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Abstract: Activating transcription factor 6α (ATF6α) is an endoplasmic reticulum protein known to
participate in unfolded protein response (UPR) during ER stress in mammals. Herein, we show that
in mouse C2C12 myoblasts induced to differentiate, ATF6α is the only pathway of the UPR activated.
ATF6α stimulation is p38 MAPK-dependent, as revealed by the use of the inhibitor SB203580, which
halts myotube formation and, at the same time, impairs trafficking of ATF6α, which accumulates at
the cis-Golgi without being processed in the p50 transcriptional active form. To further evaluate the
role of ATF6α, we knocked out the ATF6α gene, thus inhibiting the C2C12 myoblast from undergoing
myogenesis, and this occurred independently from p38 MAPK activity. The expression of exogenous
ATF6α in knocked-out ATF6α cells recover myogenesis, whereas the expression of an ATF6α mutant
in the p38 MAPK phosphorylation site (T166) was not able to regain myogenesis. Genetic ablation
of ATF6α also prevents the exit from the cell cycle, which is essential for muscle differentiation.
Furthermore, when we inhibited differentiation by the use of dexamethasone in C2C12 cells, we
found inactivation of p38 MAPK and, consequently, loss of ATF6α activity. All these findings
suggest that the p-p38 MAPK/ATF6α axis, in pathophysiological conditions, regulates myogenesis
by promoting the exit from the cell cycle, an essential step to start myoblasts differentiation.

Keywords: C2C12; myogenesis; unfolded protein response; activating transcription factor 6 α

(ATF6α); p38 Mitogen-Activated Protein Kinase (MAPK)

1. Introduction

In differentiated skeletal muscle cells, the endoplasmic reticulum (ER) membranes
expand like a continuous network, which is called sarcoplasmic reticulum (SR). Here,
specialized domains are devoted to the control of Ca++ storage and release required for
muscle contraction [1,2]. Apart from this, ER membranes house the entire signal trans-
duction battery of the unfolded protein response (UPR) consisting of the protein kinase
RNA-like Endoplasmic Reticulum kinase (PERK), the Inositol-requiring protein 1 (IRE1)
and the activating transcription factor 6α (ATF6α) [3–5]. The UPR is finely regulated by the
glucose-regulated protein 78 (GRP78), also referred to as BiP, which under ER stress, binds
misfolded proteins accumulating within the ER, leaving each UPR transducer-free [5,6]. In

Biomedicines 2023, 11, 1457. https://doi.org/10.3390/biomedicines11051457 https://www.mdpi.com/journal/biomedicines

https://doi.org/10.3390/biomedicines11051457
https://doi.org/10.3390/biomedicines11051457
https://creativecommons.org/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://www.mdpi.com/journal/biomedicines
https://www.mdpi.com
https://orcid.org/0000-0001-9320-6080
https://orcid.org/0000-0001-8971-8964
https://orcid.org/0000-0002-3603-5526
https://orcid.org/0000-0001-7412-7918
https://orcid.org/0000-0001-5773-0803
https://orcid.org/0000-0002-7541-0472
https://orcid.org/0000-0002-3698-3497
https://orcid.org/0000-0002-0526-2152
https://doi.org/10.3390/biomedicines11051457
https://www.mdpi.com/journal/biomedicines
https://www.mdpi.com/article/10.3390/biomedicines11051457?type=check_update&version=3


Biomedicines 2023, 11, 1457 2 of 21

this way, these proteins can activate distinct pathways to coordinate a defensive response,
aiming to reduce the engulfment of misfolded proteins within the ER. This condition is
known as ER stress, against which the UPR responds by activating the transcription and/or
translation of folding factors operating the quality control (QC) of protein folding within
the ER [7–9]. In response to ER stress, the UPR reduces the amount of protein entering
the ER by downregulation protein synthesis and enhances misfolded proteins degradation
by activating the ubiquitin/proteasomal and/or autophagy pathways [10–13]. Indeed,
ER stress is usually a transitory disorder, but when the stress is irreversible, the strong
imbalance of the redox homeostasis and the accumulation of toxic aggregates initiate the
cell death program, which is in part promoted by the UPR itself [14].

Myogenesis is a multistep process, in which myoblasts arrest cell division and then
start to elongate and fuse forming multinucleated myotubes [15]. These events take place
in both muscle development and in muscle regeneration [16] and are driven by the ex-
pression of myogenic regulatory factors (MRFs) including myogenic factor 5 (Myf5) [17],
the myoblast determination protein 1 (MyoD) [18], myogenin (MyoG) [19], the myogenic
regulatory factor 4 (MRF4) [20] and, finally, the myocyte enhancer factor (MEF2) [21].

A number of investigations indicate that the p38 MAPK signaling presides over
myogenic differentiation or cross-talks with the UPR [22,23]. Indeed, inhibition of the p38
MAPK blocks expression of muscle-specific genes and myotube formation [24].

Although ER stress activates simultaneous with the UPR pathways [10,14], differential
regulation of the single pathways occurs in several physiological processes. For example,
the thyroglobulin synthesis in thyrocytes activates PERK and ATF6α but not the splicing of
XBP-1 mRNA by IRE1 [25]. Similar to what we observe in C2C12 myogenesis, differentiat-
ing B cells undergo an extensive expansion of the ER network and an increased expression
of ER chaperones, which allows cells to produce huge amounts of Ig [26]. In a similar
way to what we see, this kind of response demands ATF6α activation, whereas PERK is
specifically suppressed to warrant normal protein synthesis, which is highly necessary
during myotube development [16,27,28].

An inverse relationship between the PERK activity and muscle differentiation is
quite common. Indeed, an increased expression of CHOP, a downstream target of PERK,
inhibits myogenic differentiation by repressing the transcription factor MyoD [29]. In other
examples, such as upon muscle injury, PERK is required to expand satellite cells (SCs) at
the regeneration site, where SCs will differentiate [28,30,31]. Thus, PERK is constitutively
active in quiescent SCs. However, when these cells start differentiation, both PERK and the
phosphorylation of its downstream target, eIF2α, are reduced. Moreover, PERK ablation
or the expression eIF2α phosphorylation mutant (eIF2αS51A) generates a loss of SCs’
quiescence state and drives the induction of differentiation [30].

Concerning IRE1, a number of reports suggest that this branch of the UPR could give
opposite results in myoblasts differentiation. Indeed, while on the one hand both IRE1 and
XBP1 knockdown suppress C2C12 myoblasts differentiation [32], XBP1 overexpression in-
hibits the expression of myogenic factors as well as the formation of myotubes by enhancing
the expression of Mist1, a negative regulator of MyoD [33]. Furthermore, although chronic
stress can induce IRE1 to activate pro-apoptotic c-Jun N-terminal kinase (JNK) [34], during
differentiation, the JNK/MAPK pathway is downregulated, and IRE1α inhibition leads
to the hyperactivation of p38 MAPK (but not of JNK) and myotubes formation in C2C12
cells [35,36]. Therefore, as regards IRE1, our results support the idea that this pathway of
the UPR is not necessary for myoblasts differentiation.

To date, few studies have explored the role of ATF6α in promoting myogenesis, and little
is known about the involvement of ATF6α in the development of skeletal muscles [27,37,38]. In
other contexts, p38 MAPK phosphorylates a threonine residue at position 166 of the ATF6α
protein, and mutants at this site fail to undergo proteolytic processing at the Golgi complex,
indicating that ATF6α phosphorylation by p38 MAPK is crucial for the proteolytic cleavage,
which transforms ATF6α into the transcription factor p50 ATF6α [39,40]. Therefore, we
investigated the activation modes and the effect of the genetic ablation of ATF6α on the
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myogenesis of mouse myoblast cell line C2C12. Our results suggest, for the first time, the
important role of the p38 MAPK/ATF6α pathway during muscle cell differentiation.

2. Materials and Methods
2.1. Cell Culture and Treatments

Mouse C2C12 myoblasts were purchased from the American Type Culture Collection
(ATCC, Rockville, MD, USA) [41]. Cells were cultured in a growth medium (GM) containing
Dulbecco’s Modified Eagle’s Medium (DMEM, Gibco, Invitrogen, Grand Island, NY, USA)
supplemented with a 10% fetal bovine serum (FBS) and 1% penicillin/streptomycin at 37 ◦C
and 5% CO2. Myotube formation was induced by growing C2C12 myoblasts in a differenti-
ation medium (DM) containing 2% horse serum and 1% penicillin/streptomycin for 24, 48
and 72 h. Cells were incubated for 5 h with tunicamycin (TN) (Sigma–Aldrich, Darmstadt,
Germany) 2 µg/mL to induce ER stress [41]. Treatment with 10 µM p38 inhibitor SB203580
(SB) (Sigma–Aldrich, Darmstadt, Germany) was performed for 72 h during myotube in-
duction in DM [42]. For Dexamethasone (DEX) (Sigma–Aldrich, Darmstadt, Germany),
treatment cells were induced in DM for 24 h and then incubated in the same medium for
48 h with 10 µM DEX.

2.2. Genetic Ablation of the ATF6α Gene and Isolation of Knock out ATF6α C2C12 Myoblasts

ATF6α knockout was performed using the lentiCRISPRv2 plasmid to knockout ATF6α.
Short guide RNAs (sg RNAs) against ATF6α [43] 0.1 pmoL/µL sg RNA pairs (5-TTTAGT
CCGGTTCTTCCTCAT-3 and 5-ATGAGGAAGAACCGGACTAAA-3) was introduced to
the lentiCRISPRv2 plasmid through digestion/ligation cycles using BsmBI and T4 ligase
(NEBridge® Golden Gate Assembly Kit E1602S, New England Biolabs, Ipswich, MA, USA).
Stable transfectants were selected in a growth medium containing 4 µg/mL Puromycin
(Sigma–Aldrich, Darmstadt, Germany). Sub-confluent cells were transfected 24 h after
plating by using TRANSIT (Mirus, Madison, WI, USA). Empty lentiCRISPRv2 vectors were
used to generate clones as an un-edited control (EV), while un-transfected C2C12 cells were
used as a basal control. Stable transfectants were isolated by collecting individual clones,
which were further amplified. Single clones and bulk culture (pool) were analyzed by
Western blotting to verify gene inactivation. Clone 8 was chosen for further characterization
(Supplementary Figure S1).

2.3. Construction of T166A and S130A ATF6α Mutants

Plasmid expressing p3xFlagATF6α (Addgene, Watertown, MA, USA) was used as
a template for mutagenesis to obtain mutants T166A [44] and S130A, identified as puta-
tive p38 MAPK phosphorylation sites in ATF6α by using the NetPhos 3.1 Server (https:
//services.healthtech.dtu.dk/service.php?NetPhos-3.1, accessed on 15 September 2022),
which revealed seven putative p38 MAPK phosphorylation sites in the ATF6 protein se-
quence: S13; S16; S94; S130; T166; and S548. Phosphorylation sites T166 and S130, not
yet characterized, were chosen for the experimental procedures. Mutagenesis of plasmid
p3xFlag-ATF6α, expressing full-length wild type human ATF6α (Addgen, MA, USA), was
obtained by using the In-Fusion Cloning Kit (Takara Bio, Shiga, Japan). Two different pairs
of Inverse primers (FW-S130A 5′-TCAGATGGCCCCCCTTTCCTTATATGGTGAAAAC-3′

and Rev-S130A 5′-AGGGGGGCCATCTGAGAACTAGAAGACAAATCC-3′; FW-T166A 5′-
TGGACTGGCCCCAAAGAAAAAAATTCAGGTGAA-3′ and Rev-T166A TTTGGGGCCA
GTCCATTTTCAGTCTTGTTCCT) were used to amplify the p3xFlag-ATF6α vector and to
obtain serine/alanine (S130A) and threonine/alanine (T166A) substitution, respectively.
For the In-Fusion Cloning reaction, the linear DNA was re-circularized at the site of the
15 bp overlap and mutagenic changes were included. Finally, constructs were validated by
Sanger sequencing (Eurofins Genomics Services, Ebersberg, Germany).

https://services.healthtech.dtu.dk/service.php?NetPhos-3.1
https://services.healthtech.dtu.dk/service.php?NetPhos-3.1
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2.4. Western Blotting Analysis

Whole-cell lysate was prepared by lysing cells in a solution containing 50 mM Tris–
HCl pH 8.0, 150 mM NaCl, 0.5% sodium deoxycholate, 0.1% SDS, 1 mM EDTA, 1% Igepal,
1× protease inhibitor and a phosphatase inhibitor cocktail, as described previously [45,46].
Protein concentration was determined by the Bradford protein assay. Proteins were loaded
on 10% SDS–PAGE and detected by Western blotting. After electrophoresis, proteins were
transferred to a nitrocellulose membrane and then incubated with the specific primary
antibody. Prestained Protein Ladders were purchased from Bio-rad laboratories, Inc. Italy.
The following antibodies were used: mouse monoclonal antibody raised against MyoG;
mouse monoclonal antibody raised against p-p38 MAPK; mouse polyclonal antibody raised
against p38; mouse monoclonal antibody raised against GAPDH; rabbit monoclonal anti-
body raised against ATF6 (Santa Cruz Biotechnology, Dallas, TX, USA); rabbit monoclonal
antibody raised against Calnexin (Cell Signaling, Danvers, MA, USA); and mouse mono-
clonal antibody raised against GM130 (BD Transduction Laboratory, San Jose, CA, USA).
After incubation with the appropriate anti-rabbit or anti-mouse (Pierce, Thermo Fisher Sci-
entific, Waltham, MA, USA) peroxidase-linked secondary antibody, detection was achieved
using the Enhanced Chemiluminescence (ECL) kit (Advansta, San Jose, CA, USA). Densito-
metry analysis was performed using the free image-processing software ImageJ version
1.47 (http://rsb.info.nih.gov/ij/, accessed on 10 November 2022).

2.5. RNA Extraction, Reverse Transcription (RT), XBPI Splicing Assay and Quantitative
Real-Time Polymerase Chain Reaction (qPCR)

Total RNA was purified by using an ultrapure TRizol reagent (Gibco, Thermo Fisher
Scientific, Whaltam, MA, USA) according to the manufacturer’s instructions. The con-
centration and purity of RNA were determined spectrophotometrically by reading the
absorbance at 260 and 280 nm. Aliquots of total RNA were subjected to DNase I digestion
(Thermo Fisher Scientific, Waltham, MA, USA) and reverse transcribed using EasyScript
Plus cDNA Synthesis Kit (abm, Vancouver, BC, Canada) according to the manufacturer’s
protocol. Real-time PCR was carried out using the PowerUP Syber green master mix
(Thermo Fisher Scientific, MA, USA), the Quant Studio 7 Flex instrument and the fast
gene-expression method with the following conditions: a first denaturation step at 95 ◦C
for 20 s followed by 40 cycles at 95 ◦C for 1 s, 60 ◦C for 30 s, and then melting curve
analysis was performed, raising the temperature from 60 ◦C until 95 ◦C with a 0.5 ◦C/s
increase. Reactions were carried out in triplicate, and the 18S gene was used as an internal
control to normalize the variability in expression levels. The 2−∆∆CT (cycle threshold)
method was used to calculate the results, and mRNA expression levels were determined
as fold-induction relative to the Ctrl cells, set as 1 [47]. The primers used for the qPCR
reactions are the following: GRP78/BiP forward, 5′-TCTGGTGATCAGGATACAGGTG-
3′; GRP78/BiP reverse, 5′ATGATTGTCTTTTGTTAGGGGTGC-3′; Calnexin forward, 5′-
GGTCTCTGTCAGGGTGGATTTTAT-3′; Calnexin reverse, 5′-TGGAAGCTTTGTTTCCTT
CATCTC-3′; Calreticulin forward, 5′-CCTGAATACTCCCCCGATGC-3′; Calreticulin re-
verse, 5′-ATTGTCCCGGACTTGACCTG-3′; MyoG forward, 5′-AGGAGATTTGCTCGCGG-
3′; MyoG reverse, 5′-CAGTTGGGCATGGTTTCGTC-3′; 18S forward, 5′-CGGCTACCAC
ATCCAAGGAA-3′; and 18S reverse, 5′-GGGCCTCGAAAGAGTCCTGT-3′. Primers were
designed using NCBI primer Blast. NM_ accession of each gene was retrieved from
https://www.ncbi.nlm.nih.gov/nucleotide (accessed on 4 October 2021) and used as input,
in order to use the mRNA sequence for primer design. The primer melting temperature was
set to be 60 ◦C. The “Exon junction span” parameter was selected as “primer must span an
exon-exon junction” and “Intron inclusion” parameter was flagged. Finally, “Primer speci-
ficity stringency” was set as “Primer must have at least 3 total mismatches to unintended
targets, including at least 3 mismatches within the last 5 bps at the 3′ end”.

RT-PCR and XBPI Splicing Assay: Total RNA was retro-transcribed with the EasyScript
Plus cDNA Synthesis Kit (abm, Vancouver, BC, Canada) according to manufacturer instruc-
tions. To amplify the mouse XBP1 mRNA, PCR was carried out for 30 cycles (94 ◦C for 2 min;

http://rsb.info.nih.gov/ij/
https://www.ncbi.nlm.nih.gov/nucleotide
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55 ◦C for 30 s; and 72 ◦C for 2 min followed by 10 min at 72 ◦C) using the following primers
forward, 5′-CCTTGTGGTTGAGAACCACC-3′; and reverse, 5′-CTAGAGGCTTGGTGTATA-
3′, as previously described [48]. Un-spliced and spliced XBP1 mRNA were separated by gel
electrophoresis on 3% agarose gel. Safeview (abm, Vancouver, Canada)-stained amplicons
were quantified by densitometry with ImageJ version 1.47 (http://rsb.info.nih.gov/ij/,
accessed on 10 November 2022).

2.6. Phase-Contrast and Confocal Microscopy

To perform immunofluorescence analysis, undifferentiated and differentiated cells
were washed in phosphate-buffered saline (PBS), fixed in PBS-4% paraformaldehyde and
permeabilized with 0.1% Triton X-100 in PBS for 5 min [49]. Thereafter, cells were stained
with Phalloidin-Tetra-methyl-rhodamine B isothiocyanate (Merk, Darmstadt, Germany);
antibodies anti-GRASP 65 or anti-GM130 was used to visualize the Golgi (BD Transduction
Laboratory, San Jose, CA, USA) for 1 h; rabbit antibody was raised against ATF6 (Santa Cruz
Biotechnology, Dallas, TX, USA); to visualize ER in vivo staining was performed by using
an endoplasmic reticulum-tracker (ER-tracker) (Invitrogen, Whaltam, MA, USA); rabbit
monoclonal anti-Flag antibody was used to visualize 3XFLAG ATF6α (Cell Signaling, Dan-
vers, MA, USA) for 1 h; and 4′,6-diamidino-2-phenylindole (DAPI) was used to visualize
the nuclei. After washing, coverslips were mounted with a Vecta-mount medium. Images
were acquired with a laser scanning confocal microscope TCS SP5 (Leica MicroSystems,
Mannheim, Germany) equipped with a plan Apo 40X, NA 1.4 oil immersion objective
lens. Pictures were processed using LAS-AF Software (Leica MicroSystems, Germany)
to reconstruct the x-axis projection using stack images [50]. Co-localization analysis was
performed by using Leica SP5 of 30 cells for each sample, as previously described [51].
The co-localization rate reported in figures was calculated by using the proprietary co-
localization algorithm in Leica Software (LAS-AF 2.7.3.9723). The value indicates the
extent of co-localization as a percentage and is calculated for each pair of fluorophores
from the ratio between the number of co-localizing fluorescent pixels and the number
of the total fluorescent pixels of the two fluorophores in the image. In particular, the
co-localization rate of ATF6 vs. DAPI was calculated by dividing their co-localizing pixels
by the sum of ATF6 and DAPI pixels (number of ATF6-DAPI co-localizing pixels/number
of ATF6 + DAPI pixels). The same algorithm was used to calculate the rate of ATF6-Golgi
co-localization (number of ATF6-Golgi co-localizing pixels/number of ATF6 + Golgi pix-
els) and ATF6-ER co-localization (number of ATF6-ER co-localizing pixels/number of
ATF6 + ER pixels). Phase-contrast images were captured using a Leica DM IL LED inverted
microscope (10× objective) (Meyer Instruments, Huston, TX, USA).

2.7. Evaluation of Apoptosis and Cell Cycle

To determine the number of apoptotic nuclei and cell cycle phases analysis, cells
(4 × 105 cells/well) were seeded into 12-well plates; at the end of each treatment, cell
suspensions were centrifuged, and pellets were resuspended in a hypotonic lysis solution
containing 50 µg/mL propidium iodide (PI). After incubation at 4 ◦C for 30 min, cells were
analyzed by a Becton Dickinson FACScan flow cytometer, using the Cell Quest software
version 4 [52,53]. Cellular debris was excluded from the analysis by raising the forward
scatter threshold, then the percentage of cells in the hypodiploid region (sub G0/G1), G1,
G2 and S phase were calculated.

2.8. Statistical Analysis

Statistical significance was determined by one-way analysis of variance (ANOVA),
followed by Bonferroni test. Each value represents the mean ± SD of at least three indepen-
dent experiments performed in triplicate (* p < 0.05, ** p < 0.01, *** p < 0.001).

http://rsb.info.nih.gov/ij/
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3. Results
3.1. ATF6α Is the Only UPR Pathway Activated in Differentiating Mouse C2C12 Myoblasts

First, we tested whether myogenesis of C2C12 myoblasts requires the unfolded protein
response by analyzing the activity of each component of the UPR pathways.

The progress of myogenesis was assessed by culturing cells in a differentiating medium
(DM) supplemented with 2% horse serum (Figure 1).

Phase-contrast microscopy revealed that the formation of myotubes already appeared
at 24 h, following cell incubation in DM. However, the higher number of multinucleated
cells was obtained after 72 h in DM compared to the control cells kept in a normal growth
medium (GM) (Figure 1A). The morphological results were confirmed by the increased
levels at the different time points of C2C12 differentiation of MyoG mRNA (Figure 1B) as
well as of the MyoG protein (Figure 1C), as determined by quantitative real-time RT-PCR
and Western blotting, respectively.

Activation of the endogenous ATF6α was assessed by measuring the amount of
the un-cleaved p90-ATF6α protein against the cleaved p50 form of ATF6α in the C2C12
myoblast, cultured in GM or in DM for the times indicated (Figure 1D). As such, in the
cells grown in GM we observed, by Western blotting, only the un-cleaved p90-kDa form of
ATF6α, proving that the UPR transducer is not active in the undifferentiating myoblasts.
Instead, under differentiation, we revealed that ATF6α was in the p50 kDa form, which
was increased by time, as shown by densitometric analysis in Figure 1E, demonstrating
that ATF6α is activated during myogenesis.

Interestingly, in our experiments, we did not observe an activation of either PERK or
IRE1 (Figure 1F,G). To establish PERK activation, we analyzed, by Western blotting, the
level of phosphorylated PERK form (p-PERK) expressed in C2C12 incubated in GM or DM
for different time intervals (Figure 1F). PERK phosphorylation could be detected by the
appearance of a band-shift of the PERK protein as a consequence of the higher molecular
weight acquired by its auto-phosphorylation [48,54]. As we expected, results revealed
that in the control cells exposed to tunicamycin (TN), we did detect the phosphorylated
(p-PERK) form of the protein. Instead, we revealed that levels of unphosphorylated PERK
were progressively reduced by DM incubation.

The IRE1 endonuclease activity was established by assaying the expression of the
spliced form of XBP1 in the C2C12 mRNAs extracted at the different times of myogenesis
(Figure 1G). Results showed that spliced XBP1 mRNA (426 bps) appeared only when
the cells were treated with tunicamycin (TN), while all the other samples showed exclu-
sively the un-spliced form (452 bps). As for PERK, we observed that the expression of
the endogenous protein was even suppressed during the induction of C2C12 myogene-
sis, demonstrating that myotube biogenesis in differentiating C2C12 myoblasts does not
necessitate both IRE1 and PERK activity.

Finally, when we measured, by qPCR, the mRNA level of three markers of the ER
stress, namely GRP78/BiP, Calnexin and Calreticulin (Figure 1H), we found that all of them
were significantly increased (p ≤ 0.001) in differentiating myoblasts with respect to the
cells growing in GM, suggesting that C2C12 myoblasts, during myogenesis, are sustained
by ATF6α.

3.2. p38 MAPK Phosphorylation Drives Activation of ATF6α during Myogenesis

Since it has long been known that the p38 MAPK signaling pathway drives myoge-
nesis [55], we investigated whether the p38 MAPK is required for ATF6α activation. To
this aim, C2C12 myoblasts were cultured in GM or DM for 72 h and incubated or not with
the p38 MAPK inhibitor SB203580 (Figure 2). Western blot analysis (Figure 2A) revealed
that SB203580 was able to reduce the cleavage of the endogenous ATF6α compared to
what was found in the C2C12 myoblasts stimulated to differentiate, as also shown by the
densitometric analysis (Figure 2B).
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Figure 1. ATF6α activation in differentiating mouse C2C12 myoblasts. (A) Phase-contrast micro-
graphs of C2C12 cultured in GM (point 0) or DM for 24, 48 and 72 h. Scale bar = 10 µm. (B) Quanti-
tative qPCR analysis of MyoG mRNA expression levels in C2C12 cells. 18S was used as the internal 
control. *** indicates statistical significance compared to control cells (point 0) kept in GM (p ≤ 0.001). 

Figure 1. ATF6α activation in differentiating mouse C2C12 myoblasts. (A) Phase-contrast micrographs
of C2C12 cultured in GM (point 0) or DM for 24, 48 and 72 h. Scale bar = 10 µm. (B) Quantitative
qPCR analysis of MyoG mRNA expression levels in C2C12 cells. 18S was used as the internal control.
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*** indicates statistical significance compared to control cells (point 0) kept in GM (p ≤ 0.001). (C)
Western blotting showing MyoG protein expression levels during the time course of differentiation.
GAPDH was used as a loading control for cell lysates. (D) Western blot analysis of the ATF6α 90 kDa
protein and its cleaved 50 kDa active form in C2C12 cells non-incubated or incubated with DM for
24, 48 and 72 h. GAPDH was used as a loading control for cell lysates. (E) Densitometric analysis of
cleaved ATF6α and total protein expression levels. Experiments were performed in triplicate and
quantitative results were performed as follows: p90 ATF6 alpha optical density/GAPDH optical
density; p50 ATF6 alpha optical density/GAPDH optical density; and then p50 ATF6 protein were
calculated as folds (%) respective to the p90 ATF6 values set as 100%. Each bar represents the
mean ± SD (n = 3). * and *** indicate statistical significance compared to the controls (p ≤ 0.05;
p ≤ 0.001, respectively). (F) Western blot analysis of PERK protein. GAPDH was used as a loading
control for cell lysates. (G) RT-PCR was used to detect XBP1 mRNA forms. Total RNA fractions
extracted from C2C12 cells incubated in GM (point 0) or in DM for 24, 48 and 72 h were analyzed.
The migration on the gel of the un-spliced, 452 bp and spliced, 426 bp is indicated. (H) Quantitative
qPCR analysis of ATF6α downstream target genes GRP78/Bip, Calnexin and Calreticulin mRNA
expression levels in C2C12 cells. 18S was used as the internal control. * and *** indicate statistical
significance compared to the controls (p ≤ 0.05; p ≤ 0.001, respectively).
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cultured in GM or DM in the presence or absence of SB203580 and then subjected to con-
focal immune fluorescence analysis (Figure 3A). Co-localization analyses revealed that, in 

Figure 2. p38 MAPK triggers ATF6α activation during C2C12 myogenesis. (A) Western blots showing
endogenous ATF6α protein, p-p38 MAPK and MyoG protein expression levels. GAPDH was used
as a loading control of the cell lysates. (B) Densitometric analysis of cleaved ATF6α on experiments
that were performed in triplicate. Each bar represents the mean ± SD (n = 3). *** indicates statistical
significance compared to GM or DM (p ≤ 0.001). (C) Quantitative qPCR analysis of GRP78/BiP,
Calnexin and Calreticulin. (D) MyoG mRNA expression levels in C2C12 cells. 18S was used as the
internal control. *** indicates the statistical significance compared to DM = p ≤ 0.01.

Similarly, we observed that either level of phosphorylated p38 MAPK (p-p38 MAPK)
or MyoG expression were inhibited by the SB203580 at both the protein (Figure 2A) and
mRNA (Figure 2D) levels in differentiating cells, confirming that p38 MAPK drives the
expression of myogenic factors. Furthermore, as a consequence of the reduced ATF6α
activation, we observed that, under differentiation, SB203580 consistently suppressed
GRP78/BiP, Calnexin and Calreticulin mRNA expression (Figure 2C).
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3.3. Inhibition of p38 MAPK by SB203580 Influences Morphology of the Secretory Pathway and
the Intracellular Trafficking of the Endogenous ATF6α Protein

Thereafter, we investigated whether the inhibition of p38 MAPK by SB203580 could
influence the endogenous ATF6α protein trafficking from the ER to the nucleus, via the
Golgi complex, during C2C12 myoblasts differentiation. To this aim, C2C12 cells were
cultured in GM or DM in the presence or absence of SB203580 and then subjected to confocal
immune fluorescence analysis (Figure 3A). Co-localization analyses revealed that, in the
myoblasts maintained in GM, endogenous ATF6α was mainly localized within the ER
network stained by the ER-tracker (Figure 3A), indicating that endogenous p90 ATF6α
does not exit the ER in resting cells. Instead, in differentiating cells, we observed an
intense expansion of the ER membrane network and a redistribution of the Golgi complex,
which was found interspersed throughout the multinucleated myotubes (Figure 3A). In this
context, co-localization analyses showed that endogenous ATF6α localized at the cis-Golgi
as well as within nuclei (Figure 3A, panels e, f: compare ATF6α fluorescence to GRASP
65 or DAPI fluorescence), indicating that p90 ATF6α undergoes proteolytical cleavage
at the Golgi complex to release the p50 form, which enters nuclei. More interestingly,
treatment with SB203580 not only impairs ER expansion and myotube formation (panels g–i)
(Figure 3A) but also causes a build-up of the ATF6α protein in the Golgi apparatus and,
concomitantly, the failure of ATF6α to localize at the nuclei (as shown by the % of co-
localization analysis in Figure 3B). These data were corroborated by subcellular fractionation
experiments (Supplementary Figure S1A), confirming that p38 MAPK is critical for the
activation and trafficking of ATF6α as well as for myotube formation.

3.4. Genetic Ablation of ATF6α Impairs Myogenesis of C2C12 Myoblasts

To understand how ATF6α can be important for myotube formation, we analyzed
the effect of ATF6α knockout (KO) (Supplementary Figure S1B,C) on the C2C12 myoblast
induced to myogenesis. To this purpose, we checked if the ablation of ATF6α could
influence the expression of myogenic factors such as MyoG and the achievement of a
differentiated phenotype (Figure 4). As we would expect, in a selected clone (C8) and in
a pool of KO ATF6α C2C12 myoblasts, we did not find either ATF6α or MyoG protein
expression and any formation of myotubes (Figure 4A,B) against un-transfected or empty
vector transfected (EV) control cells. More interestingly, in KO ATF6α cells, phosphorylated
p38 MAPK (p-p38) is still detectable in DM-stimulated cells, which proves that ATF6α is
essential to achieve the differentiation state in C2C12 myoblasts.

Next, we tested whether normal features of myogenesis were recovered by expressing
exogenous ATF6α in KO ATF6α cells kept in GM or DM for 72 h and transfected with the
wild-type 3xFlag-ATF6α expressing vector (Figure 5). Un-transfected cells were used as a
negative control for the immunofluorescence experiment (Supplementary Figure S2A).

As we would expect, expression of exogenous ATF6α, recognized by the anti-Flag
antibody, restored ER expansion and multinucleated myotube formation (panels d–f) after
72 h of differentiation time compared to the EV clone (Figure 5A: panels a–c). Fluorescent
images and the co-localization rate (Figure 5B) clearly revealed that recombinant ATF6α
localized at the Golgi complex and within nuclei, indicating that the cleavage of p90 ATF6α
at the Golgi level was taking place, in the similar way as the endogenous ATF6α protein
(Figure 3A).

As we would expect, SB203580 kept myotube formation blocked (Figure 5A: panels g–i),
while ATF6α accumulated at the Golgi complex and was not found within the nuclei,
indicating that the cleavage of p90 ATF6α was prevented (Figure 5B). These data were
confirmed by Western blotting analyses, revealing that SB203580 suppresses recombinant
ATF6α processing and MyoG expression, either at the protein or at the mRNA level
(Figure 5C). Similarly, GRP78/BiP, Calnexin and Calreticulin mRNAs were also reduced, as
we would have expected by the loss of ATF6α activity (Supplementary Figure S2B). These
results confirm the requirement of the p38 MAPK for the ATF6α activity and strengthen
the importance of ATF6α for myotube formation.
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Figure 3. p38 MAPK is required for ATF6α nuclear import during C2C12 differentiation. (A) Repre-
sentative images from a confocal z-stack with orthogonal side-views of C2C12 myoblast cells cultured
in GM (panels a–c), DM for 72 h (panels d–f) and DM for 72 h treated with SB203580 (panels g–i).
Cells were subjected to fluorescence analysis with ATF6α antibody (red), GRASP65 to visualize
the Golgi (light blue) and in vivo endoplasmic reticulum-tracker (ER-tracker) (green). Nuclei were
stained with DAPI (blue). Scale bar = 10 µm. Pictures were processed using LAS-AF Software to
reconstruct the z-axis projection using stack images. (B) Quantitative analyses of the co-localization
rate of endogenous ATF6α vs. nucleus, Golgi and ER, respectively, were measured by using the Leica
SP5 software to quantify the number of co-localized pixels/total pixels in the image. The histograms
represent the mean values of the % co-localization rate coefficient obtained in the various samples. To
reduce intrinsic variability, we repeated this measurement on 50 cells for each experimental point.
*, ** and *** indicate the statistical significance compared to GM or DM: * = p ≤ 0.5; ** = p ≤ 0.01; and
*** = p ≤ 0.001.
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Next, we tested whether normal features of myogenesis were recovered by express-
ing exogenous ATF6α in KO ATF6α cells kept in GM or DM for 72 h and transfected with 
the wild-type 3xFlag-ATF6α expressing vector (Figure 5). Un-transfected cells were used 
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Figure 4. Effect of ATF6α KO on C2C12 myoblasts differentiation. (A) Cell morphology of C2C12
parental cell line, EV control cell clone, C8 selected clone and pool ATF6α KO cultured in GM or DM
for 72 h; F actin was stained with phalloidin (red), and nuclei were stained with DAPI (blue). Scale
bar = 75 µm. (B) Western blotting showing the protein expressions of endogenous ATF6α, p-p38
MAPK and MyoG in the C2C12 parental cell line, EV control cell clone or ATF6α KO cell clone and
pool CRISPR/Cas9-induced ATF6α KO cell lines after 72 h of differentiation. GAPDH was used as a
loading control of the cell lysates.

3.5. Myogenesis of C2C12 Requires Phosphorylation by P38 MAPK at the T166 Site of ATF6α

We next asked whether ATF6α requires p38 MAPK phosphorylation at a threonine
residue (T166) to drive the myogenesis of C2C12 myoblasts. To this aim, we analyzed
myotube formation in KO ATF6α C2C12 cells transfected with vectors expressing wild-type
or mutant T166A ATF6α recombinant proteins or the recombinant S130A ATF6α protein
(Figure 6A). Immunofluorescence analysis (Figure 6B) revealed that the T166A ATF6α
recombinant protein failed to restore ER expansion and the formation of multinucleated
cells in KO ATF6α cells, during cell differentiation. Moreover, T166A ATF6α showed
a higher accumulation at the Golgi complex (Figure 6B, panel e: compare anti-Flag to
GM130) and failed to enter nuclei (Figure 6B, panel d: compare anti-Flag to DAPI). Instead,
unlike recombinant T166A-ATF6α, the expression in differentiated KO-ATF6α cells of
either the wild-type ATF6α construct (Figure 6C) or the S130A-ATF6α mutant did not
affect myotubes formation and, as shown by Western blotting analyses, those proteins
were normally processed (Figure 7A), suggesting that the serine 130 of ATF6α is not a
phosphorylation site for p38 MAPK. Indeed, the MyoG was detectable only in the wild-
type ATF6α and S130A-ATF6α transfected cells, whereas inhibition of the MyoG protein
expression was observed only in the T166A ATF6α transfected cells, compared with the
ATF6α WT or S130A- ATF6α transfected cells (Figure 7A). Furthermore, we observed a
similar inhibitory effect, in the T166A-ATF6α transfected cells, on the expression of MyoG
mRNA during KO ATF6α cells differentiation, compared to KO ATF6α cells transfected
with WT ATF6α (Figure 7B).
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Figure 5. Genetic ablation of ATF6α impairs myogenesis of C2C12 myoblasts. (A) Representative
images from a confocal z-stack with orthogonal side-views of KO ATF6α cells cultured in GM (a–c),
DM for 72 h (d–f) and DM for 72 h, treated with SB203580 (g–i) and transfected with 3xFlag ATF6α
WT. Cells were subjected to fluorescence analysis with the FLAG antibody (red), GM130 to visualize
the Golgi (light blue) and in vivo endoplasmic reticulum-tracker (ER-tracker) (green). Nuclei were
stained with DAPI (blue). Scale bar = 10 µm. Pictures were processed using LAS-AF Software to
reconstruct the z-axis projection using stack images. (B) Quantitative analyses of the co-localization
rate of exogenous ATF6α vs. nucleus, Golgi and ER were measured using the Leica SP5 software,
quantifying the number of co-localized pixels in the image. To reduce intrinsic variability, we repeated
this measurement on 50 cells for each experimental point. ** indicates the statistical significance of the
differences between GM and DM: p ≤ 0.01. (C) Western blotting showing exogenous ATF6α protein,
p-p38 MAPK and MyoG protein expression levels in KO ATF6α cells transfected with 3xFlagATF6
WT and treated or not with 10 µM of SB, inhibitor of p38, for 72 h of differentiation. GAPDH was
used as a loading control of the cell lysates.
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Figure 6. Mutation at the p38 MAPK phosphorylation site. T166 suppresses ATF6α nuclear import and
the myogenesis of C2C12 myoblasts. (A) Topography of ATF6α protein structure in RE. Putative p38
MAPK phosphorylation sites T166 and S130 on ATF6α were identified by sequence analysis by using
NetPhos 3.1 Server and indicated along with other important elements: N-terminal bZIP transcription
factor domain; S1P and S2P proteolytic cleavage sites; and C-terminal domain. (B) Representative
images from a confocal z-stack with orthogonal side-views of KO ATF6α cells cultured in DM for 72 h
and transfected with 3xFlagATF6α WT (panels a–c), mutant constructs p3xFlagATF6 T166A (panels d–f)
or S130A (panels g–i). Cells were subjected to fluorescence analysis with anti-Flag antibody (red), GM130
to visualize the Golgi (light blue) and in vivo endoplasmic reticulum-tracker (ER-tracker) (green). Nuclei
were stained with DAPI (blue). Scale bar = 10 µm. Pictures were processed using LAS-AF Software to
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reconstruct the z-axis projection using stack images. (C) Quantitative analyses of the co-localization
rate of exogenous ATF6α vs. nucleus, Golgi and ER were measured using the Leica SP5 software,
quantifying the number of co-localized pixels in the image. To reduce intrinsic variability, we repeated
this measurement on 50 cells for each experimental point. *** and ** indicate statistical differences
with cells kept in DM and transfected with 3xFlag WT ATF6α (p ≤ 0.01 and p ≤ 0.001, respectively).
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T166A ATF6α -transfected cells with respect to the KO ATF6α cells transfected with WT 
ATF6 (Figure 7C), confirming that the T166A ATF6α mutant protein acts as a transcrip-
tional factor. These results clearly indicate p38 MAPK phosphorylation at the T166 site for 
either ATF6α cleavage and its import to the nucleus and that it is essential for myotube 
biogenesis. 

3.6. ATF6α Is Necessary for Cell Cycle Control during Myoblast Differentiation 
Since the arrest of cell cycle is required to promote differentiation into muscle fibers 

[16], we asked whether the ATF6α could affect the cell cycle of C2C12 myoblasts induced 
to differentiate. The cytometric analysis, after PI incorporation, showed (Figure 8A) that 
EV control cells, when induced to differentiate, were mostly at the G1 phase and showed 
lower levels of cells in S and G2 compared to those kept in GM, suggesting that endoge-
nous ATF6α enabled exit from the cell cycle, thereby inhibiting the proliferation of most 
of the cells. Instead, KO ATF6α cells, stimulated by DM, showed % of cells in each phase 

Figure 7. p38 MAPK phosphorylation site T166 of ATF6α regulates the differentiation of the C2C12
ATF6α KO cell clone. (A) Western blotting showing exogenous ATF6 protein, p-p38 MAPK and
MyoG protein expression levels in the EV control cell clone and KO ATF6α cells kept in DM for
72 h. Cells were transfected with p3xFlagATF6α WT and mutant T166A or S130A p3xFlagATF6α
constructs. GAPDH was used as a loading control of the cell lysates. (B,C) Quantitative qPCR
analysis of GRP78/BiP, Calnexin and Calreticulin and MyoG mRNA expression levels in the EV
control cells and ATF6α KO cells. 18S was used as the internal control. * Indicate p ≤ 0.05 value.

Similar inhibition was revealed for GRP78/BiP, Calnexin and Calreticulin mRNAs in
T166A ATF6α -transfected cells with respect to the KO ATF6α cells transfected with WT
ATF6 (Figure 7C), confirming that the T166A ATF6α mutant protein acts as a transcriptional
factor. These results clearly indicate p38 MAPK phosphorylation at the T166 site for either
ATF6α cleavage and its import to the nucleus and that it is essential for myotube biogenesis.

3.6. ATF6α Is Necessary for Cell Cycle Control during Myoblast Differentiation

Since the arrest of cell cycle is required to promote differentiation into muscle fibers [16],
we asked whether the ATF6α could affect the cell cycle of C2C12 myoblasts induced to
differentiate. The cytometric analysis, after PI incorporation, showed (Figure 8A) that EV
control cells, when induced to differentiate, were mostly at the G1 phase and showed lower
levels of cells in S and G2 compared to those kept in GM, suggesting that endogenous
ATF6α enabled exit from the cell cycle, thereby inhibiting the proliferation of most of the
cells. Instead, KO ATF6α cells, stimulated by DM, showed % of cells in each phase compa-
rable to that found in the KO ATF6α cells kept in GM, indicating that ablation of ATF6α
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prevents the arrest of the cell cycle, which is essential to start myogenesis. To confirm this,
transfection with WT ATF6α in KO ATF6α cells increased the percentage of cells in G1
(Figure 8B). Moreover, since no effect was observed in the KO ATF6α cells expressing the
T166A ATF6α recombinant proteins (Figure 8B) and a similar effect was revealed following
incubation with SB203580 given to the KO ATF6α cells transfected with the WT ATF6α
(Figure 8B), this indicates the arrest of cell proliferation, which supports myogenesis of
C2C12 cells, depending on the ATF6α phosphorylation performed by p38 MAPK.
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Next, we asked whether the p38 MAPK/ATF6α pathway was altered in C2C12 my-

oblasts when differentiation was inhibited by incubating cells with dexamethasone (DEX). 
As expected, DEX treatment kept cells in an undifferentiated state (Figure 9A), compared 
to cells kept in DM alone. By these experiments, we also found that, following treatment 
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Figure 8. Effect of ATF6α KO on the cell cycle control during myoblast differentiation. (A) The control
C2C12 (EV) and ATF6α KO cells incubated in DM or kept in GM for 72 h. (B) The WT and mutant
T166A ATF6α constructs were transfected into the ATF6α KO cells. Cells were kept in DM or with
SB203580 as indicated. Flow cytometry analysis of the cell cycle was evaluated after the indicated
incubation time and reported as a percentage of cells found in each cell cycle phase. Data from
triplicate experiments are reported as *, which indicates p values ≤ 0.05.

3.7. p38 MAPK/ATF6α Pathway Regulates Dexamethasone-Induced Myotube Inhibition

Next, we asked whether the p38 MAPK/ATF6α pathway was altered in C2C12 my-
oblasts when differentiation was inhibited by incubating cells with dexamethasone (DEX).
As expected, DEX treatment kept cells in an undifferentiated state (Figure 9A), compared
to cells kept in DM alone. By these experiments, we also found that, following treatment
of differentiating myoblasts with DEX, ATF6α highly localized at the Golgi membranes
(Figure 9A, panel e), and nuclear localization of ATF6α was strongly lowered compared
to the cells kept in DM alone (Figure 9A, panel d). Consistently, by analyzing the rate of
co-localization with the cis-Golgi membranes labelled by the anti-GRASP 65 antibody, we
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found an increase in ATF6α co-localization with the cis-Golgi marker: (p ≤ 0.05) in the dif-
ferentiated C2C12 cells treated with DEX and a significant reduction in the co-localization
of the ATF6α fluorescent signal with the nuclear marker (p ≤ 0.01), compared to un-treated
cells (Figure 9B). In line with this, Western blot analyses revealed that the inhibition of
differentiation due to DEX decreased MyoG expression, the p38 MAPK activity and ATF6α
processing, compared to the differentiated un-treated cells (Figure 9C).
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Figure 9. p38 MAPK/ATF6α pathway is impaired in DEX-induced myotube atrophy. (A) Representa-
tive images from a confocal z-stack with orthogonal side-views of the C2C12 myoblast cells cultured
in DM (panels a–c) for 72 h, in the absence or presence with 10 µM DEX (panels d–f). Cells were
subjected to a fluorescence analysis with ATF6α antibody (red), GRASP65 to visualize the Golgi (light
blue) and in vivo endoplasmic reticulum-tracker (ER-tracker) (green). Nuclei were stained with DAPI
(blue). Scale bar = 10 µm. Pictures were processed using LAS-AF Software to reconstruct the z-axis
projection using stack images. (B) Quantitative analyses of the co-localization rate of endogenous
ATF6α vs. nucleus, Golgi and ER were measured using the Leica SP5 software, quantifying the num-
ber of co-localized pixels in the image. To reduce intrinsic variability, we repeated this measurement
on 50 cells for each experimental point. * and ** indicate the statistical significance of differences
obtained from GM- or DM-treated cells (p ≤ 0.5 and p ≤ 0.01, respectively). (C) Western blotting
showing endogenous ATF6α protein, p-p38 MAPK and MyoG protein expression levels in C2C12
cells. Cells were subjected to treatment with DEX for the in vitro atrophy model for 72 h. GAPDH
was used as a loading control of the cell lysates.
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4. Discussion

In this study, we report that myotube formation in C2C12 myoblasts requires an
unconventional UPR supported by ATF6α but not by IRE1 or PERK. This was shown
by stimulating differentiation in C2C12 cells and observing that ATF6α is progressively
processed, which suggested that this pathway of the UPR, to a certain extent, could play a
role in supporting myogenesis. Following this observation, we set up a series of experiments
in order to understand through which mechanism ATF6α takes place to the control of
myogenesis.

The steps of ATF6a activation have been mainly studied in the UPR. Mammals express
two homologous ATF6 proteins, ATF6α (670 amino acids) and ATF6β (703 amino acids).
ATF6α is a potent transcriptional activator, while ATF6β has a low capacity to act as a
transcription factor [56,57]. The ATF6α cytosolic domain contains basic leucine zipper
(bZIP) DNA binding and a transcriptional activation domain, followed by a 20-amino acid
transmembrane domain. Activation of ATF6a is a multistep process mostly studied during
the UPR. Under ER stress, freed from GRP78, p90 ATF6α moves to the Golgi complex,
where it is cleaved by site-1 proteases to form the p50 ATF6α that acts as a transcription
factor in order to increase the level of resident folding factors [58].

During myogenesis, we show, firstly, that, for ATF6α to be activated, it requires p38
MAPK phosphorylation. Our results showing that the p38 MAPK inhibitor SB203580
impaired myogenesis suggest that this modification is essential to promote not only ATF6α
activation but also differentiation of myoblasts. Indeed, in the presence of SB203580, besides
the loss of ATF6α activation, p38 MAPK inhibition has the effect of downregulating either
the expression of the marker of differentiation MyoG or of the downstream targets of
ATF6α (GRP78/Bip; calnexin and calreticulin). As a consequence of this, the expansion of
the ER membrane network is greatly reduced, suggesting that ATF6α is required during
myogenesis in order to ensure an efficient quality control of secretory proteins in the
multinucleated myotubes and the full development of sarcoendoplasmic reticulum.

Examining in deeper detail the molecular events underlying ATF6α activation, we
show that phosphorylation by p38 MAPK of the threonine residues at position 166 of
the ATF6α protein is essential for the proteolytic cleavage of p90 ATF6α at the Golgi
complex and, as a consequence, for the import of p50 ATF6α inside the nucleus, where
the truncated protein acts as transcriptional regulator. This event is very similar to that
observed when inflammatory stimuli with IFN-γ-induce p38 MAPK activation, which in
turn increases ATF6α phosphorylation and processing [23,44]. Similar to what we observe
during myogenesis, ATF6α mutants in the p38 MAPK phosphorylation site (T166) fail to
undergo proteolytic cleavage at the Golgi complex and nuclear import in IFN-γ-induced
MEF cells [44]. Instead, ATF6α S130A, which is also a putative p38 MAPK phosphorylation
site, maintains normal trafficking and processing features, suggesting that the S130 site is
not essential for ATF6α activation.

In order to establish the function of ATF6α in the development of myotubes, we
performed gene inactivation experiments, which showed that ablation of the ATF6α gene
keeps C2C12 myoblasts in an un-differentiated state. This confirms that the ATF6α pathway
is essential for muscle cell differentiation.

Further validation of this can been seen by the rescue experiments, in which these
effects were reverted by the 3xFlag-ATF6α WT expression in the ATF6α KO cells, in which
the ER-to-Golgi transport, cleavage and nuclear translocation of ATF6α regularly occurred
and derived a differentiated phenotype. The treatment with SB203580, in the differentiation
medium ATF6α KO cells transfected with 3xFlag-ATF6α WT vector led to a notable loss
of differentiated morphology (Figure 5A), with the same biochemical pattern and cell
distribution of ATF6α protein shown in un-transfected ATF6α KO cells.

On the other hand, p38 MAPK, through MyoD and MEF2, controls the expression
of MyoG [59]. Although our evidence may indicate otherwise, we did not find, through
bioinformatics analysis (JASPAR datasets), any regulatory sequence in the promoter region
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of MyoD or MyoG matching with known ATF6α binding sites [60,61]. Therefore, we
exclude that myogenic factors expression could be under the direct control of ATF6α.

p38 MAPK may promote cell proliferation or induce cell cycle arrest, depending on
the downstream pathways [23,62]. Intriguingly, emerging evidence suggests that ATF6α
can influence cell cycle entry and can be implicated in the control of cell proliferation in
several cells [63,64].

Moreover, it has been shown that ATF6α signaling may play a role in developmental
apoptosis and differentiation programs during muscle development [27,65]. However, at
present, the ways in which ATF6α participates in the development of the muscle cell is
still unclear.

Instead, we discovered, by genetic ablation experiments, that ATF6α contributes to cell
cycle arrest, which is an essential prerequisite to start myoblasts differentiation. Therefore,
since cells must exit the cell cycle, in order to differentiate a failure to exit the cell cycle
would block all subsequent steps of differentiation. Therefore, it appears that the main
mechanism through which ATF6 regulates myogenesis is the regulation of the exit from
the cell cycle. This is supported by the finding that ATF6α knockout blocks the exit from
the cell cycle as shown by the evidence that the gene ablation reduces the percentage of
cells in the inactive G1 phase and increases the number of cells in the active S phase, thus
preventing the exit from the cell cycle and therefore preventing differentiation. Moreover,
the transfection with the ATF6α WT construct, in the ATF6α KO cells, was able to promote
the exit of the cell cycle, reverting the effect of the KO of ATF6α.

On the other hand, no effect was observed in the ATF6α KO transfected with the
ATF6α T166A construct. A similar behavior was obtained after treatment with SB, the
p38 MAPK inhibitor, in the ATF6α KO cells transfected with the ATF6α WT. Our findings
demonstrate that ATF6 influences the cell cycle, favoring the exit from the cell cycle by
promoting myoblast cell differentiation.

Some studies demonstrate that ATF6α can regulate differentiation by inducing a selec-
tive apoptosis to eliminate myoblasts, which are incompetent to differentiate [27,37,38,65].
This finding could be conflicting with ours. Nevertheless, although we cannot exclude this
important function of ATF6α in our system we observed only low rates of apoptosis (Sup-
plementary Figure S2C), which is possibly due to the low number of incompetent myoblasts
and suggests that the proapoptotic function of ATF6α is irrelevant in our conditions.

The malfunction of p38 MAPK has already been counted among the potential causes
of muscle atrophy [66,67]. As regards this point, a significant effort has been made in order
to identify natural or synthetic compounds, which could improve p38 MAPK activity to
alleviate atrophy [68,69]. Muscle atrophy is also associated with ER stress, which activates
the unfolded protein response (UPR) [16] but, while IRE1 and PERK appear to play a role
in muscle regeneration after muscle tissue injury [16], the activation of ATF6α increases
skeletal muscle adaptation [70], maintaining muscle tissue homeostasis [57].

In this paper we showed that treatment with DEX, a major inducer of muscle cell atro-
phy, inhibits differentiation of C2C12 myoblasts and reduces the amount of phosphorylated
p38, thus impairing ATF6α activation and in turn myogenesis, which suggests that the p38
MAPK/ATF6α could also play a role in the regulation of atrophic events.

5. Conclusions

Our work represents a further example of how the UPR can be activated to obtain
specific outcomes in different cell types and tissues by using the same machinery. In our
case, p38 MAPK activates the ATF6α pathway of UPR, but p38 MAPK alone is not sufficient
to sustain myogenesis, since p38 MAPK phosphorylation is active even in the absence of
ATF6α. Our results strongly suggest that ATF6α, throughout p38 MAPK phosphorylation,
can ensure important changes to achieve the differentiated state during myogenesis. The
main important step is the cell cycle arrest, which occurs by ATF6α. Further work is
required to demonstrate that all the other effects we see are independent of this.



Biomedicines 2023, 11, 1457 19 of 21

Supplementary Materials: The following supporting information can be downloaded at: https:
//www.mdpi.com/article/10.3390/biomedicines11051457/s1, Figure S1: Supplementary material
for Figures 3 and 4; Figure S2: Supplementary material for Figures 5, 6 and 8.

Author Contributions: Conceptualization, V.P.; validation, G.M.; formal analysis, V.C.; investigation,
V.P., G.A. and V.V.; methodology, S.F.; project administration, P.R.; resources, N.A.R.; writing—original
draft preparation, V.P.; writing—review and editing, P.R. and O.M.; visualization, V.P.; funding
acquisition, O.M. All authors have read and agreed to the published version of the manuscript.

Funding: This research was supported by FARB grants from University of Salerno and by POR FERS
Regione Campania 2014-2020 grant System Innovation for Cancer Early Diagnosis (SICED).

Informed Consent Statement: Not applicable.

Data Availability Statement: Not applicable.

Conflicts of Interest: The authors declare no conflict of interest.

References
1. Rossi, D.; Barone, V.; Giacomello, E.; Cusimano, V.; Sorrentino, V. The sarcoplasmic reticulum: An organized patchwork of

specialized domains. Traffic 2008, 9, 1044–1049. [CrossRef]
2. Zito, E.; Ferreiro, A. Calcium and Redox Liaison: A Key Role of Selenoprotein N in Skeletal Muscle. Cells 2021, 10, 1116. [CrossRef]
3. Wang, M.; Kaufman, R.J. The impact of the endoplasmic reticulum protein-folding environment on cancer development. Nat. Rev.

Cancer 2014, 14, 581–597. [CrossRef]
4. Wu, J.; Kaufman, R.J. From acute ER stress to physiological roles of the Unfolded Protein Response. Cell Death Differ. 2006,

13, 374–384. [CrossRef]
5. Amodio, G.; Moltedo, O.; Monteleone, F.; D’Ambrosio, C.; Scaloni, A.; Remondelli, P.; Zambrano, N. Proteomic signatures in

thapsigargin-treated hepatoma cells. Chem. Res. Toxicol. 2011, 24, 1215–1222. [CrossRef]
6. Sitia, R.; Braakman, I. Quality control in the endoplasmic reticulum protein factory. Nature 2003, 426, 891–894. [CrossRef]
7. Kamiya, Y.; Kamiya, D.; Yamamoto, K.; Nyfeler, B.; Hauri, H.P.; Kato, K. Molecular basis of sugar recognition by the human

L-type lectins ERGIC-53, VIPL, and VIP36. J. Biol. Chem. 2008, 283, 1857–1861. [CrossRef]
8. Dancourt, J.; Barlowe, C. Protein sorting receptors in the early secretory pathway. Annu. Rev. Biochem. 2010, 79, 777–802. [CrossRef]
9. Amodio, G.; Pagliara, V.; Moltedo, O.; Remondelli, P. Structural and Functional Significance of the Endoplasmic Reticulum

Unfolded Protein Response Transducers and Chaperones at the Mitochondria-ER Contacts: A Cancer Perspective. Front. Cell Dev.
Biol. 2021, 9, 641194. [CrossRef]

10. Schroder, M.; Kaufman, R.J. ER stress and the unfolded protein response. Mutat. Res. 2005, 569, 29–63. [CrossRef]
11. Ogata, M.; Hino, S.; Saito, A.; Morikawa, K.; Kondo, S.; Kanemoto, S.; Murakami, T.; Taniguchi, M.; Tanii, I.; Yoshinaga, K.; et al.

Autophagy is activated for cell survival after endoplasmic reticulum stress. Mol. Cell. Biol. 2006, 26, 9220–9231. [CrossRef]
12. Fujita, E.; Kouroku, Y.; Isoai, A.; Kumagai, H.; Misutani, A.; Matsuda, C.; Hayashi, Y.K.; Momoi, T. Two endoplasmic reticulum-

associated degradation (ERAD) systems for the novel variant of the mutant dysferlin: Ubiquitin/proteasome ERAD(I) and
autophagy/lysosome ERAD(II). Hum. Mol. Genet. 2007, 16, 618–629. [CrossRef]

13. Hegde, R.S.; Ploegh, H.L. Quality and quantity control at the endoplasmic reticulum. Curr. Opin. Cell Biol. 2010, 22, 437–446.
[CrossRef] [PubMed]

14. Szegezdi, E.; Logue, S.E.; Gorman, A.M.; Samali, A. Mediators of endoplasmic reticulum stress-induced apoptosis. EMBO Rep.
2006, 7, 880–885. [CrossRef]

15. Bonaldo, P.; Sandri, M. Cellular and molecular mechanisms of muscle atrophy. Dis. Model Mech. 2013, 6, 25–39. [CrossRef]
16. Bohnert, K.R.; McMillan, J.D.; Kumar, A. Emerging roles of ER stress and unfolded protein response pathways in skeletal muscle

health and disease. J. Cell. Physiol. 2018, 233, 67–78. [CrossRef]
17. Cupelli, L.; Renaul, B.; Leblanc-Straceski, J.; Banks, A.; Ward, D.; Kucherlapati, R.S.; Krauter, K. Assignment of the human

myogenic factors 5 and 6 (MYF5, MYF6) gene cluster to 12q21 by in situ hybridization and physical mapping of the locus between
D12S350 and D12S106. Cytogenet. Cell Genet. 1996, 72, 250–251. [CrossRef]

18. Davis, R.L.; Weintraub, H.; Lassar, A.B. Expression of a single transfected cDNA converts fibroblasts to myoblasts. Cell 1987,
51, 987–1000. [CrossRef]

19. Hasty, P.; Bradley, A.; Morris, J.H.; Edmondson, D.G.; Venuti, J.M.; Olson, E.N.; Klein, W.H. Muscle deficiency and neonatal death
in mice with a targeted mutation in the myogenin gene. Nature 1993, 364, 501–506. [CrossRef]

20. Bentzinger, C.F.; Wang, Y.X.; Rudnicki, M.A. Building muscle: Molecular regulation of myogenesis. Cold Spring Harb. Perspect.
Biol. 2012, 4, a008342. [CrossRef]

21. Gossett, L.A.; Kelvin, D.J.; Sternberg, E.A.; Olson, E.N. A new myocyte-specific enhancer-binding factor that recognizes a
conserved element associated with multiple muscle specific genes. Mol. Cell. Biol. 1989, 9, 5022–5503. [CrossRef] [PubMed]

22. Cuenda, A.; Cohen, P. Stress-activated Protein Kinase-2/p38 and a Rapamycin-sensitive Pathway Are Required for C2C12
Myogenesis. J. Biol. Chem. 1999, 274, 4341–4346. [CrossRef] [PubMed]

https://www.mdpi.com/article/10.3390/biomedicines11051457/s1
https://www.mdpi.com/article/10.3390/biomedicines11051457/s1
https://doi.org/10.1111/j.1600-0854.2008.00717.x
https://doi.org/10.3390/cells10051116
https://doi.org/10.1038/nrc3800
https://doi.org/10.1038/sj.cdd.4401840
https://doi.org/10.1021/tx200109y
https://doi.org/10.1038/nature02262
https://doi.org/10.1074/jbc.M709384200
https://doi.org/10.1146/annurev-biochem-061608-091319
https://doi.org/10.3389/fcell.2021.641194
https://doi.org/10.1016/j.mrfmmm.2004.06.056
https://doi.org/10.1128/MCB.01453-06
https://doi.org/10.1093/hmg/ddm002
https://doi.org/10.1016/j.ceb.2010.05.005
https://www.ncbi.nlm.nih.gov/pubmed/20570125
https://doi.org/10.1038/sj.embor.7400779
https://doi.org/10.1242/dmm.010389
https://doi.org/10.1002/jcp.25852
https://doi.org/10.1159/000134201
https://doi.org/10.1016/0092-8674(87)90585-X
https://doi.org/10.1038/364501a0
https://doi.org/10.1101/cshperspect.a008342
https://doi.org/10.1128/mcb.9.11.5022-5033.1989
https://www.ncbi.nlm.nih.gov/pubmed/2601707
https://doi.org/10.1074/jbc.274.7.4341
https://www.ncbi.nlm.nih.gov/pubmed/9933636


Biomedicines 2023, 11, 1457 20 of 21

23. Darling, N.J.; Cook, S.J. The role of MAPK signalling pathways in the response to endoplasmic reticulum stress. Biochim. Biophys.
Acta 2014, 1843, 2150–2163. [CrossRef] [PubMed]

24. Puente, L.G.; Voisin, S.; Lee, R.E.; Megeney, L.A. Reconstructing the regulatory kinase pathways of myogenesis from phospho-
peptide data. Mol. Cell. Proteom. 2006, 5, 2244–2251. [CrossRef] [PubMed]

25. Sargsyan, E.; Baryshev, M.; Mkrtchian, S. The physiological unfolded protein response in the thyroid epithelial cells. Biochem.
Biophys. Res. Commun. 2004, 322, 570–576. [CrossRef]

26. Ma, Y.; Shimizu, Y.; Mann, M.J.; Jin, Y.; Hendershot, L.M. Plasma cell differentiation initiates a limited ER stress response by
specifically suppressing the PERK-dependent branch of the unfolded protein response. Cell Stress Chaperones 2010, 15, 281–293.
[CrossRef] [PubMed]

27. Nakanishi, K.; Sudo, T.; Morishima, N. Endoplasmic reticulum stress signaling transmitted by ATF6 mediates apoptosis during
muscle development. J. Cell Biol. 2005, 169, 555–560. [CrossRef]

28. Xiong, Y.; Chen, H.; Lin, P.; Wang, A.; Wang, L.; Jin, Y. ATF6 knockdown decreases apoptosis, arrests the S phase of the cell cycle,
and increases steroid hormone production in mouse granulosa cells. Am. J. Physiol. Cell Physiol. 2017, 312, C341–C353. [CrossRef]

29. Alter, J.; Bengal, E. Stress-induced C/EBP homology protein (CHOP) represses MyoD transcription to delay myoblast differentia-
tion. PLoS ONE 2011, 6, e29498. [CrossRef]

30. Zismanov, V.; Chichkov, V.; Colangelo, V.; Jamet, S.; Wang, S.; Syme, A.; Koromilas, A.E.; Crist, C. Phosphorylation of eIF2alpha Is a
Translational Control Mechanism Regulating Muscle Stem Cell Quiescence and Self-Renewal. Cell Stem Cell 2016, 18, 79–90. [CrossRef]

31. Jin, W.; Peng, J.; Jiang, S. The epigenetic regulation of embryonic myogenesis and adult muscle regeneration by histone methylation
modification. Biochem. Biophys. Rep. 2016, 6, 209–219. [CrossRef]

32. Tokutake, Y.; Yamada, K.; Hayashi, S.; Arai, W.; Watanabe, T.; Yonekura, S. IRE1-XBP1 Pathway of the Unfolded Protein Response
Is Required during Early Differentiation of C2C12 Myoblasts. Int. J. Mol. Sci. 2019, 21, 182. [CrossRef]

33. Acosta-Alvear, D.; Zhou, Y.; Blais, A.; Tsikitis, M.; Lents, N.H.; Arias, C.; Lennon, C.J.; Kluger, Y.; Dynlacht, B.D. XBP1 controls
diverse cell type- and condition-specific transcriptional regulatory networks. Mol. Cell 2007, 27, 53–66. [CrossRef]

34. Siwecka, N.; Rozpedek-Kaminska, W.; Wawrzynkiewicz, A.; Pytel, D.; Diehl, J.A.; Majsterek, I. The Structure, Activation and
Signaling of IRE1 and Its Role in Determining Cell Fate. Biomedicines 2021, 9, 156. [CrossRef]

35. Xie, S.J.; Li, J.H.; Chen, H.F.; Tan, Y.Y.; Liu, S.R.; Zhang, Y.; Xu, H.; Yang, J.H.; Liu, S.; Zheng, L.L.; et al. Inhibition of the
JNK/MAPK signaling pathway by myogenesis-associated miRNAs is required for skeletal muscle development. Cell Death Differ.
2018, 25, 1581–1597. [CrossRef]

36. Gu, R.; Huang, T.; Xiao, J.; Liao, Z.; Li, J.; Lan, H.; Ouyang, J.; Hu, J.; Liao, H. The IRE1alpha Arm of UPR Regulates Muscle Cells
Immune Characters by Restraining p38 MAPK Activation. Front. Physiol. 2019, 10, 1198. [CrossRef]

37. Fidzianska, A.; Goebel, H.H. Human ontogenesis. Cell death in fetal muscle. Acta Neuropathol. 1991, 81, 572–577. [CrossRef]
38. Olson, E.N. Interplay between proliferation and differentiation within the myogenic lineage. Dev. Biol. 1992, 154, 261–272.

[CrossRef]
39. Luo, S.; Lee, A.S. Requirement of the p38 mitogen-activated protein kinase signalling pathway for the induction of the 78 kDa

glucose-regulated protein/immunoglobulin heavy-chain binding protein by azetidine stress: Activating transcription factor 6 as
a target for stress-induced phosphorylation. Biochem. J. 2002, 366, 787–795. [CrossRef]

40. Gade, P.; Ramachandran, G.; Maachani, U.B.; Rizzo, M.A.; Okada, T.; Prywes, R.; Cross, A.S.; Mori, K.; Kalvakolanu, D.V. An
IFN-gamma-stimulated ATF6-C/EBP-beta-signaling pathway critical for the expression of Death Associated Protein Kinase 1 and
induction of autophagy. Proc. Natl. Acad. Sci. USA 2012, 109, 10316–10321. [CrossRef]

41. Pagliara, V.; Donadio, G.; De Tommasi, N.; Amodio, G.; Remondelli, P.; Moltedo, O.; Dal Piaz, F. Bioactive Ent-Kaurane Diterpenes
Oridonin and Irudonin Prevent Cancer Cells Migration by Interacting with the Actin Cytoskeleton Controller Ezrin. Int. J. Mol.
Sci. 2020, 21, 7186. [CrossRef] [PubMed]

42. Kook, S.H.; Choi, K.C.; Son, Y.O.; Lee, K.Y.; Hwang, I.H.; Lee, H.J.; Chung, W.T.; Lee, C.B.; Park, J.S.; Lee, J.C. Involvement of p38
MAPK-mediated signaling in the calpeptin-mediated suppression of myogenic differentiation and fusion in C2C12 cells. Mol.
Cell. Biochem. 2008, 310, 85–92. [CrossRef] [PubMed]

43. Guo, F.; Han, X.; Wu, Z.; Cheng, Z.; Hu, Q.; Zhao, Y.; Wang, Y.; Liu, C. ATF6a, a Runx2-activable transcription factor, is a novel
regulator of chondrocyte hypertrophy. J. Cell Sci. 2015, 129, 717–728. [CrossRef]

44. Gade, P.; Manjegowda, S.B.; Nallar, S.C.; Maachani, U.B.; Cross, A.S.; Kalvakolanu, D.V. Regulation of the Death-Associated
Protein Kinase 1 Expression and Autophagy via ATF6 Requires Apoptosis Signal-Regulating Kinase 1. Mol. Cell. Biol. 2014,
34, 4033–4048. [CrossRef]

45. Pagliara, V.; Parafati, M.; Adornetto, A.; White, M.C.; Masullo, M.; Grimaldi, M.; Arcone, R. Dibutyryl cAMP- or Interleukin-6-
induced astrocytic differentiation enhances mannose binding lectin (MBL)-associated serine protease (MASP)-1/3 expression in
C6 glioma cells. Arch. Biochem. Biophys. 2018, 653, 39–49. [CrossRef] [PubMed]

46. Di Sarno, V.G.P.; Medina-Peris, A.; Ciaglia, T.; Di Donato, M.; Musella, S.; Lauro, G.; Vestuto, V.; Smaldone, G.; Di Matteo, F.;
Bifulco, G.; et al. New TRPM8 blockers exert anticancer activity over castration-resistant prostate cancer models. Eur. J. Med.
Chem. 2022, 238, 114435. [CrossRef]

47. Pagliara, V.; De Rosa, M.; Di Donato, P.; Nasso, R.; D’Errico, A.; Cammarota, F.; Poli, A.; Masullo, M.; Arcone, R. Inhibition of
Interleukin-6-Induced Matrix Metalloproteinase-2 Expression and Invasive Ability of Lemon Peel Polyphenol Extract in Human
Primary Colon Cancer Cells. Molecules 2021, 26, 7076. [CrossRef]

https://doi.org/10.1016/j.bbamcr.2014.01.009
https://www.ncbi.nlm.nih.gov/pubmed/24440275
https://doi.org/10.1074/mcp.M600134-MCP200
https://www.ncbi.nlm.nih.gov/pubmed/16971385
https://doi.org/10.1016/j.bbrc.2004.07.155
https://doi.org/10.1007/s12192-009-0142-9
https://www.ncbi.nlm.nih.gov/pubmed/19898960
https://doi.org/10.1083/jcb.200412024
https://doi.org/10.1152/ajpcell.00222.2016
https://doi.org/10.1371/journal.pone.0029498
https://doi.org/10.1016/j.stem.2015.09.020
https://doi.org/10.1016/j.bbrep.2016.04.009
https://doi.org/10.3390/ijms21010182
https://doi.org/10.1016/j.molcel.2007.06.011
https://doi.org/10.3390/biomedicines9020156
https://doi.org/10.1038/s41418-018-0063-1
https://doi.org/10.3389/fphys.2019.01198
https://doi.org/10.1007/BF00310140
https://doi.org/10.1016/0012-1606(92)90066-P
https://doi.org/10.1042/BJ20011802
https://doi.org/10.1073/pnas.1119273109
https://doi.org/10.3390/ijms21197186
https://www.ncbi.nlm.nih.gov/pubmed/33003361
https://doi.org/10.1007/s11010-007-9668-2
https://www.ncbi.nlm.nih.gov/pubmed/18057999
https://doi.org/10.1242/jcs.169623
https://doi.org/10.1128/MCB.00397-14
https://doi.org/10.1016/j.abb.2018.06.016
https://www.ncbi.nlm.nih.gov/pubmed/29963999
https://doi.org/10.1016/j.ejmech.2022.114435
https://doi.org/10.3390/molecules26237076


Biomedicines 2023, 11, 1457 21 of 21

48. Eletto, D.; Eletto, D.; Boyle, S.; Argon, Y. PDIA6 regulates insulin secretion by selectively inhibiting the RIDD activity of IRE1.
FASEB J. 2016, 30, 653–665. [CrossRef]

49. Amodio, G.; Margarucci, L.; Moltedo, O.; Casapullo, A.; Remondelli, P. Identification of Cysteine Ubiquitylation Sites on the
Sec23A Protein of the COPII Complex Required for Vesicle Formation from the ER. Open Biochem. J. 2017, 11, 36–46. [CrossRef]

50. Rapa, S.F.; Magliocca, G.; Pepe, G.; Amodio, G.; Autore, G.; Campiglia, P.; Marzocco, S. Protective Effect of Pomegranate on
Oxidative Stress and Inflammatory Response Induced by 5-Fluorouracil in Human Keratinocytes. Antioxidants 2021, 10, 203.
[CrossRef]

51. Paladino, S.; Lebreton, S.; Tivodar, S.; Campana, V.; Tempre, R.; Zurzolo, C. Different GPI-attachment signals affect the oligomeri-
sation of GPI-anchored proteins and their apical sorting. J. Cell Sci. 2008, 121, 4001–4007. [CrossRef] [PubMed]

52. Albano, F.; Arcucci, A.; Granato, G.; Romano, S.; Montagnani, S.; De Vendittis, E.; Ruocco, M.R. Markers of mitochondrial
dysfunction during the diclofenac-induced apoptosis in melanoma cell lines. Biochimie 2013, 95, 934–945. [CrossRef] [PubMed]

53. Vestuto, V.; Amodio, G.; Pepe, G.; Basilicata, M.G.; Belvedere, R.; Napolitano, E.; Guarnieri, D.; Pagliara, V.; Paladino, S.;
Rodriquez, M.; et al. Cocoa Extract Provides Protection against 6-OHDA Toxicity in SH-SY5Y Dopaminergic Neurons by
Targeting PERK. Biomedicines 2022, 10, 2009. [CrossRef]

54. Harding, H.P.; Zhang, Y.; Ron, D. Protein translation and folding are coupled by an endoplasmic-reticulum-resident kinase.
Nature 1999, 397, 271–274. [CrossRef] [PubMed]

55. Khurana, A.; Dey, C.S. p38 MAPK interacts with actin and modulates filament assembly during skeletal muscle differentiation.
Differentiation 2003, 71, 42–50. [CrossRef]

56. Thuerauf, D.J.; Arnold, N.D.; Zechner, D.; Hanford, D.S.; DeMartin, K.M.; McDonough, P.M.; Prywes, R.; Glembotski, C.C. p38
Mitogen-activated protein kinase mediates the transcriptional induction of the atrial natriuretic factor gene through a serum
response element. A potential role for the transcription factor ATF6. J. Biol. Chem. 1998, 273, 20636–20643. [CrossRef]

57. Hillary, R.F.; FitzGerald, U. A lifetime of stress: ATF6 in development and homeostasis. J. Biomed. Sci. 2018, 25, 48. [CrossRef]
58. Haze, K.; Yoshida, H.; Yanagi, H.; Yura, T.; Mori, K. Mammalian Transcription Factor ATF6 Is Synthesized as a Transmembrane

Protein and Activated by Proteolysis in Response to Endoplasmic Reticulum Stress. Mol. Biol. Cell 1999, 10, 3787–3799. [CrossRef]
59. Xu, Q.; Yu, L.; Liu, L.; Cheung, C.F.; Li, X.; Yee, S.P.; Yang, X.J.; Wu, Z. p38 Mitogen-activated protein kinase-, calcium-calmodulin-

dependent protein kinase-, and calcineurin-mediated signaling pathways transcriptionally regulate myogenin expression. Mol.
Biol. Cell 2002, 13, 1940–1952. [CrossRef]

60. Wang, Y.; Shen, J.; Arenzana, N.; Tirasophon, W.; Kaufman, R.J.; Prywes, R. Activation of ATF6 and an ATF6 DNA Binding Site by
the Endoplasmic Reticulum Stress Response. J. Biol. Chem. 2000, 275, 27013–27020. [CrossRef]

61. Kokame, K.; Kato, H.; Miyata, T. Identification of ERSE-II, a new cis-acting element responsible for the ATF6-dependent
mammalian unfolded protein response. J. Biol. Chem. 2001, 276, 9199–9205. [CrossRef] [PubMed]

62. Malumbres, M.; Barbacid, M. Mammalian cyclin-dependent kinases. Trends Biochem. Sci. 2005, 30, 630–641. [CrossRef] [PubMed]
63. Yamamoto, K.; Sato, T.; Matsui, T.; Sato, M.; Okada, T.; Yoshida, H.; Harada, A.; Mori, K. Transcriptional induction of mammalian

ER quality control proteins is mediated by single or combined action of ATF6alpha and XBP1. Dev. Cell 2007, 13, 365–376.
[CrossRef] [PubMed]

64. Sharma, R.B.; Snyder, J.T.; Alonso, L.C. Atf6alpha impacts cell number by influencing survival, death and proliferation. Mol.
Metab. 2019, 27S, S69–S80. [CrossRef] [PubMed]

65. Morishima, N.; Nakanishi, K.; Nakano, A. Activating transcription factor-6 (ATF6) mediates apoptosis with reduction of myeloid
cell leukemia sequence 1 (Mcl-1) protein via induction of WW domain binding protein 1. J. Biol. Chem. 2011, 286, 35227–35235.
[CrossRef]

66. D’Alessandro, R.; Docimo, T.; Graziani, G.; D’Amelia, V.; De Palma, M.; Cappetta, E.; Tucci, M. Abiotic Stresses Elicitation
Potentiates the Productiveness of Cardoon Calli as Bio-Factories for Specialized Metabolites Production. Antioxidants 2022,
11, 1041. [CrossRef]

67. Cappetta, E.; De Palma, M.; D’Alessandro, R.; Aiello, A.; Romano, R.; Graziani, G.; Ritieni, A.; Paolo, D.; Locatelli, F.; Sparvoli,
F.; et al. Development of a High Oleic Cardoon Cell Culture Platform by SAD Overexpression and RNAi-Mediated FAD2.2
Silencing. Front. Plant Sci. 2022, 13, 913374. [CrossRef]

68. Kweon, M.; Lee, H.; Park, C.; Choi, Y.H.; Ryu, J.H. A Chalcone from Ashitaba (Angelica keiskei) Stimulates Myoblast Differentia-
tion and Inhibits Dexamethasone-Induced Muscle Atrophy. Nutrients 2019, 11, 2419. [CrossRef]

69. Han, Y.; Lee, H.; Li, H.; Ryu, J.H. Corylifol A from Psoralea corylifolia L. Enhances Myogenesis and Alleviates Muscle Atrophy.
Int. J. Mol. Sci. 2020, 21, 1571. [CrossRef]

70. Wu, J.; Ruas, J.L.; Estall, J.L.; Rasbach, K.A.; Choi, J.H.; Ye, L.; Bostrom, P.; Tyra, H.M.; Crawford, R.W.; Campbell, K.P.; et al. The
unfolded protein response mediates adaptation to exercise in skeletal muscle through a PGC-1alpha/ATF6alpha complex. Cell
Metab. 2011, 13, 160–169. [CrossRef]

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.

https://doi.org/10.1096/fj.15-275883
https://doi.org/10.2174/1874091X01711010036
https://doi.org/10.3390/antiox10020203
https://doi.org/10.1242/jcs.036038
https://www.ncbi.nlm.nih.gov/pubmed/19056670
https://doi.org/10.1016/j.biochi.2012.12.012
https://www.ncbi.nlm.nih.gov/pubmed/23274131
https://doi.org/10.3390/biomedicines10082009
https://doi.org/10.1038/16729
https://www.ncbi.nlm.nih.gov/pubmed/9930704
https://doi.org/10.1046/j.1432-0436.2003.700604.x
https://doi.org/10.1074/jbc.273.32.20636
https://doi.org/10.1186/s12929-018-0453-1
https://doi.org/10.1091/mbc.10.11.3787
https://doi.org/10.1091/mbc.02-02-0016
https://doi.org/10.1016/S0021-9258(19)61473-0
https://doi.org/10.1074/jbc.M010486200
https://www.ncbi.nlm.nih.gov/pubmed/11112790
https://doi.org/10.1016/j.tibs.2005.09.005
https://www.ncbi.nlm.nih.gov/pubmed/16236519
https://doi.org/10.1016/j.devcel.2007.07.018
https://www.ncbi.nlm.nih.gov/pubmed/17765680
https://doi.org/10.1016/j.molmet.2019.06.005
https://www.ncbi.nlm.nih.gov/pubmed/31500833
https://doi.org/10.1074/jbc.M111.233502
https://doi.org/10.3390/antiox11061041
https://doi.org/10.3389/fpls.2022.913374
https://doi.org/10.3390/nu11102419
https://doi.org/10.3390/ijms21051571
https://doi.org/10.1016/j.cmet.2011.01.003

	Introduction 
	Materials and Methods 
	Cell Culture and Treatments 
	Genetic Ablation of the ATF6 Gene and Isolation of Knock out ATF6 C2C12 Myoblasts 
	Construction of T166A and S130A ATF6 Mutants 
	Western Blotting Analysis 
	RNA Extraction, Reverse Transcription (RT), XBPI Splicing Assay and Quantitative Real-Time Polymerase Chain Reaction (qPCR) 
	Phase-Contrast and Confocal Microscopy 
	Evaluation of Apoptosis and Cell Cycle 
	Statistical Analysis 

	Results 
	ATF6 Is the Only UPR Pathway Activated in Differentiating Mouse C2C12 Myoblasts 
	p38 MAPK Phosphorylation Drives Activation of ATF6 during Myogenesis 
	Inhibition of p38 MAPK by SB203580 Influences Morphology of the Secretory Pathway and the Intracellular Trafficking of the Endogenous ATF6 Protein 
	Genetic Ablation of ATF6 Impairs Myogenesis of C2C12 Myoblasts 
	Myogenesis of C2C12 Requires Phosphorylation by P38 MAPK at the T166 Site of ATF6 
	ATF6 Is Necessary for Cell Cycle Control during Myoblast Differentiation 
	p38 MAPK/ATF6 Pathway Regulates Dexamethasone-Induced Myotube Inhibition 

	Discussion 
	Conclusions 
	References

