first divided into nine panels (3 x 3 grid). The images were then processed using MyoCount
as previously described#® with optimized parameter settings based on the average image area
occupied by myotubes (Supplemental Tables 4 and 5). The fusion index was estimated as
the ratio between the number of nuclei in MYH3-positive cells with more than two nuclei
and the total number of nuclei in a field of view. The myotube diameter was estimated by
measuring the size of three lines that were drawn perpendicular to the myotube longitudinal
axis. The average of three measurements per myotube was then calculated. Myotube length
was estimated by measuring the size of a line that was drawn parallel to the myotube
longitudinal axis. The average of measurments for all myotubes analyzed in the field of view
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was then calculated. Only full myotubes in the images were used for this analysis. Myotubes
that were incomplete (7.e., cut off by the border of the images) were not analyzed.

Collection of secretome medium for mass spectrometry studies.

C2C12 were transfected with si-RNAs against the control luciferase reporter or si-Snap23
#2 (MSS209236). Cells were maintained in growth medium in 10 cm culture plates until
they reached 80-95% confluence. Cells were then differentiated in differentiation medium.
Three days after the initiation of differentiation, cells were rinsed with PBS (pH 7.4)

and the medium was replaced with 7 mL of serum-free, phenol-free DMEM (Thermo
Fisher Scientific, #21063-029). The next day, the medium was collected (day four of
differentiation) and replenished with 7 mL of serum-free, phenol-free DMEM. On day six
of differentiation, the medium was again collected. Equal volumes of medium collected

on day four and day six were combined for each treatment condition. The medium was
passed through a 0.22 pm polyethersulfone (PES) filter for sterilization. The medium was
concentrated to a final volume of 100-200 pL using an Amicon Ultra-4 filter (Millipore,
UFC800324). In brief, filters were first rinsed with 1N NaOH (1 mL). Filters were washed
by adding 1 mL of PBS (pH 7.4) and then spinning at 4,000 x g for 5 min. Medium was
added to the filter in 1 mL increments followed by spinning at 4,000 x g for 10 min until the
final concentrated volume was reached.

Sample preparation for proteomics analysis.

The secretome protein samples (100 g per replicate, 7=3) were treated with 8 M urea, then
reduced with 5 mM dithiothreitol for 30 min and alkylated with 15 mM iodoacetamide for
45 min. The samples were then digested at a 1:50 protease:protein ratio with LysC (Wako)
for 2 h at 37°C, diluted to 1 M urea, then digested with MS grade trypsin (Promega) at 37°C
overnight. The peptide samples were acidified to 1% trifluoroacetic acid, then desalted using
Peptide Desalting Spin Columns (Pierce Thermo Fisher Scientific). The samples were dried
via vacuum centrifugation, then resuspended in 0.1% formic acid for BCA fluorometric
peptide quantitation assay (Pierce).

Liquid chromatography with tandem mass spectrometry (LC-MS/MS) analysis.

Samples were normalized and 0.6 pg of each sample was analyzed by LC-MS/MS using
an Easy nLC 1200 coupled to a Fusion Lumos (Thermo Fisher Scientific). Samples were
injected onto an Easy Spray PepMap C18 column (75 um id x 25 cm, 2 um particle

size) (Thermo Fisher Scientific) and separated over a 120 min method. The gradient for
separation consisted of 5-32-45% mobile phase B at a 250 nL/min flow rate, where mobile
phase A was 0.1% formic acid in water and mobile phase B consisted of 0.1% formic acid
in 80% acetonitrile. Fusion Lumos was operated in data-dependent mode with a 3 s cycle
time. Resolution for the precursor scan (m/z 350-1500) was set to 120,000 with a 250%
AGC target, 50 ms inject time. MS/MS scans acquired in the Orbitrap with a resolution set
to 15,000, 250% AGC target, 50 ms inject time. The normalized collision energy was set
to 30% for higher energy collisional dissociation (HCD), with an isolation window of 1.6
m/z. MIPS was on, and precursors with unknown charge or a charge state of 1 and = 7 were
excluded.
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MS data analysis.

Raw data files were processed using MaxQuant version 1.6.15.0 and searched against a
reviewed Uniprot mouse database (containing 17,457 sequences) using Andromeda within
MaxQuant. Enzyme specificity was set to trypsin, up to two missed cleavage sites were
allowed, carbamidomethylation of cysteine was set as a fixed modification, and oxidation of
methionine and acetyl of protein-N terminus were set as variable modifications. Label-free
quantification (LFQ) using razor + unique peptides was enabled. Match between runs was
enabled with a matching time window of 0.7 min. A 1% false discovery rate (FDR) was
used to filter all data. Additional analysis was performed in Perseus*®. A minimum of 2
unique+razor peptides per protein and > 50% non-zero values across the datasets were
required for quantification. Imputation of missing values based on normal distribution with
width of 0.3 and downshift of 1.8, was performed. Student’s T-test was performed for

each pairwise comparison and p-values were calculated. A LFQ fold change ratio for each
pairwise comparison was calculated. Differentially secreted proteins were filtered from the
MS data based on the following criteria: fold change = 1.5 and p < 0.05. The Database for
Annotation, Visualization, and Integrated Discovery (DAVID) was used for Gene Ontology
(GO) and Functional Annotation analysis of the differentially secreted proteins.

Statistical analysis.

Proteomics statistical analysis is described above. For all other analyses, differences between
control and treatment groups were determined using one-way or two-way ANOVA with
Bonferroni post hoc test for multiple comparisons, or an upaired Student’s T-test (two-
tailed). For nuclei per myotube analysis, we employed a one-way multi-variate analysis

of variance (MANOVA) accompanied by Pillai’s trace as the test statistical reference.
Statistical analysis was performed using Microsoft Excel (Microsoft), R (version 4.0.3 R
Core Team 2020), or GraphPad Prism 5, version 5.0f (GraphPad Software Inc.). Statistical
significance was verified if p< 0.05. All data are represented as mean + SEM from at least
three independent experiments.

RESULTS

SNAP23 is required for myoblast differentiation into elongated myotubes

To investigate the functions of SNAP23, we first assessed SNAP23 protein levels

during myogenesis. A C2C12 time-course analysis revealed that SNAP23 is expressed at
comparable levels throughout muscle cell differentiation (Supplemental Fig. SLA). The
appearance of a second SNAP23 band during the differentiation time-course is consistent
with previous studies reporting that Snap23 mRNA is alternatively spliced in heart and
skeletal muscle tissues*’48, We then depleted Snap23 mRNA by delivering si-RNAs in
C2C12 mouse myoblasts prior to induction of cell differentiation. Western blot and gPCR
assays confirmed effective knockdown of the SNAP23 isoforms in myaoblasts (Supplemental
Fig. S1B) and myotubes (Supplemental Fig. S1C). Using immunofluorescence staining for
MYHS3, a marker of muscle cell differentiation, we observed that SNAP23 depletion led to
a reduction in the total number of cells and a less differentiated phenotype when compared
to controls (Fig. 1A). Quantification of the microscopy images confirmed our qualitative
observations showing a ~46-56% reduction in the number of nuclei per unit area (Fig.
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1B), a ~24-47% reduction in the fusion index (Fig. 1C), an increase in the number of
myotubes with 2-5 nuclei, and a concomitant reduction of myotubes with >10 nuclei in
SNAP23-depleted cells in comparison with controls (Fig. 1D). Additionally, there was a
reduction in the average myotube length in the SNAP23 knockdown cells compared to the
control cells (Fig. 1E), without significant changes in myotube diameter (Fig. 1F). These
data indicate that SNAP23 is required for proper myogenesis, leading us to identify the
stage(s) of differentiation being affected.

SNAP23 depletion decreases muscle cell proliferation

The reduction in total nuclei per unit area observed in SNAP23-depleted cells (Fig. 1B)
prompted us to determine the effect of SNAP23 depletion on the first step of myogenesis,
which is cell cycle exit. We labeled both myoblasts and myotubes with BrdU, a thymidine
analog that is incorporated into the DNA of actively replicating cells during S phase of

the cell cycle. We observed a significant, 2-fold reduction in BrdU-positive cells upon
depletion of SNAP23 in myoblasts (Fig. 2A, /ef?). In myotubes, however, there were few
cycling cells in either treatment condition (Fig. 2A, righf). We confirmed these results

by performing qPCR assays to measure the levels of Ki67, a marker of cell proliferation
that is highly expressed in cells that are in M phase. We found that Ki67 mRNA levels
were significantly downregulated in both myoblasts and myotubes that were depleted of
SNAP23 (Fig. 2B). The progression of cells from G1 to S phase is controlled by cyclin

D1 (CCND1), and the downregulation of CCND1 during myogenesis is a hallmark of
muscle cells that have committed to differentiation?®-50, We therefore assessed the levels of
CCND1 in SNAP23-depleted cells. Western blot assays revealed that SNAP23-depleted cells
have elevated CCND1 levels, with myotubes exhibiting an ~2-fold upregulation of CCND1
protein expression (Fig. 2C-D).

In addition to a reduction in cell proliferation, the decrease in the total number of nuclei

per unit area observed in SNAP23-depleted cells could also be attributed to an activation

of apoptosis. To explore this possibility, we performed a TUNEL assay to assess the

amount of cell death in myoblasts and myotubes depleted of SNAP23. We did not observe
TUNEL-positive cells in either the si-Luc or si-Snap23 condition for myoblasts or myotubes
(Supplemental Fig. S2), suggesting that apoptosis does not contribute to the reduced cell
number in SNAP23-depleted cells. As a positive control, we treated cells with DNase |

to induce DNA strand breaks, and we indeed observed TUNEL-stained nuclei in both
conditions for myoblasts and myotubes (Supplemental Fig. S2).

Taken together, our results indicate that SNAP23 is necessary for regulating cell cycle
progression and maintaining the proliferative state of myoblasts.

Loss of SNAP23 activates myogenic marker expression in myoblasts

We next asked whether loss of SNAP23 altered the temporal expression of critical myogenic
markers. We probed both myoblasts and myotubes for MYOD1 and MYOG, as well as
MYH3, a downstream target of MYOG transcriptional control3°. Surprisingly, we observed
a significant upregulation of MYH3 and MYOG at both the mRNA and protein levels in
SNAP23-depleted myoblasts relative to the controls (Fig. 3A-C). There was no change,
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however, in expression of these myogenic markers in differentiated myotubes (Fig. 3D-F).
These results are evidence of an earlier activation of the myogenic transcriptional program
and are consistent with the reduced proliferation of SNAP23-depleted myoblasts (Fig. 2A-
B).

Given that SNAP23-depleted myoblasts cultured in growth medium appear to be exiting
the cell cycle and have turned on the myogenic transcriptional program, exhibiting two
signatures of cells committed to the myogenic fate, it was interesting that these cells

were not fusing to form fully differentiated myotubes (Fig. 1A). This phenotype could be
attributed to an insufficient number of cells at the onset of differentiation, a defect in cell
adhesion and cell fusion, or both. We therefore reasoned that by seeding SNAP23-depleted
cells at a high density, we could asses whether the decreased number of nuclei per unit
area (Fig. 1B) was the cause of the reduced differentiation. Indeed, when SNAP23-depleted
myoblasts were seeded at a high confluence (e.g., 160,000 or 640,000 cells per well), the
defect in cell fusion and myotube formation was restored (Supplemental Fig. S3).

Collectively, these data suggest that SNAP23-depleted cells fail to fully differentiate due
to the combined premature cell cycle withdrawal and activation of myogenic expression
programs, which prevents the cells from reaching the proper density necessary for fusion.

Collagen and gelatin coating promotes myogenesis of SNAP23-depleted cells

Since SNAP23 is a member of the SNARE secretory machineryl, we hypothesized that

its depletion in muscle cells would alter the secretion of proteins that participate in

autocrine and paracrine signaling programs important for differentiation. Previous reports
have characterized the secretome of wild type C2C12 cells and suggested that secreted ECM
proteins contribute to cell integrity, growth, differentiation, and regeneration#1:51.52,

We thus repeated the Snap23 knockdown assays on plates coated with either gelatin or
collagen (Fig. 4). On uncoated plates, we again observed a defect in differentiation (Fig.

4A, top row) and a significant reduction in both the number of nuclei and the fusion index

in SNAP23-depleted cells compared to controls (Fig. 4B—C). For two si-RNA treatments,
culturing cells on gelatin or collagen rescued the cellular phenotype observed after depletion
of SNAP23 (si-Snap23 #2 and #3, Fig. 4A). The phenotype severity was only mildly
attenuated for si-Snap23 #1 (Fig. 4A), which was the condition that caused the strongest
defect in fusion (Fig. 1C). In comparison with cells cultured on uncoated plastic plates, the
number of nuclei per unit area was increased (Fig. 4B) and the fusion index was also rescued
(Fig. 4C) when SNAP23-depleted cells were cultured on coated plates.

Given the role of the ECM in enhancing cell adhesion to promote myogenesis, it is

possible that the positive effects on differentiation observed when cells are cultured on
collagen-coated plates is independent of SNAP23 function. To determine whether SNAP23
depletion affects cell adhesion, we seeded SNAP23-depleted myoblasts on plates coated
with collagen, and calculated the total number of nuclei per unit area as a readout of adhered
cells. In general, culturing myoblasts on coated plates significantly enhanced cell adhesion
to the dish relative to cells cultured on uncoated plates (Fig. 4D, compare no coating to
fibronectin and collagen coatings). While there was no difference in the total number of
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nuclei between control and si-Snap23 depleted cells seeded on plates coated with fibronectin
(Fig. 4D, middle), we observed an increase in the ability of SNAP23-depleted cells to adhere
to collagen when compared to control cells plated on the same substrate (Fig. 4D, right).
This supports our previous finding, where culturing cells on collagen-coated plates rescued
the total number of nuclei per unit area in differentiated cells (Fig. 4B).

Our results indicate that SNAP23-depleted myoblasts retain the ability to adhere to the ECM
and suggest that SNAP23 is mediating the secretion of some other protein(s) critical for
muscle cell differentiation.

SNAP23 mediates the secretion of factors that are necessary for myogenesis

Our data led us to ask whether the phenotype observed in SNAP23-depleted cells was
rescuable by the secreted factors of wild type cells. We thus evaluated whether medium
collected from wild type myotubes (conditioned medium) had the capacity to rescue the
reduced total nuclei and fusion phenotypes observed in SNAP23-depleted cells (Fig. 1B-C).
We hypothesized that the conditioned medium would contain proteins secreted by healthy
cells during myogenesis that serve to promote differentiation.

To test this hypothesis, control and si-Snap23 treated cells were cultured either with

regular differentiation medium (Fig. 5A, top panels) or with a combination of 50%

regular differentiation medium and 50% conditioned medium (Fig. 5A, bottom panels).
Immunofluorescence staining for MYH3 and DAPI showed a clear rescue of differentiation
when SNAP23-depleted cells were cultured using conditioned medium (Fig. 5A, compare
top panels with bottom panels). Quantitively, the knockdown cells treated with conditioned
media exhibited an increase in total nuclei number and fusion index, nearly matching the
control levels (Fig. 5B-C).

This evidence led us to conclude that during myogenesis, control cells secrete specific
proteins into the extracellular environment that are important for maintaining proper cell
morphology and survival.

SNAP23 depletion influences the secretome profile of muscle cells

We next sought to identify the specific proteins important for myogenesis that are secreted
via SNAP23-mediated exocytosis. We therefore analyzed the differentiation medium

from SNAP23-depleted myotubes and wild type myotubes by mass spectrometry-based
proteomics.

We identified 112 differentially secreted proteins (= 1.5-fold change, p < 0.05) between the
SNAP23-depleted and control samples (Fig. 6A) (Supplemental Data File 1). Of these, 55
proteins were downregulated (secreted less by SNAP23-depleted cells than by controls)
(Supplemental Table 6 and Fig. 6B, red) and 57 were upregulated (secreted more by
SNAP23-depleted cells than by controls) (Supplemental Table 7 and Fig. 6B, b/ue). GO
analysis of these subsets revealed that 67 out of the 112 (60%) of the differentially secreted
proteins were known residents of the extracellular space (Fig. 6C). Further analysis of

the associated GO biological processes revealed an enrichment in categories related with
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cell-cell adhesion for the downregulated proteins (Fig. 6D, fgp) and muscle contraction for
the upregulated proteins (Fig. 6D, bottom).

Collectively, our unbiased analysis indicates that the phenotyes observed in SNAP23-
depleted cells could be driven by a reduced abundance of proteins secreted into the
extracellular space that function to mediate the communication within and between cells
during myogenesis.

IGF1 secretion is reduced upon SNAP23 depletion and its exogenous addition rescues
cellular myogenic capacity

One interesting candidate identified from the proteomics study was IGF1 (Fig. 6A, /n red).
IGF1 is a well-known regulator of myogenesis, activating downstream signaling pathways
that converge to promote cell proliferation and differentiation®3. In our proteomics analysis,
we found that IGF1 levels were reduced in the medium collected from SNAP23-depleted
C2C12 cells (0.4-fold change, p=0.03) (Supplemental Table 6). We validated by western
blot that IGF1 was indeed reduced in the medium from SNAP23-depleted cells (Fig. 7A).
Importantly, the total 1gf1 mRNA expression was not significantly different between the
SNAP23-depleted cells and controls (Fig. 7B). This suggests that IGF1 secretion is not
reduced by its intracellular production but rather by the loss of SNAP23.

The silencing of certain SNARE proteins, such as SNAP23, in neurons has been previously
reported to repress axon growth and polarization by inhibiting the exocytic transport of

the IGF1 receptor®*. Exogenous treatment of neurons with IGF1 recruited SNAP23, in
conjunction with other SNARE proteins, to associate with vesicles containing the IGF1
receptor®®. We thus asked whether adding exogenous IGF1 would stimulate SNAP23-
depleted cells to recover their myogenic capacity. When differentiation medium was
supplemented with either 1 ng/mL or 10 ng/mL IGF1, we observed a rescue in the total
number of nuclei and in the overall differentiation of SNAP23-depleted cells (Fig. 7C-D).

These data led us to conclude that SNAP23 mediates the secretion of IGF1 from muscle
cells to the extracellular space, where IGF1 contributes to differentiation of myoblasts into
multinucleated myotubes.

DISCUSSION

Skeletal muscle is known to be impacted by extracellular factors such as hormones, growth
factors, and cytokines to regulate cell proliferation, extracellular matrix remodeling, and
migration. Recently, it has been appreciated that muscle cells can secrete myokines to exert
either autocrine, paracrine, or endocrine effects#243. While the SNARE proteins have been
extensively studied in the context of fusing synaptic vesicles, very little is known about their
roles and regulation in striated muscles. Our study aimed to address this gap of knowledge
by identifying the role of the secretory-mediating protein SNAP23 in skeletal muscle cells.

We demonstrated that SNAP23 is necessary for muscle cell proliferation and proper
differentiation. When SNAP23 was depleted in C2C12 cells, we observed a decrease in total
cell number and in fusion index, as well as an increase in the number of small myotubes
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(those containing 2-5 nuclei) and a reduction in the average myotube length (Fig. 1). We
found this phenotype to be a consequence of reduced cell proliferation in SNAP23-depleted
myoblasts (Fig. 2A-B) rather than an activation of apoptosis (Supplemental Fig. S2). These
data suggest that the impaired myotube formation observed in SNAP23-depleted cells is a
result of insufficient cell number at the onset of differentiation.

The switch from the proliferating to the differentiating cell state is known to be initiated by
cell-cell contact inhibition®-57. Muscle cells need to reach a threshold confluency before
they are activated to fuse, and this cell-cell communication is necessary for turning off the
transcription of genes that promote proliferation and turning on the expression of myogenic
genes®8:59, Consistent with the function of CCND1 as a cell cycle regulator, the upregulation
of CCND1 (Fig. 2C-D) could indicate a response whereby SNAP23-depleted cells re-enter
the cell cycle and start proliferating to increase confluency®®. CCND1 has also been reported
to have cell cycle-independent functions, with increasing evidence implicating CCNDL1 in
migration®1-64, Consistent with this model, the increased expression of CCND1 in the
absence of SNAP23 could evidence cells attempting to migrate in search of a high density
environment that is optimal for differentiation.

We further found that SNAP23-depleted myoblasts exhibit a premature expression of
myogenic markers (Fig. 3). Interestingly, CCND1 has been implicated in negatively
regulating MYOD1 function and differentiation®0:65.66, While CCND1 is known to promote
the G1/S phase transition of the cell cycle, MYOD1 acts antagonistically to block

this transition and induce growth arrest62:67-69_ Previous work has also shown that
overexpression of MYOG in proliferating myoblasts resulted in cell cycle exit34. It is thus
possible that SNAP23-depleted myoblasts are lacking the proper signal to maintain the
proliferative state, resulting in the premature cell cycle exit (Fig. 2A-B) and concomitant
myogenic marker expression (Fig. 3). Furthermore, when SNAP23-depleted cells are
challenged by growth factor withdrawal upon the onset of differentiation, the cells are
unable to properly differentiate due to a insufficient number of cells and thus make an effort
to compensate by increasing CCND1 expression.

We discovered that when SNAP23-depleted cells were seeded at a higher confluency,

the differentiation phenotype was rescued (Supplemental Fig. S3). Further, when SNAP23-
depleted cells were plated in conditions of an enhanced extracellular environment, the cells
had a significant recovery in the total number of nuclei per unit area and a significant
increase in the fusion index (Fig. 4). The enhanced adhesion and restored fusion of
SNAP23-depleted cells when cultured on collagen-coated plates is consistent with previous
work showing that collagen promotes myogenic migration and differentiation of C2C12
cells?0. The importance of collagen for cellular differentiation is further highlighted by the
fact that collagen is a widely used substrate for coating plates to promote cell adhesion in
culture. These results indicate that the ability of myoblasts to fuse and the effect of collagen
on myogenesis are both independent from SNAP23 function. This is further supported by
the fact that collagen was not observed in the proteomics experiment. Rather, SNAP23 is
mediating the secretion of important proteins to maintain the appropriate cell density prior to
muscle cell differentiation.
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Our experiments with conditioned medium (Fig. 5) were a proxy to validate that SNAP23

is mediating the secretion of a protein or multiple proteins that might be vital to proper
myogenesis. We undertook an unbiased approach by performing a secretome analysis to
determine which specific proteins are released from muscle cells via SNAP23-mediated
secretion. Consistent with the role of SNAP23 as part of the secretory machinery, we
observed numerous proteins that were differentially secreted between SNAP23-depleted
cells and controls (Fig. 6). Notably, the majority of the differentially secreted proteins were
reduced in the conditioned medium of SNAP23-depleted cells compared to the control cells,
suggesting that SNAP23 is promoting their secretion.

IGF1 was among the top hits in our secretome study. It has long been known that

IGF1 levels increase during myogenesis, and that IGF1 plays essential roles in muscle
regeneration and hypertrophy#1:70. The pathway and proteins that mediate the release

of IGF1 into the extracellular milieu of skeletal muscle cells, however, are not well
characterized. We validated that SNAP23 mediates the secretion of IGF1 and that this
exocytic event is important for myogenesis (Fig. 7). Interestingly, IGF1 has been shown to
exhibit a dual function in muscle cells, where IGF1 signaling can promote both proliferation
and differentiation after acute and chronic stimulation, respectively’L. The reduced cell
proliferation and the upregulation of MYOG expression in SNAP23-depleted myoblasts
supports the established role of IGF1 signaling in enhancing expression of cell cycle
genes (e.9., CCND1) and suppressing myogenic markers during initial IGF1 exposure’?.
Furthermore, the loss of differentiation and the upregulation of CCND1 phenotypes
observed in SNAP23-depleted myotubes is consistent with the role of chronic IGF1
signaling as a stimulator of myogenesis through the activation of myogenic factors (e.g.,
MYOG) and the suppression of CCND1 expression1:72,

Our identification of SNAP23 as a new regulator of IGF1 secretion greatly enhances

our understanding of skeletal muscle as a secretory organ. We thus propose a model
whereby SNAP23 mediates the release of IGF1 to the extracellular space in muscle cells.
Intracellularly, IGF1 signaling synergizes with other competence factors to regulate cell
cycle progression and differentiation throughout myogenesis. Future studies will seek to
determine the signaling pathway that connects IGF1 secretion to transcriptional regulation.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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NONSTANDARD ABBREVIATIONS

ACTA1 skeletal muscle actin alpha 1

BSA bovine serum albumin

CAV13 calcium channel, voltage-dependent, L type, alpha 1D
CCND1 cyclin D1

CDK cyclin-dependent kinase

DAVID database for annotation, visualization, and integrated discovery
ECM extracellular matrix

GLUT4 glucose transporter type 4

GO gene ontology

HMBS hydroxymethylbilane synthase

IGF1 insulin-like growth factor 1

LC-MSMS liquid chromatography with tandem mass spectrometry
MYH myosin heavy chain

MYL myosin light chain

MYOD1 myoblast determination protein 1

MYOG myogenin

RIPA radioimmunoprecipitation assay buffer

RPL 30 ribosomal protein L30

SNAP synaptosome-associated protein
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SNAPIN SNAP-associated protein
SNARE soluble N-ethylmaleimide-sensitive factor attachment protein
receptor
TUBB2B beta-tubulin
VAMP vesicle-associated membrane protein
VCAM1 vascular cell adhesion molecule 1
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Figure 1. SNAP23is necessary for myogenesis.
C2C12 myoblasts were transfected with a control si-Luciferase (si-Luc) or one of three

different si-RNAs targeting Snap23 (#1, #2, and #3). The next day, cells were differentiated
for four to five days. A. Immunofluorescence assays were performed to analyze expression
of myosin heavy chain 3 (MYH3) and thus muscle cell differentiation. Scale bars: 500

um. B-F. The number of nuclei per unit area (B), the fusion index (C), the distribution of
myotubes with different number of nuclei (D), the myotube length (E), and the myotube
diameter (F) were estimated from the immunofluorescence experiments using ImageJ
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software. Results are shown as the mean £ SEM, *p < 0.05 versus mock and si-Luc,
one-way ANOVA with Bonferroni post hoc test for multiple comparisons for panels B and
C, MANOVA test for panel D, and Student’s T-test for panels E and F, 7= 12 (panels B-C),
and n = 4 (panel D-F) independent experiments.
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Figure 2. SNAP23 depletion decreases myoblast proliferation.
C2C12 myoblasts were transfected with a control si-Luciferase (si-Luc) or one of three

different si-RNAs targeting Snap23 (#1, #2, and #3). A. Myoblasts and myotubes were
treated with BrdU and immunofluorescence assays were performed to calculate the
percentage of proliferating (7.e., Brdu-positive) cells. B. The expression of Ki67 was
measured by gPCR in myoblasts and myotubes. C-D. The expression of cyclin D1 (CCND1)
was measured by western blot experiments in myoblasts (C) and myotubes (D). Results are
shown as the mean + SEM, *p < 0.05 versus mock and si-Luc, Student’s T-test for panels A
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and B, one-way ANOVA with Bonferroni post hoc test for multiple comparisons for panels
C and D, n=3-5 independent experiments. TUBB2B: beta-tubulin.
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Figure 3. SNAP23 depletion activates myogenic marker expression in myoblasts.
C2C12 myoblasts were transfected with a control si-Luciferase (si-Luc) or si-RNA targeting

Shap23 (#2). A-C. Myoblasts were analyzed for expression of myosin heavy chain 3
(MYH3), myoblast determination protein 1 (MYOD1), and myogenin (MYOG) by western
blot (A-B) and gPCR (C) assays. D-F. Myotubes were analyzed for expression of myosin
heavy chain 3 (MYH3), myoblast determination protein 1 (MYODL1), and myogenin
(MYOG) by western blot (D-E) and gPCR (F). Results are shown as the mean + SEM,
*p < 0.05 versus si-Luc, Student’s T-test, 7= 3 independent experiments.
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Figure 4. Collagen or gelatin coating rescuestotal nuclei and fusion after SNAP23 depletion.
A-C. C2C12 myoblasts were plated either on non-coated plates or on plates coated with

gelatin or collagen. The next day, cells were transfected with a control si-Luciferase
(si-Luc) or one of three different si-RNAs targeting Snap23 (#1, #2, and #3). After 24h,
differentiation was induced for five days. Expression of myosin heavy chain 3 (MYH3)
was analyzed by immunofluorescence (A). Scale bars: 200 um. The total number of nuclei
per unit area (B) and the fusion index (C) were estimated from the immunofluorescence
experiments using ImageJ software. D. C2C12 myoblasts were transfected with a control
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si-Luciferase (si-Luc) or si-RNA targeting Snap23 (#2). Transfected cells were then seeded
on plates coated with fibronectin or collagen. The number of adhered cells was estimated
by calculating the total nuclei per unit area. Results are shown as the mean + SEM, *p <
0.05, two-way ANOVA with Bonferroni post hoc test for multiple comparisons, 7= 3-6
independent experiments.
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Figure 5. SNAP23 mediates the secretion of factorsthat are necessary for myogenesis.
C2C12 myoblasts were transfected with a control si-Luciferase (si-Luc) or one of three

different si-RNAs targeting Snap23 (#1, #2, and #3). The next day, cells were differentiated

for five to six days in standard (control) or conditioned differentiation culture medium. A.

Expression of myosin heavy chain 3 (MYH3) was analyzed by immunofluorescence. Scale
bars: 500 um. B-C. The total number of nuclei per unit area (B) and the fusion index (C)

were estimated from the immunofluorescence experiments using ImageJ software. Results

are shown as the mean =+ SEM, *p < 0.05 versusthe standard differentiation culture medium
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(control), two-way ANOVA with Bonferroni post hoc test for multiple comparisons, 7=5
independent experiments.
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A. Volcano plot of the proteomics data comparing the secretome of SNAP23-depleted
cells to control cells. Thresholds were applied for significance (horizontal dashed line)
and differential expression (vertical dashed lines). B. Total number of upregulated and
downregulated secreted proteins meeting the threshold criteria. “Upregulated” refers to
proteins more abundant in the medium collected from SNAP23-depleted cells than in
controls. “Downregulated” refers to proteins less abundant in the medium collected from
SNAP23-depleted cells than in controls. C. Distribution of the differentially secreted
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proteins that are known to be residents of the extracellular space. D. GO analysis on
the differentially secreted proteins. Proteomics studies were performed in triplicate, 7=3
independent experiments.
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Figure 7. SNAP23-mediated secretion of | GF1isimportant for myogenesis.
C2C12 myoblasts were transfected with a control si-Luciferase (si-Luc) or si-RNA targeting

Snap23 (#2). After 24h, differentiation was induced for six days. Medium was collected at
day four and six of differentiation. A. Western blot validation and quantification of secreted
IGF1. B. qPCR of total Igf1 mRNA abundance in myotubes. C. Immunofluorescence
images staining for myosin heavy chain 3 (MYH3) in control (si-Luc) or SNAP23-depleted
(si-Snap23 #2) cells in the presence or absence of exogenous IGF1 treatment at two different
concentrations. Scale bars: 500 um. D. The total number of nuclei per unit area and the
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fusion index were estimated from the immunofluorescence images using MyoCount. Results
are shown as the mean £ SEM, *p < 0.05 versus si-Luc, two-way ANOVA with Bonferroni
post hoc test for multiple comparisons, 7= 3—4 independent experiments.
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