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Abstract

Skeletal myogenesis is a coordinated sequence of events associated with dramatic changes in cell morphology, motility, and
metabolism, which causes cellular stress and alters proteostasis. Chaperones, such as heat-shock proteins (HSPs), play important
roles in limiting cellular stresses and maintaining proteostasis, but whether HSPs are specifically involved in myogenesis is not
well understood. Here, we characterized gene and protein expression and subcellular localization of various HSPs in proliferating
C2C12 myoblasts and differentiating myotubes under control conditions and in response to heat stress. Hsp25, Hsp40, and
Hsp60 protein expression declined by 48, 35, and 83%, respectively, during differentiation. In contrast, Hsp70 protein levels
doubled during early differentiation. Hsp25 was predominantly localized to the cytoplasm of myoblasts and myotubes but formed
distinct aggregates in perinuclear spaces of myoblasts after heat-shock. Hsp40 was distributed diffusely throughout the cytoplasm
and nucleus and, after heat-shock, translocated to the nucleus of myoblasts but formed aggregates in myotubes. Hsp60 localized
to the perinuclear space in myoblasts but was distributed more diffusely across the cytoplasm in myotubes. Hsp70 was expressed
diffusely throughout the cytoplasm and nucleus and translocated to the nucleus after heat-shock in myoblasts, but not in
myotubes. Hsp90 was expressed diffusely across the cytoplasm in both myoblasts and myotubes under control conditions and
did not change in response to heat-shock. These findings reveal distinct and different roles for HSPs in the regulation of myogenic
cell proliferation and differentiation.
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Introduction

Skeletal muscles have high regenerative potential due to their
resident population of quiescent adult muscle stem cells
(MuSCs), which lie between the sarcolemma of the muscle fiber
and the basal lamina (Mauro 1961). In response to injury, MuSCs
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are activated, re-enter the cell cycle, proliferate, differentiate, and
undergo fusion to form multinucleated myotubes that mature into
muscle fibers (Bentzinger et al. 2012; Dumo\nt et al. 2015).
During myogenesis, dramatic changes occur in cell size, shape,
motility, and metabolism, which alter proteostasis and cause cel-
lular stress (Tang and Rando 2014).

HSPs are an evolutionarily conserved group of stress-
response proteins that are produced rapidly and robustly after
exposure to various stressors, including hyperthermia, ische-
mia, hypoxia, UV irradiation, heavy metals, oxidative stress,
and infection, and provide cytoprotection from stressful stim-
uli (Macario and Conway de Macario 2005). HSPs are classi-
fied into different families based on their molecular weight,
which are as follows: small HSPs (<34 kDa), HSP40 (35—
54 kDa), HSP60 (55-65 kDa), HSP70 (65-80 kDa), HSP90
(81-99 kDa), and large HSPs (= 100 kDa). HSPs vary in their
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cellular location, expression patterns, molecular characteris-
tics, and functions (Thakur et al. 2018).

Analysis of the whole transcriptome datasets of quiescent
and activated MuSCs (Liu et al. 2013; Ryall et al. 2015) and
both ex vivo cultured (Ryall et al. 2015) and in vivo activated
MuSCs (Liu et al. 2013) revealed differential expression of
many HSP genes, including those encoding Hsp25 (hspbl),
Hsp40 (dnajb 1), Hsp60 (hspdl), Hsp70 (hspala), and Hsp90
(hsp90ab 1), providing strong preliminary evidence for direct
involvement of HSPs in myogenesis. Hsp25, a member of the
small HSP family, acts as a potent inhibitor of apoptosis and
modulator of cytoskeletal and myofibrillar structure/
interactions (Bruey et al. 2000; Koh and Escobedo 2004).
Elevated levels of Hsp25 occur during differentiation of
C2C12 myoblasts into myotubes (Ito et al. 2001), likely driv-
en by protein kinase cascades through regulation of MyoD
and MyoG. Hsp40 belongs to the DnaJ/Hsp40 family of co-
chaperones that assist folding of denatured proteins by mod-
ulating chaperone activity (Kampinga and Craig 2010).
Hsp60 assists folding of mitochondrial proteins and controls
mitochondrial biogenesis, processes critical for muscle func-
tion (Deocaris et al. 2006). Hsp70, the stress-inducible mem-
ber of the Hsp70 family, prevents stress-induced protein
unfolding/aggregation, inhibits apoptosis, maintains Ca** ho-
meostasis, regulates muscle regeneration, and activates im-
mune cell responses as an extracellular ligand (Dybdahl
et al. 2002; Gehrig et al. 2012; Giraldo et al. 2010; Jiang
et al. 2005; Kovalchin et al. 2006; Mayer and Bukau 2005;
Senf et al. 2013). Hsp70 levels are elevated in differentiated
myotubes relative to proliferating myoblasts, contributing to
the increased resistance of myotubes to staurosporine-induced
apoptosis (Xiao et al. 2011). Hsp90 regulates assembly of
protein complexes and promotes cellular signaling (Botos
et al. 2004; Tago et al. 2004). It may also have a pro-
myogenic role since specific inhibition of Hsp90 in differen-
tiating C2C12 cells with geldanamycin impaired myotube for-
mation (Wagatsuma et al. 2011). These studies are plagued by
inconsistencies regarding the differential expression of HSPs
and the direction/magnitude of the differences reported.
Furthermore, variations in experimental conditions make val-
id comparisons between studies difficult.

The use of controlled hyperthermal therapy to treat skeletal
muscle disease/injury has increased as it is considered safe,
cheap, reliable, and effective. Induction of localized heat stress
promoted skeletal muscle regeneration in rats after crush inju-
ry (Hatade et al. 2014; Takeuchi et al. 2014). In C2C12 cells,
while heat stress promoted myofibrillogenesis during
myogenesis, moderate hyperthermia also activated muscle at-
rophy signaling pathways and therefore has potential to affect
muscle size (Guo et al. 2016). Heat therapy improved insulin
sensitivity in patients with type 2 diabetes (Hooper 1999) and
improved skeletal muscle structure and function in dystrophic
mice (Gehrig et al. 2012). Importantly, injured and diseased
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muscles contain myogenic cells at different stages of
myogenesis, and so characterizing the role of the HSPs in
muscle formation and understanding how heat stress affects
HSP expression and localization in the different muscle cell
types are important for enhancing the therapeutic potential of
this intervention. To date, no study has examined the expres-
sion profiles and localization patterns of the major HSP family
members during myogenesis, which is surprising given that
HSPs function cooperatively and in a coordinated manner
(Michels et al. 1997; Srikakulam and Winkelmann 2004;
Yamane et al. 1995). Here, we performed a detailed character-
ization of gene and protein expression of Hsp25, Hsp40,
Hsp60, Hsp70, and Hsp90 in proliferating and differentiating
C2C12 cells during myogenesis and in response to heat stress.

Methods
Cell culture

Proliferating C2C12 murine myoblasts (ATCC, Manassas,
VA, USA) were maintained at 60-70% confluency in
Dulbecco’s Modified Eagle’s Medium (DMEM, 4.5 g/L D-
glucose, 4.0 mM L-glutamine, 1.0 mM sodium pyruvate;
Thermo Fisher Scientific, Waltham, MA, USA) supplemented
with 10% fetal bovine serum (FBS; Thermo Fisher Scientific)
at 37 °C, in 95% air and 5% CO,. Myogenic differentiation
was induced when C2C12 cells reached 100% confluency, by
replacing growth media with low serum differentiation media
[DMEM, 4.5 g/l D-glucose, 4.0 mM L-glutamine; Thermo
Fisher Scientific, supplemented with 2% horse serum (HS;
Thermo Fisher Scientific)]. Differentiation media was re-
placed every 24 h for the duration of differentiation.

Heat-shock treatment

For heat-shock experiments, proliferating myoblasts were
grown to 100% confluence and then either treated (MB) or
differentiated into multinucleated myotubes at 37 °C, 5% CO,
for 4 days (MT). On the day of treatment, the cells were
incubated at 42 °C, 5% CO, for 2 h to induce heat-shock.
Additional cells were maintained at 37 °C, 5% CO, during
this period to serve as a control.

RNA extraction and semi-quantitative real-time PCR

Total RNA was extracted from proliferating C2C12 myoblasts
(MB) and C2C12 cells differentiated for 1, 2, 3, or 4 days
(D1-4) using a RNeasy mini kit (Qiagen, Venlo,
Netherlands) according to the manufacturer’s instructions.
RNA quality and concentration were determined using a
Nanodrop 2000 spectrophotometer (Thermo Fisher
Scientific) and transcribed into ¢cDNA with a superscript
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VILO cDNA synthesis kit (Thermo Fisher Scientific) in a
Mastercycler PCR express machine (Eppendorf, Hamburg,
Germany) for 10 min at 25 °C, 60 min at 42 °C, and 5 min
at 85 °C.

Specific primers were designed using Primer-BLAST
(NCBI, NIH, Bethesda, MD, USA), and primer efficiency
was confirmed by a single melt curve. Reaction mix (10 pL
total volume) containing optimal working concentration of
forward and reverse primers (Table 1), 1x SYBR green
(Thermo Fisher Scientific), and 2.5 ng of template cDNA
was subjected to gPCR using an iQ5 Cycler detection system
(Bio-Rad Laboratories, Hercules, CA, USA) programmed at
95 °C for 30 s followed by 39 cycles at 95 °C for 5 s and 60 °C
for 10 s. Gene expression was quantified using 2~ method,
and mRNA expression levels for each gene were normalized
to total cDNA concentration for each sample as determined
using Qubit 2.0 Fluorometer (Thermo Fisher Scientific) as
described previously (Swiderski et al. 2016).

Preparation of total cell extract

Whole cell lysates were prepared from proliferating C2C12
myoblasts and C2C12 cells differentiated for 1, 2, 3, or 4 days,
as described previously (Park et al. 2016). Briefly, the cells
were lysed at 4 °C in radioimmunoprecipitation assay (RIPA)
lysis buffer [SO mM Tris—HCI (pH 7.4), 150 mM NaCl, 1 mM
EDTA, 1% Triton X-100, 1% Na-deoxycholic acid, and 0.1%
sodium dodecyl sulphate (SDS); Millipore, Burlington, MA,
USA] containing protease inhibitor cocktail (Sigma-Aldrich,
St. Louis, MO, USA) using a cell scraper. Cell lysates were
sonicated for 15 s using a Microson XL-2000 sonicator
(Misonix, Farmingdale, NY, USA), centrifuged for 10 min at
10,000 rpm and 4 °C, and stored at — 80 °C until further steps
were performed.

SDS-PAGE and Western immunoblotting

Total protein concentration was determined using a DC pro-
tein assay (Bio-Rad Laboratories) by measuring absorbance at
750 nm on a Multiskan Spectrum spectrophotometer (Thermo
Fisher Scientific). All samples were equalized to a protein

Table 1 List of semi-quantitative real-time PCR (qQPCR) primers used

concentration of 1 pg/pul with 4x Laemmli buffer and dena-
tured for 5 min at 95 °C. Lysates (10 pg) were loaded onto 4—
15% Criterion TGX Stain-Free Precast Gels (Bio-Rad
Laboratories) and resolved for 45 min at 200 V. Proteins were
transferred onto polyvinylidene difluoride (PVDF) mem-
branes by semi-dry transfer (Trans-blot Turbo, Bio-Rad
Laboratories) at 1 amp for 7 min. Membranes were blocked
in 3% bovine serum albumin (BSA; Sigma-Aldrich) in TBST
(50 mM Tris—HCI, 150 mM NaCl, 0.05% Tween 20) for 2 h at
room temperature (RT) and incubated overnight at 4 °C with
antibodies diluted in blocking buffer as outlined in Table 2.
Membranes were washed (TBST; 1 x 2 min and 3 x 10 min)
and incubated with HRP-conjugated secondary antibodies di-
Iuted in 3% BSA in TBST (see Table 2). Immunodetection
was performed using SuperSignal West Femto
Chemiluminescent Substrate (Thermo Fisher Scientific) on a
ChemiDoc System (Bio-Rad Laboratories). Protein bands
were analyzed using ImagelLab software (Bio-Rad
Laboratories), and the intensity of the band of interest was
normalized to total protein.

Immunofluorescence

C2C12 cells were grown on 18 mm round glass coverslips in
12-well cell culture plates. Proliferating myoblasts were
grown for 24 h or cells were differentiated until they formed
multinucleated myotubes, after which they were subjected to
heat-shock treatment. Control and heat-shocked myoblasts
and myotubes were fixed with 4% paraformaldehyde (PFA;
Aesar, Ward Hill, MA, USA) in PBS for 15 min at room
temperature, washed in PBS, and permeabilized with 0.1%
Triton X-100 in PBS for 10 min at room temperature. Non-
specific binding sites were blocked with 3% BSA in PBS for
45 min at room temperature, and the cells were incubated
overnight at 4 °C with primary antibodies diluted in blocking
buffer (Table 2). Following PBS washes (3 X 5 min), the cells
were incubated with Alexa Fluor 488-conjugated secondary
antibodies (Table 2) for 2 h at room temperature in the dark.
The cells were then washed with PBS (3 x 5 min) and coun-
terstained with 4'6-diamidino-2-phenylindole (DAPI; 1:1000,
Thermo Fisher Scientific) in PBS. Coverslips were mounted

Gene Forward (5'...3") Reverse (5'...3")

pax7 CGCCATCAACCATGCATCAG GGGGATAAGGGGACTGAGGT
myog CACTCCCTTACGTCCATCGT CAGGACAGCCCCACTTAAAA
hspbl CCTCTTCCCTATCCCCTGAG GCCTCGAAAGTAACCGGAAT
dnajbl TTCGACCGCTATGGAGAGGAA CACCGAAGAACTCAGCAAACA
hspdl CGCCCCGCAGAAATGCTT ACAGTTCTTCCCTTTGGCCC
hspala GCAAGGAGAAGCAGCAGAGT TTTGTGTTTGGACTCTCCCC
hsp90ab1 GCGGCAAAGACAAGAAAAAG CAAGTGGTCCTCCCAGTCAT
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Table 2 List of antibodies used for Western immunoblotting (WB) and immunofluorescence (IF)
Antibody Company Host species WB dilution  IF dilution
Pax7 Developmental Studies Hybridoma Bank, Mouse monoclonal IgG1 1:100
University of lowa, 1A, USA
Myogenin Santa Cruz Biotechnology, Dallas, TX, USA Mouse monoclonal IgG1 1:400
Sarcomeric MyHC (MF20) Developmental Studies Hybridoma Bank, Mouse monoclonal IgG2b  1:5000
University of Iowa, 1A, USA
Hsp25 Enzo Life Sciences, Farmingdale, NY, USA Rabbit polyclonal IgG 1:5000 1:100
Hsp40 Rabbit polyclonal IgG
Hsp60 Goat polyclonal IgG
Hsp70/72 Rabbit polyclonal IgG
Hsp90 Rabbit polyclonal IgG
Anti-mouse HRP GE Healthcare Life Sciences, Marlborough, MA, USA  Sheep 1:5000
Anti-rabbit HRP Donkey 1:5000
Anti-goat HRP Abcam, Cambridge, MA, USA Donkey 1:5000
Alexa Fluor 488 anti-rabbit IgG ~ Thermo Fisher Scientific, Waltham, MA, USA Goat 1:1000
Alexa Fluor 488 anti-goat IgG Donkey 1:1000

onto glass slides using a water-based mounting medium
(Fluoro-Gel; ProSciTech Pty. Ltd., Kirwan, QLD, Australia)
and sealed with nail polish. Immunofluorescence images were
captured on a Zeiss Axio Imager M2 microscope with a
monochrome camera (AxioCam 506) using Zen software
(Carl Zeiss Pty. Ltd., Oberkochen, Germany).

Statistical analysis

All values presented are mean + SEM unless indicated other-
wise. For HSP gene and protein expression analyses in total
cell extracts, a one-way ANOVA with Tukey’s post-hoc test
was used to determine statistical differences between
timepoints. To examine the effect of heat-shock treatment on
protein expression of HSPs, a ¢ test was used. Significance
was set at P <0.05.

Results

Morphological changes and myogenic marker
expression during myogenesis

Prior to analyzing HSP expression during myogenesis, gene
and protein expression profiles of the myogenic markers were
examined in proliferating C2C12 myoblasts (MB) and C2C12
cells differentiated for 1-4 days (Fig. S1a) to confirm the well-
characterized sequence of events during myogenesis. The
mRNA levels of the paired homeobox transcription factor
pax7, a marker of myogenic cell specification, did not change
significantly between myoblasts and differentiating C2C12
cells (Fig. S1b). The gene expression of differentiation marker
myogenin (myog) was barely detectable in myoblasts,
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increased progressively during differentiation peaking at day
3 (165-fold compared to MB; P <0.001), and remained high
at D4 (95-fold relative to MB; P <0.05; Fig. Slc). At the
protein level, Pax7 expression was high in myoblasts and
decreased during differentiation, becoming undetectable by
day 4 (P <0.05; Fig. S1d). Myogenin protein levels increased
progressively during differentiation, peaking at day 3 (55-fold
compared to day 1; P < 0.001), and then declined by 17-fold at
day 4 relative to day 3 (P<0.001; Fig. Sle). Sarcomeric
MyHC, the contractile component of myotubes, was first de-
tected at day 2, and its levels increased and peaked at day 4
(42-fold compared to day 2; P <0.05), during myotube mat-
uration and growth (Fig. S1f). Together, these findings imply
that the morphological changes and expression of myogenic
markers are consistent with the expected temporal sequence
during C2C12 cell proliferation and differentiation.

Expression and subcellular localization of Hsp25
during myogenesis

To characterize expression of Hsp25 during myogenesis, tran-
script levels of the Hsp25-encoding gene (hspbl) were exam-
ined in proliferating C2C12 myoblasts (MB) and C2C12 cells
differentiated for 1-4 days. hspbl mRNA expression did not
change between proliferating cells and cells undergoing dif-
ferentiation (Fig. 1a). At the protein level, Hsp25 expression
was constant between myoblasts and through differentiation
to day 3 and then decreased by 48% at day 4 relative to day 2
and day 3 levels (P < 0.05; Fig. 1b). The localization of Hsp25
was assessed by immunofluorescence in proliferating myo-
blasts and differentiated myotubes under normal culture con-
ditions or following 2 h heat—shock at 42 °C. In control
C2C12 myoblasts, Hsp25 was expressed predominantly in
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Fig. 1 Hsp25 gene expression, protein expression, and subcellular
localization in proliferating and differentiating C2C12 cells. a The
mRNA expression of gene encoding Hsp25 (hspbl) was examined by
semi-quantitative real-time PCR (qPCR) in proliferating myoblasts (MB
or day 0) and C2C12 cells differentiated for 1-4 days. Gene transcript
levels were normalized to cDNA content and expressed relative to MB
levels. b Representative Western blot showing protein expression of
Hsp25 in MB and at days 1-4. Densitometry values were normalized to
total protein and expressed relative to MB levels. Individual data points
and the mean (horizontal line) + SEM shown; 7 = 3 replicates/timepoint.
BP<0.05 vs. day 2; YyP<0.05 vs. day 3. c—d Representative

the cytoplasm (Fig. 1c). Interestingly, a subpopulation of cells
displayed low levels of Hsp25 expression, indicating hetero-
geneity in Hsp25 expression. After heat—shock, Hsp25 formed
distinct aggregates in the perinuclear space in myoblasts (Fig.
Ic). In control C2C12 myotubes, Hsp25 was expressed

immunofluorescence images of C2C12 myoblasts (¢) and myotubes (d)
stained with DAPI and endogenous Hsp25 in the absence of (control; top
row) and after heat-shock treatment at 42 °C for 2 h (bottom row). Arrow
heads indicate a subpopulation of cells with low Hsp25 expression. Scale
bars as indicated. Boxed regions shown at higher magnification. e—f
Western blot analysis showing protein expression of Hsp25 in lysates
prepared from control and heat-shock-treated myoblasts (e) and myotubes
(f). Densitometry values were normalized to total protein content assessed
from the stain-free gel image. Individual data points and the mean (hor-
izontal line) = SEM are shown; n = 6-9 replicates/timepoint

predominantly in the cytoplasm and its distribution did not
change after heat—shock (Fig. 1d). At the whole cell level,
Western immunoblotting confirmed that Hsp25 protein ex-
pression did not change after heat—shock in either myoblasts
(Fig. le) or myotubes (Fig. 11).
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Expression and subcellular localization of Hsp40
during myogenesis

At the transcriptional level, no significant changes were observed
in the expression of the Hsp40-encoding dnajbl gene between
proliferating cells and cells undergoing differentiation (Fig. 2a).

Hsp40 DAPI

Control

In contrast, Hsp40 protein expression decreased by 35% at the
onset of differentiation (day 1) compared to myoblasts (P < 0.05)
and remained at this decreased level to day 4 (Fig. 2b).
Immunolocalization analyses showed that Hsp40 was distributed
diffusely in both cytoplasm and nucleus of C2C12 myoblasts
under control conditions but translocated to the nucleus after
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Fig. 2 Hsp40 gene expression, protein expression, and subcellular
localization in proliferating and differentiating C2C12 cells. a The
mRNA expression of gene encoding Hsp40 (dnajbl) was examined by
qPCR in MB and at days 1-4. Gene transcript levels were normalized to
cDNA content and expressed relative to MB levels. b Representative
Western blot showing protein expression of Hsp40 in MB and at days
1-4. Densitometry values were normalized to total protein and expressed
relative to MB levels. Individual data points and the mean (horizontal
line) + SEM shown; n =3 replicates/timepoint. #P <0.05 vs. MB. ¢—d
Representative immunofluorescence images of C2C12 myoblasts (c)
and myotubes (d) stained with DAPI and endogenous Hsp40 in the
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absence of (control; top row) and after heat-shock treatment at 42 °C
for 2 h (bottom row). In heat-shocked myotubes, Hsp40 formed large
punctate aggregates (red arrowhead), submyonuclear aggregates (orange
arrowhead), and smaller cytoplasmic aggregates (white arrowhead). Scale
bars as indicated. Boxed regions shown at higher magnification. e—f
Western blot analysis showing protein expression of Hsp40 in lysates
prepared from control and heat-shock-treated myoblasts (e) and myotubes
(). Densitometry values were normalized to total protein content assessed
from the stain-free gel image. Individual data points and the mean (hor-
izontal line) + SEM are shown; n=6-9 replicates/timepoint. *P < 0.05
vs. control
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heat—shock (Fig. 2c). In C2C12 myotubes, Hsp40 was expressed
diffusely in cytoplasm and nucleus under control culture con-
ditions but formed large punctate aggregates, sub-nuclear ag-
gregates, and smaller cytoplasmic aggregates after heat-shock
(Fig. 2d). At the whole cell level, Western immunoblotting
confirmed that Hsp40 protein expression did not change in
myoblasts (Fig. 2e) but increased in myotubes (P < 0.05;
Fig. 2f) in response to heat—shock.

Expression and subcellular localization of Hsp60
during myogenesis

The gene encoding Hsp60 (hspdl) was expressed in myo-
blasts and decreased by 57% (P < 0.001) at the onset of dif-
ferentiation (day 1) and remained decreased to day 4 (Fig. 3a).
Similarly, Hsp60 protein levels decreased during early differ-
entiation, declining by 83% at day 2 relative to myoblasts
(P<0.001) and remained low to day 4 (Fig. 3b).
Immunostaining showed that under control conditions
Hsp60 exhibited perinuclear localization in myoblasts (Fig.
3¢) while in myotubes it was distributed more diffusely across
the cytoplasm (Fig. 3d). Hsp60 localization did not change
after heat-shock treatment in either myoblasts or myotubes
(Fig. 3c, d). At the whole cell level, Western immunoblotting
confirmed that Hsp60 protein expression did not change after
heat—shock in either myoblasts (Fig. 3e) or myotubes (Fig. 3f).

Expression and subcellular localization of Hsp70
during myogenesis

The mRNA levels of the Aspala gene which encodes Hsp70
did not change significantly between proliferating cells and
cells undergoing differentiation (Fig. 4a). However, at the
protein level, Hsp70 expression increased following initiation
of differentiation (52% at day 1 compared to MB; P <0.05),
peaked at day 2 (two-fold greater at day 2 compared to MB;
P <0.001), and then progressively returned to myoblast levels
by day 4 (Fig. 4b). Immunostaining showed that Hsp70 ex-
pression was diffused throughout the cytoplasm and nucleus
of C2C12 myoblasts under normal culture conditions and
translocated to the nucleus after heat—shock (Fig. 4¢). In con-
trast, in C2C12 myotubes, Hsp70 was distributed across the
cytoplasm and nucleus under control conditions and after
heat—shock (Fig. 4d). At the whole cell level, Western immu-
noblotting confirmed that Hsp70 protein expression increased
in both myoblasts (P < 0.01; Fig. 4e) and myotubes (P < 0.05;
Fig. 4f) in response to heat—shock.

Expression and subcellular localization of Hsp90
during myogenesis

Neither transcript levels of the Asp90abl gene nor Hsp90 pro-
tein expression changed significantly between proliferating

and differentiating C2C12 cells (Fig. Sa, b). Immunostaining
revealed that Hsp90 localized diffusely across the cytoplasm
and to a lesser extent in the nucleus of both myoblasts and
myotubes under control conditions and after heat—shock (Fig.
5S¢, d). At the whole cell level, Western immunoblotting con-
firmed that Hsp90 protein expression did not change after
heat—shock in either myoblasts (Fig. 5e¢) or myotubes (Fig. 5f).

Discussion

Although a potential role for HSPs in the regulation of
myogenesis has been identified through the whole tran-
scriptome analyses (Liu et al. 2013; Ryall et al. 2015;
Tomczak et al. 2004) and studies have implicated individual
HSPs in regulating specific aspects of myogenesis (Fan et al.
2018; Ito etal. 2001; Senfet al. 2013; Wagatsuma et al. 2011),
there is a lack of information regarding overall changes in
HSP expression that coordinate these events. In this study,
we showed differential expression, cellular localization, and
response to heat stress of Hsp25, Hsp40, Hsp60, Hsp70, and
Hsp90 during changes in myogenic cell state from prolifera-
tion to differentiation, fusion, and maturation, indicating spe-
cific roles for different HSPs during myogenesis.

The changes in expression pattern and subcellular localiza-
tion of Hsp25, Hsp40, Hsp60, Hsp70, and Hsp90 appear to
demonstrate a coordinated network of HSPs that influence the
transition through each cellular phase of myogenesis (Fig. 6).
At the protein level, Hsp25 expression was maintained during
the first three days of differentiation and then decreased at day
4. As this coincides with the increase in myosin expression, it
indicates a potential role in myotube maturation and myofi-
brillar organization. In support of this contention, Hsp25 is
known to stabilize cytoskeletal and contractile proteins in
multiple cell types and models (Koh and Escobedo 2004;
Mounier and Arrigo 2002) and has been implicated in the
initial organization of myofibril assembly in developing
myotubes, via association with actin microfilaments
(Dubinska-Magiera et al. 2014). Furthermore, Hsp25, during
both development and after maximal eccentric exercise, local-
izes to specific sarcomeric structures including the Z-disks
and I-bands, indicating a role for Hsp25 in the maintenance
of myofibrillar organization and protection of myofibrils
(Paulsen et al. 2007). In contrast to Hsp25, Hsp70 protein
levels increased during the early stages of C2C12 differentia-
tion, peaking at day 2, and then returning progressively to
baseline. The peak expression level at day 2 precedes the
increase in myogenin expression, suggesting a potential role
for Hsp70 in myogenic differentiation and the formation of
nascent myotubes. Previously, siRNA-mediated Hsp70
knockdown was shown to impair myoblast differentiation by
decreasing the number of myogenin positive myoblasts,
resulting in shorter and thinner MyHC-positive myotubes
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Fig. 3 Hsp60 gene expression, protein expression, and subcellular
localization in proliferating and differentiating C2C12 cells. a The
mRNA expression of gene encoding Hsp60 (hspdl) was examined
qPCR in MB and at days 1-4. Gene transcript levels were normalized
to cDNA content and expressed relative to MB levels. b Representative
Western blot showing protein expression of Hsp60 in MB and at days 1—
4. Densitometry values were normalized to total protein and expressed
relative to MB levels. Individual data points and the mean (horizontal
line) = SEM shown; n =3 replicates/timepoint. #P <0.05 vs. MB;
aP <0.05 vs. day 1. e—d Representative immunofluorescence images of

with fewer nuclei (Fan et al. 2018). Together, these findings
strongly implicate a role for Hsp70 in early myogenic
differentiation.

Protein expression of both Hsp40 and Hsp60 decreased
during the early stages of differentiation. The decline in
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C2C12 myoblasts (¢) and myotubes (d) stained with DAPI and
endogenous Hsp60 in the absence of (control; top row) and after heat-
shock treatment at 42 °C for 2 h (bottom row). Scale bars as indicated.
Boxed regions shown at higher magnification. e—f Western blot analysis
showing protein expression of Hsp60 in lysates prepared from control and
heat-shock-treated myoblasts (e) and myotubes (f). Densitometry values
were normalized to total protein content assessed from the stain free gel
image. Individual data points and the mean (horizontal line) = SEM are
shown; n = 6 replicates/timepoint

Hsp40 protein expression at the onset of C2C12 differentia-
tion suggests a role in terminal cell cycle withdrawal of myo-
blasts, like that observed in other cell types (Cheng et al. 2005;
Tsai etal. 2006; Zhang et al. 2008). The Hsp40 family proteins
may therefore regulate cell cycle withdrawal of myoblasts by
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Fig. 4 Hsp70 gene expression, protein expression, and subcellular
localization in proliferating and differentiating C2C12 cells. a The
mRNA expression of gene encoding Hsp70 (hspala) was examined by
gqPCR in MB and at days 1-4. Gene transcript levels were normalized to
cDNA content and expressed relative to MB levels. b Representative
Western blot showing protein expression of Hsp70 in MB and at days
1-4. Densitometry values were normalized to total protein and expressed
relative to MB levels. Individual data points and the mean (horizontal
line) = SEM shown; n =3 replicates/timepoint. #P <0.05 vs. MB;
aP <0.05 vs. day 1; BP<0.05 vs. day 2. c—d Representative

controlling localization of cell cycle regulators and muscle-
specific regulatory factors. Hsp60 protein levels declined dur-
ing the early stages of C2C12 differentiation and exhibited
perinuclear staining in myoblasts and diffuse cytoplasmic
staining in myotubes, suggesting divergent roles during
myogenesis. The perinuclear expression in myoblasts

immunofluorescence images of C2C12 myoblasts (¢) and myotubes (d)
stained with DAPI and endogenous Hsp70 in the absence of (control; top
row) and after heat-shock treatment at 42 °C for 2 h (bottom row). Scale
bars as indicated. Boxed regions shown at higher magnification. e—f
Western blot analysis showing protein expression of Hsp70 in lysates
prepared from control and heat-shock-treated myoblasts (e) and myotubes
(f). Densitometry values were normalized to total protein content assessed
from the stain free gel image. Individual data points and the mean (hor-
izontal line) = SEM are shown; n = 6-9 replicates/timepoint. *P <0.05,
*##*P <0.001 vs. control

suggests mitochondrial localization, consistent with well-
known roles of Hsp60 in mitochondria-resident processes,
such as protein folding and mitochondrial biogenesis
(Deocaris et al. 2006). The presence of Hsp60 in the cyto-
plasm of myotubes might reflect a pro-survival mechanism
responsible for protecting against apoptosis, since cytoplasmic
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Fig. 5 Hsp90 gene expression, protein expression, and subcellular
localization in proliferating and differentiating C2C12 cells. a The
mRNA expression of gene encoding Hsp90 (isp90abl) was examined
by qPCR in MB and at days 1—4. Gene transcript levels were normalized
to cDNA content and expressed relative to MB levels. b Representative
Western blot showing protein expression of Hsp90 in MB and at days 1—
4. Densitometry values were normalized to total protein and expressed
relative to MB levels. Individual data points and the mean (horizontal
line) £ SEM shown; n =3 replicates/timepoint. ¢—d Representative

Hsp60 inhibits caspase-3 activation (Kirchhoff et al. 2002; Lin
et al. 2001; Zhang et al. 2004).

In contrast to all other HSPs examined, we observed no
differences in Hsp90 protein expression, although Hsp90
was localized to the cytoplasm in both myoblasts and
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immunofluorescence images of C2C12 myoblasts (¢) and myotubes (d)
stained with DAPI and endogenous Hsp90 in the absence of (control; top
row) and after heat-shock treatment at 42 °C for 2 h (bottom row). Scale
bars as indicated. Boxed regions shown at higher magnification. e—f
Western blot analysis showing protein expression of Hsp90 in lysates
prepared from control and heat-shock-treated myoblasts (e) and myotubes
(f). Densitometry values were normalized to total protein content assessed
from the stain-free gel image. Individual data points and the mean (hor-
izontal line) = SEM are shown; n = 6 replicates/timepoint

myotubes. A potential role for Hsp90 in myotube formation
has been suggested (Wagatsuma et al. 2011), despite the
Hsp90 inhibitor geldanamycin being unable to reduce Hsp90
expression. Further in vitro and in vivo studies are needed to
conclusively determine the role of Hsp90 during myogenesis.
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Fig. 6 Coordinated expression of
HSPs during myogenesis under
control and heat-shock
conditions. Protein expression
profile of Hsp25, Hsp40, Hspo60,
Hsp70, and Hsp90 in relation to
myogenic markers and each other
in myoblasts (MB) and during
days 14 of cell differentiation.
Figure depicts phases of MB
myogenesis with proposed Hsp
involvement and changes in Hsps
with heat stress

Hsp40

Hsp25

;

HEAT STRESS
(42°C 2h)

MB MT

Interestingly, except for Hsp60 (ispdl) whose transcript
levels at the onset of differentiation preceded a reduction in
Hsp60 protein levels during early differentiation, no changes
were observed in mRNA expression of other HSPs during
myogenesis, despite distinct changes in protein levels. This
suggests that the protein changes observed may be attributed
to post-transcriptional and post-translational modifications
regulating HSP expression. The expression of both Hsp60
and Hsp70 is regulated by the muscle-specific microRNAs
(MyomiRs) miR-1 and miR-206 (Kukreti et al. 2013; Shan
et al. 2010). Additionally, the expression and localization of
many HSPs is regulated by post-translational modification,
such as phosphorylation, methylation, acetylation, and
ubiquitination (Cloutier and Coulombe 2013). How HSP ex-
pression and localization is affected by post-transcriptional
and/or post-translational modification remains to be
investigated.

In response to heat stress, protein expression of Hsp70
increased in both myoblasts and myotubes, Hsp25, Hsp60,

Days of differentiation

and Hsp90 were unchanged, and Hsp40 expression was dif-
ferentially regulated in myoblasts compared to myotubes.
Regarding localization, in both myoblasts and myotubes,
Hsp25, Hsp60, and Hsp90 localization did not change after
heat—shock, whereas, in agreement with previous reports
(Velazquez and Lindquist 1984; Welch and Feramisco
1984), Hsp70 translocated to the nucleus. Hsp25 formed dis-
tinct speckled aggregates in the cytoplasm of myoblasts after
heat stress, which potentially contain Hsp25 oligomers that
prevent aggregation of denatured proteins through refolding
or accelerated degradation (Ehrnsperger et al. 1997). Hsp40
translocated to the nucleus of myoblasts but not myotubes
after heat—shock. In multiple mammalian cell lines with sim-
ilar kinetics of nuclear translocation, Hsp40 has been shown to
colocalize with Hsp70 (Hattori et al. 1993; Yamane et al.
1995) and regulate Hsp70 function (Fan et al. 2003). As
Hsp40 lacks a nuclear localization sequence, the two may
form a complex that translocates to the nucleus after heat
stress (Ohtsuka 1993). This suggests that Hsp40 and Hsp70
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may function together in myoblasts but not myotubes, indi-
cating distinct roles in response to heat stress in different myo-
genic states.

In conclusion, the differential expression of Hsp25, Hsp40,
Hsp60, Hsp70, and Hsp90 during myogenesis implicates spe-
cific roles for individual HSPs in this process. Our character-
ization of HSP expression during muscle fiber development
and observation that some HSPs respond differently to heat
stress at different stages of myogenesis also highlights the
potential for therapeutic manipulation or specific modification
of HSPs at crucial times during differentiation and prolifera-
tion, worthy of further investigation. Successful approaches
would find broad clinical application for conditions where
muscle regeneration is compromised, including muscular dis-
eases and related muscle wasting conditions, hastening reha-
bilitation after injury, orthopedic and reconstructive surgeries,
with aging, and in sports medicine.
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