© 2020. Published by The Company of Biologists Ltd | Journal of Cell Science (2020) 133, jcs244855. doi:10.1242/jcs.244855

e Company of
‘Blologlsts

RESEARCH ARTICLE
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Andria A. Lytridou’#, Anthi Demetriadou’#*, Melina Christou®*, Louiza Potamiti3,
Nikolas P. Mastroyiannopoulos?#4, Kyriacos Kyriacou®#, Leonidas A. Phylactou?“, Anthi Drousiotou’*

and Petros P. Petrou’#*

ABSTRACT

Imbalances in endoplasmic reticulum (ER) homeostasis provoke a
condition known as ER stress and activate the unfolded protein
response (UPR) pathway, an evolutionarily conserved cell survival
mechanism. Here, we show that mouse myoblasts respond to UPR
activation by stimulating glycogenesis and the formation of c-amylase-
degradable, glycogen-containing ER structures. We demonstrate that
the glycogen-binding protein Stbd1 is markedly upregulated through the
PERK signalling branch of the UPR pathway and is required for the
build-up of glycogen structures in response to ER stress activation. In
the absence of ER stress, Stbd1 overexpression is sufficient to induce
glycogen clustering but does not stimulate glycogenesis. Glycogen
structures induced by ER stress are degraded under conditions of
glucose restriction through a process that does not depend on
autophagosome—lysosome fusion. Furthermore, we provide evidence
that failure to induce glycogen clustering during ER stress is associated
with enhanced activation of the apoptotic pathway. Our results reveal a
so far unknown response of mouse myoblasts to ER stress and uncover
a novel specific function of Stbd1 in this process, which may have
physiological implications during myogenic differentiation.

This article has an associated First Person interview with the first author
of the paper.
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INTRODUCTION

The endoplasmic reticulum (ER) is an intracellular network of
interconnected membranes involved in a variety of cellular processes
including synthesis, folding and maturation of secretory and
transmembrane proteins (Schwarz and Blower, 2016). A balance
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between protein load and folding capacity of the ER ensures proper
protein folding, processing and quality control. This balance can be
disrupted by physiological or pathological stimuli, resulting in the
accumulation of misfolded proteins, a condition described as ER stress.
An evolutionarily conserved adaptive mechanism integrating specific
signalling pathways, known as the unfolded protein response (UPR), is
activated by ER stress and primarily aims to restore ER homeostasis.
UPR induction triggers a series of cellular events, such as attenuation
of global protein translation and activation of specific signalling
mechanisms, which promote cell adaptation and survival. However, in
the case of unresolved ER stress, the UPR triggers cell death by
apoptosis (Ron and Walter, 2007; Hotamisligil, 2010; Hetz, 2012).

In mammals, the UPR is mediated by three transmembrane ER
proteins: IRE1 (also known as ERN1), ATF6 and PERK (also
known as EIF2AK3), which function as sensors continuously
monitoring the ER environment. Under steady-state conditions, the
luminal domains of these sensors interact with the ER chaperone
BiP (HSPAS) and are thus held inactive. Accumulation of misfolded
proteins in the ER lumen causes the detachment of BiP from the
above sensors, which become activated and initiate distinct
signalling pathways, known as the UPR branches (Hetz, 2012).

ER stress and UPR activation influence various cellular processes
including pathways of glucose, lipid and glycogen metabolism
(Hotamisligil, 2010). Glycogen is a large, multi-branched glucose
polymer which serves as a readily mobilized storage form of energy,
primarily in liver and muscle (Prats et al., 2018). Glycogen is
present in the form of granules consisting of carbohydrate and
proteins that vary between tissues. The electron microscopic
appearance of glycogen suggests the existence of two main
structures, termed o~ and B-particles. a-particles are the larger of
the two structures, are found mainly in the liver and result from the
association of several smaller B-particles. Glycogen is stored as
B-particles in muscle and other tissues, such as the brain. A
B-particle corresponds to a single glycogen unit and its synthesis
begins with the dimerization and autoglycosylation of the central
priming protein, glycogenin (GN). Glucose polymerization and
branching is achieved through the coordinated action of glycogen
synthase and the branching enzyme. Under conditions of glucose
shortage, glycogen granules are degraded through the combined
action of glycogen phosphorylase and the debranching enzyme in
the cytosol, or alternatively by acid a-glucosidase in lysosomes.

It has been previously reported that ER stress activation in
neuronal cells induces the formation of polyglucosan, a poorly
branched form of glycogen, through the activation of glycogen
synthase 1 (GS1, also known as GYSI1), the main glucose
polymerizing enzyme in tissues other than the liver (Wang et al.,
2013). Although the formation of polyglucosan in a mouse model of
Lafora disease (OMIM #254780) was associated with accelerated
disease onset and neurodegeneration, it has also been proposed to
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serve the rapid capture and supply of energy to support neuronal cell
survival during ER stress (Wang et al., 2013).

In the present study, we report that the starch binding domain-
containing protein 1 (Stbdl) links ER stress with the build-up of
glycogen structures in mouse myoblasts. Stbdl is a transmembrane,
glycogen-binding, ER-resident protein, also found at ER-
mitochondria contact sites, at which it is implicated in
ER-mitochondria tethering (Jiang et al., 2010; Demetriadou et al.,
2017). Based on the presence of an Atg8-family interacting motif
(AIM), mediating its interaction with the autophagy protein
Gabarapll, Stbdl is thought to function as a selective autophagy
receptor for glycogen (Jiang et al., 2011). However, definitive
evidence for the above is currently lacking, and the role of Stbd1 in
glycogen metabolism remains largely uncharacterized.

Here, we show that Stbdl is markedly upregulated in response to
ER stress activation and is both necessary and sufficient to promote
glycogen clustering in mouse myoblasts, in a process that involves the
recruitment of GN and GS1 to the ER membrane. Our results indicate
that Stbd1 has a specific role during ER stress and is not required for
the formation of glycogen clusters induced by overexpression of the
protein phosphatase 1 subunit protein targeting to glycogen (PTG,
also known as PPP1R3C). We demonstrate that ER stress-induced
glycogen structures are degraded under conditions of glucose
restriction through a mechanism that does not depend on
autophagosome—lysosome fusion. Furthermore, our results indicate
that deficiency in the formation of glycogen structures in response to
ER stress is associated with enhanced susceptibility to apoptosis.

RESULTS

ER stress activation induces glycogen synthesis and
clustering in mouse myoblasts

We have previously reported that, under standard culturing
conditions, C2C12 mouse myoblasts sporadically display glycogen
structures, which colocalize with Stbd1 and the ER membrane marker
calnexin (Demetriadou et al., 2017). We reasoned that the formation
of these structures in only very few but not the bulk of cells occurs in
response to a specific stimulus and sought to identify the event
triggering their build-up.

We found that treatment of C2C12 myoblasts with the
pharmacological ER stress inducer tunicamycin (TM) for 16 h
resulted in the formation of prominent glycogen structures in the
majority of cells (Fig. 1A). This was not the case for control cells
treated with DMSO (vehicle), in which only small glycogen
structures were occasionally detected. Importantly, both the ER
stress-induced glycogen clusters and those present in control cells
stained positive for Stbdl, suggesting its potential implication in
their formation (Fig. 1A).

To glean insights into the molecular mechanisms driving the ER
stress-induced formation of glycogen clusters in C2C12 myoblasts,
we first addressed the question of whether ER stress activation
stimulates glycogen synthesis. For this, we quantified glycogen
levels in cells treated with TM and in DMSO-treated controls. This
revealed that TM-treated cells displayed significantly increased
glycogen levels (Fig. 1B), suggesting that ER stress induction in
C2C12 cells stimulates glycogenesis.

Human Stbd1 was previously reported to interact in vitro with
glycogen synthase (Zhu et al.,, 2014). Moreover, in a recent
proteomic study, human Stbdl was suggested to interact with
additional proteins implicated in glycogen metabolism, such as GN
(Huttlin et al., 2017). Given the above, we evaluated whether the
muscle-specific glycogen synthase (GS1) and GN were colocalized
with Stbdl on ER stress-induced glycogen clusters in C2C12

myoblasts. Indeed, in TM-treated cells both GS1 and GN coincided
with Stbdl on glycogen structures (Fig. 1C). Furthermore, these
structures stained positive for calnexin, suggesting the involvement
of the ER membrane in their formation. Similarly, GS1, GN and
calnexin were detected on Stbd1-positive glycogen clusters, which
were sparsely detectable in DMSO-treated controls (Fig. 1C,
arrowheads). Importantly, glycogen structures induced either by
TM treatment or present in DMSO-treated cells did not colocalize
with Lampl, suggesting that they are not associated with late
endosomes or lysosomes and are likely cytosolic (Fig. 1C).

Comparable results were obtained using additional ER stressors
such as 2-deoxy-D-glucose (2-DG) and thapsigargin (TG)
(Fig. S1A). This suggests that formation of glycogen structures
encompassing Stbdl, GS1 and GN in C2C12 myoblasts occurs as a
general response to ER stress, irrespective of the molecular
mechanism disrupting ER homeostasis. TM and TG induced the
formation of a similar number of structures per cell, which appeared
to be increased when compared to the number of structures induced
by 2-DG (Fig. SIB). Intriguingly, whereas glycogen structures
induced by TM (Fig. 1C) and 2-DG (Fig. S1) were uniformly
stained with calnexin, TG treatment resulted in the formation of both
calnexin-positive (Fig. S1A, filled arrowheads) and calnexin-
negative (Fig. S1A, open arrowheads) glycogen clusters.

To further characterize glycogen structures induced by ER stress, we
performed transmission electron microscopy on C2C12 myoblasts
treated either with TM or with DMSO as a control. At the ultrastructural
level, TM-treated cells displayed large intracytoplasmic glycogen
structures that were not membrane enclosed (Fig. 1D,E). Comparable
structures were not present in control cells (Fig. 1F).

We next set out to validate the aforementioned findings in
cultures of satellite cell-derived mouse primary myoblasts. For this,
primary myoblasts were treated with TM, or DMSO as a control,
and immunostained for glycogen, Stbd1, GS1 and GN. As observed
in C2C12 cells, ER stress induction in primary myoblasts resulted in
the formation of profound glycogen clusters (Fig. S2). Moreover,
these stained positive for Stbd1, GS1 and GN, in agreement with the
findings described for C2C12 cells. This suggests that the build-up
of glycogen structures following TM treatment is not a cell-line
specific event, because both C2C12 and primary myoblasts
exhibited the same cellular response to ER stress activation.
Based on the above and because of the ease of handling, C2C12
myoblasts were employed for subsequent experiments in this study.

Taken together, the above findings suggest that ER stress induction
by TM in mouse myoblasts stimulates glycogenesis and further
results in glycogen accumulation on discernible ER structures, on
which Stbdl, GS1 and GN are localized. Moreover, the presence of
the above proteins on glycogen structures occasionally observed in
C2C12 cells under steady-state conditions suggests that formation of
these structures occurs through the same molecular events. C2C12
myoblasts harboring such glycogen clusters under normal conditions
could therefore represent individual cells undergoing ER stress.

ER stress-induced glycogen-containing structures consist

of a-amylase-degradable glycogen

It has been reported previously that ER stress induction in Neuro2 A
(N2A) neuroblastoma cells results in the formation of polyglucosan,
a poorly branched form of glycogen that is resistant to o-amylase
degradation (Wang et al., 2013). To evaluate whether glycogen
clusters formed in response to ER stress in C2C12 myoblasts consist
of normally structured glycogen or polyglucosan, we treated C2C12
cells with TM for 16 h and subsequently with or without o-amylase.
Immunofluorescence staining revealed numerous ER stress-induced
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Fig. 1. ER stress activation induces glycogenesis and the formation of glycogen-containing ER structures. (A) Representative immunofluorescence
images of C2C12 myoblasts treated with TM or DMSO (control) and stained for glycogen and Stbd1. TM-treated cells display prominent glycogen structures that
strongly coincide with Stbd1 (overlay) [meants.e.m. Manders’ colocalization coefficient (MCC), 0.746+0.032; n=10]. DMSO-treated controls occasionally
display smaller Stbd1-positive glycogen structures (arrowheads) (MCC, 0.615+0.025; n=6). (B) Glycogen quantification in DMSO- and TM-treated C2C12
myoblasts revealed that ER stress activation stimulates glycogen synthesis (meanzts.e.m. ug glucose/mg protein: DMSO-treated, 0.55+0.20; TM-treated,

9.56+0.74; n=3). ***P<0.001 (one-tailed unpaired Student's t-test). (C) Representative images of TM- and DMSO-treated C2C12 myoblasts immunostained with
the indicated antibodies. In addition to positive Stbd1 immunostaining, both the ER stress-induced glycogen structures and those sporadically presentin DMSO-
treated controls (arrowheads) stain positive for GS1 (MCC: TM-treated, 0.785+0.012, n=10; DMSO-treated, 0.565+0.052, n=7), GN (MCC: TM-treated,
0.791+0.011, n=10; DMSO-treated, 0.703+0.025, n=8) as well as calnexin (MCC: TM-treated, 0.752+0.019, n=10; DMSO-treated, 0.763+0.040, n=7) but not
Lamp1 (MCC: TM-treated, 0.047+0.010, n=10; DMSO-treated, 0.028+0.009, n=10). Inserts show single stainings at higher magnification for the corresponding

areas indicated by dashed boxes. (D—F) Transmission electron micrographs of TM- (D,E) and DMSO- treated (F) C2C12 cells. TM-treated cells display
prominent membrane-free glycogen structures not present in DMSO-treated control cells. A higher magnification image of the boxed area in D is shown in

E. Scale bars: 20 um (A,C), 2 um (D,F), 1 pm (E).

glycogen structures, which strongly colocalized with Stbdl in
control cells (Fig. 2A), whereas glycogen immunostaining was
eliminated by o-amylase treatment (Fig. 2B). Nevertheless, despite
the degradation of glycogen, structures exhibiting positive
immunostaining for Stbdl, GS1 and GN were still detectable in
o-amylase-treated cells (Fig. 2B). This suggests that glycogen
contained on ER stress-induced clusters is sensitive to o-amylase
treatment and therefore does not represent polyglucosan. Moreover,
the finding that GS1 and GN remained colocalized with Stbd1 after
the o-amylase-mediated depletion of glycogen may indicate that,
during ER stress, the above proteins form a complex with Stbdl at
the ER membrane through direct protein—protein interactions that
are not mediated by glycogen.

Stbd1 is upregulated in response to ER stress and is required
for the formation of glycogen structures

We have previously reported that transient overexpression of Stbd1
results in the accumulation of glycogen in organized smooth ER
structures (Demetriadou et al., 2017). Given that ER stress induction

in mouse myoblasts gives rise to comparable glycogen-containing
structures, we hypothesized that ER stress activation may simulate a
state of Stbd1 overexpression.

To address the above hypothesis, we treated C2C12 myoblasts
with TM and evaluated Stbd1 protein levels at different time points,
by means of western blotting. We found that Stbd1 displays low
expression levels prior to ER stress induction but becomes gradually
and highly upregulated during the course of TM treatment
(Fig. 3A). Activation of the UPR pathway was confirmed by
evaluating the protein levels of the early UPR chaperone BiP, which
displayed a similar increase with time after TM addition (Fig. 3A).

Given that Stbdl is an ER-resident transmembrane protein and
that the ER is implicated in the formation of glycogen-containing
structures in response to TM treatment, the ER stress-induced
upregulation of Stbdl could be the initiating step triggering the
build-up of glycogen clusters. We therefore addressed the question
of whether the above molecular events are Stbd1-dependent. To this
end, we generated C2C12 myoblasts with stable knockdown of
Stbd1 using a lentiviral sShRNA approach. C2C12 cells expressing a
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scrambled shRNA sequence (shScr) were generated in parallel and
used as controls. The silencing efficiency was evaluated by
assessing Stbdl upregulation in response to TM treatment. In
contrast to non-transduced and shScr C2C12 myoblasts, which
exhibited a prominent increase in Stbdl protein levels, Stbdl-
knockdown cells (shStbd1) did not display any obvious ER stress-
induced Stbdl upregulation, demonstrating efficient silencing
(Fig. 3B). We next treated shStbdl and shScr control myoblasts
with TM and evaluated the formation of glycogen structures.
Following ER stress induction by TM, shScr control cells displayed
the typical intracellular glycogen clusters (Fig. 3C). In contrast, such
structures were undetectable in shStbd1 myoblasts, suggesting that
Stbdl silencing compromises their build-up (Fig. 3C). Comparable
results were obtained using TG as an ER stress inducer (Fig. S3A).

The failure to induce glycogen clustering upon ER stress activation
in shStbd1 myoblasts raises the question of whether Stbdl is required
for ER stress-induced glycogen synthesis. To address this question,
we quantified intracellular glycogen levels in non-transduced, shScr
and shStbdl C2C12 myoblasts treated with either TM or DMSO, as
control. We found that, similar to non-transduced and shScr cells,
shStbdl cells displayed substantially increased glycogen content
following TM treatment, as compared to the corresponding DMSO-
treated controls (Fig. 3D). Glycogen levels in TM-treated Stbdl-
knockdown cells appeared reduced when compared to similarly
treated shScr myoblasts; however, the decrease was not statistically
significant (Fig. 3D). The above data indicate that the absence of
glycogen structures in TM-treated shStbdl cells is not due to
impaired glycogen synthesis and suggest a specific role for Stbdl in
glycogen clustering in response to ER stress.

To corroborate the above findings we performed rescue
experiments using either wild-type (WT) or mutant Stbdl variants.
We employed the previously reported W273G glycogen-binding-
deficient mutant (Jiang et al., 2010; Demetriadou et al., 2017) and a
variant (W188A/V191A) carrying mutations in two conserved
residues within the AIM motif, previously shown to abolish the
interaction between human Stbd1 and Gabarapl1 (Jiang et al., 2011).
Given that the target sequence initially used for Stbdl silencing was
within the coding region of the gene, the aforementioned shStbdl
cells could not be employed for rescue experiments. We therefore
generated a second Stbdl-knockdown C2C12 cell line using a
shRNA target sequence within the 3" UTR (sh3'UTR). Efficient
silencing in sh3'UTR myoblasts was confirmed by the lack of Stbd1

o

incubated either in the absence (A) or
presence (B) of a-amylase and double-
stained for Stbd1 (green) and glycogen,
GS1 or GN (red). o-amylase treatment
resulted in glycogen depletion from the
ER stress-induced structures, which still
displayed positive immunostaining

for Stbd1 [meants.e.m. Manders’
colocalization coefficient (MCC):
—a-amylase, 0.675+0.008, n=10;
+a-amylase, 0.022+0.006, n=10], GS1
(MCC: 0.661+0.031, n=10) and GN (MCC:
0.528+0.025, n=10). Overlays are shown
as inserts and represent higher
magpnifications of the indicated boxed
areas. Representative images are shown.
Scale bar: 20 ym.

upregulation and glycogen clustering in response to TM treatment
(Fig. S4A,B). Transient transfection of sh3"UTR cells with WT Stbd1
fused to a Myc epitope (Stbd1-Myc) restored glycogen clustering in
77.8% of transfected cells in the absence of ER stress activation by
TM (Fig. 3E; Table S1). The number of transfected cells exhibiting
glycogen structures increased to 92.1% following TM treatment
(Table S1). The above is in line with the low levels of glycogen in
C2C12 cells under basal conditions, which become substantially
increased upon ER stress activation. A similar degree of rescue (73%
and 87.9% in the absence and presence of TM, respectively) was
observed with W188A/V191A-Myc (Fig. 3E; Table S1). However,
no obvious glycogen clustering was evident with the W273G—Myc
glycogen-binding mutant, either in the absence or presence of TM
(Fig. 3E; Table S1). This indicates that, although the glycogen-
binding domain of Stbdl is required for the formation of glycogen
structures, a functional AIM motif is not essential.

Inhibition of PERK signalling compromises ER stress-
induced Sthd1 upregulation and glycogen clustering

We next sought to identify the UPR signalling branch through
which Stbdl upregulation is mediated using inhibitors of the
individual pathways. For the inhibition of IRE1, ATF6 or PERK
signalling we employed 4u8C (Cross et al., 2012), AEBSF (Okada
etal., 2003) or GSK2606414 (Axten et al., 2012), respectively. The
efficacy of the above inhibitors was addressed by assessing the
mRNA expression levels of representative ER stress response genes
[sXbp1 (the spliced form of Xbp1), Atf4, BiP and Chop (also known
as Ddit3)] by means of qPCR. sXbp! is a key marker of IRE1
activation (Calfon et al., 2002), A#4 is a downstream effector of
PERK (Harding et al., 2000), whereas BiP is a known target of the
ATF®6 signalling branch (Wu et al., 2007; Yamamoto et al., 2007).
The pro-apoptotic factor Chop is a further downstream target of the
PERK pathway that is directly activated by ATF4 and also by ATF6
(Yoshida et al., 2000; Han et al., 2013). As expected, the IRE1
inhibitor 4u8C specifically blocked the TM-induced activation of
sXbpl, whereas AEBSF attenuated the induction of both BiP and
Chop (Fig. 4A). GSK2606414 specifically compromised the ER
stress-mediated activation of the PERK targets A#f4 and Chop and
further inhibited the expression of BiP (Fig. 4A). A similar partial
dependence of ER stress-mediated upregulation of BiP on PERK
signalling has been demonstrated previously in mouse embryonic
fibroblasts (Gonen et al., 2019).
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Fig. 3. Stbd1 is upregulated in response to ER stress and is required for the formation of glycogen structures. (A) Western blot (top) and densitometry
(bottom; meants.e.m., n=3) of protein extracts from C2C12 myoblasts collected after 0, 4, 8 or 16 h of TM treatment, showing prominent upregulation of
Stbd1. Induction of ER stress was verified by the increase in BiP protein levels, and Gapdh was used as a loading control. (B) Western immunoblot (top) and
densitometry (bottom; meants.e.m., n=3) for the assessment of Stbd1 silencing efficiency. Protein extracts from non-transduced controls (C2C12) and C2C12
myoblasts expressing either a scrambled (shScr) or a Stbd1-specific (shStbd1) shRNA sequence were prepared in the absence (—) or presence of TM treatment
(+) and probed for Stbd1. Non-transduced and shScr cells display increased Stbd1 protein levels following ER stress activation, in contrast to shStbd1 cells. BiP
was employed to evaluate ER stress activation, and Gapdh was used as a loading control. (C) Representative images of shScr and shStbd1 cells immunostained
for glycogen after TM treatment. Stbd1 silencing impairs the formation of ER stress-induced glycogen clusters. (D) Quantification of glycogen levels in
controls (non-transduced and shScr) and shStbd1 cells after treatment with DMSO (—) or TM (+), revealed no statistically significant difference (meants.e.m. ug
glucose/mg protein: DMSO C2C12, 0.24+0.07; TM C2C12, 6.55+1.05; DMSO shScr, 0.23+0.11; TM shScr, 7.01+0.92; DMSO shStbd1, 0.17+0.08; TM shStbd1,
4.62+1.16; n=3). (E) Representative images of sh3’UTR C2C12 cells transiently transfected with the indicated vectors and immunostained for Myc and glycogen.
Glycogen clustering is restored in cells transiently overexpressing Stbd1-Myc [meanzts.e.m. Manders’ colocalization coefficient (MCC): 0.800+0.026, n=10] or
the W188A/NV191A-Myc AIM mutant (MCC: 0.716+0.033, n=10) but not W273G-Myc (MCC: 0.051+0.014, n=10). Inserts show single stainings of the
corresponding boxed areas at higher magnification. *P<0.05; **P<0.01; ns, not significant (one-tailed unpaired Student’s t-test). Scale bars: 20 ym.

To identify the UPR pathway promoting Stbdl upregulation we
exploited the absolute requirement for Stbd1 for the ER stress-induced
formation of glycogen structures. C2C12 myoblasts were therefore
treated with TM in the presence of the above inhibitors and evaluated
for the formation of Stbdl-positive glycogen clusters. Inhibition of
either IRE1 or ATF6 signalling did not impinge on the build-up of
Stbd1-positive glycogen clusters following TM treatment (Fig. 4B).
Nevertheless, in the presence of the selective PERK inhibitor

GSK2606414, glycogen structures failed to form, suggesting that
activation of Stbdl expression upon ER stress induction depends on
PERK signalling (Fig. 4B). A similar result was obtained with TG
treatment (Fig. S3B). The above findings were corroborated by western
blotting, which revealed that the TM-induced Stbd1 upregulation was
not inhibited by 4u8C but was completely abolished upon treatment
with GSK2606414 (Fig. 4C). A milder but statistically significant
attenuation of Stbdl upregulation was observed in the presence of

5

Q
Y
C
ey
()
v
ko]
O
Y=
(©)
©
c
—
>
(®)
-



https://jcs.biologists.org/lookup/doi/10.1242/jcs.244855.supplemental

RESEARCH ARTICLE

Journal of Cell Science (2020) 133, jcs244855. doi:10.1242/jcs.244855

sXbp1 Atf4 Bip Chop
x%
ns * *
1
0.04- ns 0.05- * 0.020- ——
s 3 -T™
= ns il
< 0.04 3 No inhibitor
5 S 0.0151 £ 48C
4 0.03 @ AEBSF
3 0.021 0.0101 W GSK2606414
3 0.02-
2 0.01 0.005
B ) 0.01 - .
0.00- 0.000-!
+ + M - + + + + ™ - + + + +
D
'Y N
+©
B C $ «
o\ ) 4‘3'
& o R )
Stbd1 / Glycogen P W ‘g, &
No inhibitor ™ - + + + +
Sthd1| o [ e
Gapah| s s s— —— | 35kDa
kx4
*
| ——]
ns
1.0q | ]
ca -™
5 0.8 3 No inhibitor
< Wl 4u8C
£ 05 B8 AEBSF
£ 3 GSK2606414
S 0.4
2
8 0.2
0.0-
™ . + + + o+

Fig. 4. ER stress-induced Stbd1 upregulation and glycogen clustering depends on PERK signalling. C2C12 cells were either left untreated () or cultured
with TM (+) in the absence or presence of inhibitors of the individual UPR branches. (A) mMRNA expression levels of representative UPR marker genes as
assessed by qPCR. Data represent meants.e.m. of three independent experiments each performed in triplicate. (B) Representative images of double
immunostaining for Stbd1 and glycogen revealed the lack of ER stress-induced, Stbd1-positive glycogen structures in the presence of the PERK inhibitor
GSK2606414 [meanzts.e.m. Manders’ colocalization coefficient (MCC): no inhibitor, 0.870+0.011, n=10; 4u8C, 0.768+0.021, n=10; AEBSF, 0.721+0.019, n=10].
Single stainings are shown as inserts representing higher magnifications of the corresponding boxed areas. (C) Western blot (top) and densitometry (bottom;
meanzs.e.m., n=3) of protein extracts from cells treated as described above confirms the lack of ER stress-induced Stbd1 upregulation in the presence of the
selective PERK inhibitor and a partial inhibition with AEBSF. Gapdh is shown as a loading control. *P<0.05; **P<0.01; ns, not significant (one-tailed unpaired

Student’s t-test). Scale bar: 20 um.

AEBSF (Fig. 4C). Nevertheless, this partial ER stress-mediated
activation of Stbd1 expression upon inhibition of ATF6 signalling was
apparently sufficient to induce glycogen clustering (Fig. 4B).

Sthd1 overexpression in C2C12 myoblasts is sufficient to
induce glycogen clustering independently of ER stress
activation

The results described above demonstrate that Stbd1 is required for ER
stress-induced glycogen clustering in C2C12 myoblasts. However,
Stbd1 silencing does not appear to abolish glycogenesis, suggesting
that glycogen synthesis and clustering in response to ER stress occur
independently.

To address the above, we generated stable C2C12 myoblast cells
overexpressing either mouse Stbd1 (C2C12/Stbd1) or the unrelated
GFP protein (C2C12/GFP) as control, by means of lentiviral
infection. Immunofluorescence staining revealed the presence of
numerous large glycogen structures in C2C12/Stbdl1 cells, which
stained positive for Stbd1, GS1, GN and calnexin, but not Lampl,
and thus highly resembled the Stbd1-dependent glycogen structures

induced by ER stress (Fig. 5A). In contrast, C2C12/GFP controls
did not contain comparable clusters but did occasionally display
smaller glycogen structures with a similar immunofluorescence
staining pattern (Fig. 5A, arrowheads).

Given that TM treatment and Stbd1 overexpression gave rise to
similar glycogen structures, we evaluated whether Stbdl-
overexpressing myoblasts display UPR activation. As revealed by
western blotting, both C2C12/Stbdl and C2CI12/GFP control
myoblasts displayed similar protein levels of the UPR marker BiP,
suggesting that Stbdl overexpression did not provoke UPR
activation (Fig. 5B). As in the case of glycogen structures induced
by ER stress, a-amylase treatment of C2C12/Stbdl myoblasts
resulted in the complete degradation of glycogen, whereas Stbdl,
GS1 and GN remained colocalized on intracellular structures devoid
of glycogen (Fig. S5). The above findings demonstrate that, in the
absence of ER stress, Stbdl is sufficient to induce the formation of
ER structures containing o-amylase-degradable glycogen and the
glycogenic proteins GN and GS1. Moreover, the presence of GS1
and GN on Stbdl-positive structures following the degradation of
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Fig. 5. Stbd1 overexpression is sufficient to induce glycogen clustering
in the absence of ER stress but does not stimulate glycogenesis.

(A) Representative images of C2C12 myoblasts stably overexpressing mouse
Stbd1 (C2C12/Stbd1) or GFP as control (C2C12/GFP), stained using the
indicated antibodies. C2C12/Stbd1 cells display large glycogen clusters

that resemble those induced by ER stress and stain positive for Stbd1
[meants.e.m. Manders’ colocalization coefficient (MCC): 0.796+0.014, n=10],
GS1 (MCC: 0.792+0.019, n=10), GN (MCC: 0.745+0.014, n=10), calnexin
(MCC: 0.77440.013, n=10) but not Lamp1 (MCC: 0.089+0.005, n=10). C2C12/
GFP controls sporadically display smaller structures (arrowheads), with similar
immunofluorescence staining for the above markers (MCC: Stbd1, 0.570
+0.044, n=10; GS1, 0.618+0.021, n=8; GN, 0.518+0.033, n=8; calnexin,
0.646+0.053, n=5; Lamp1, 0.035+0.015, n=7). Inserts show single stainings of
the corresponding boxed areas at higher magnification. (B) Western blot (top)
and densitometry (bottom; meants.e.m., n=3) of protein lysates from C2C12/
GFP and C2C12/Stbd1 cells confirms Stbd1 overexpression and the absence
of ER stress activation in C2C12/Stbd1 cells, as assessed by BiP protein
levels. Gapdh is shown as a loading control. (C) Quantification of intracellular
glycogen levels in non-transduced C2C12, C2C12/GFP and C2C12/Stbd1
cells. Glycogen content in Stbd1-overexpressing cells is not statistically
different from that of controls (meants.e.m, ug glucose/mg protein: C2C12,
1.56+0.27; C2C12/GFP, 1.87+0.30; C2C12/Stbd1, 2.27+0.60; n=3).
***P<0.001; ns, not significant (one-tailed unpaired Student’s t-test). Scale
bar: 20 ym.

glycogen by o-amylase further supports that Stbdl may form a
scaffold at the ER membrane mediating the recruitment of GS1 and
GN, likely through direct protein—protein interactions.

We next examined whether Stbdl overexpression and the
concomitant recruitment of GN and GS1 to the ER membrane is
associated with an increase in intracellular glycogen content. For
this, we quantified glycogen levels in C2C12/Stbd1 myoblasts,
non-transduced C2C12 and C2C12/GFP control cells. We found
that C2C12/Stbd1 cells did not display a significant increase in
glycogen levels (Fig. 5C). This suggests that Stbd1 overexpression

is sufficient to promote glycogen clustering and the recruitment of
GN and GS1 to the ER membrane in the absence of ER stress, but
additional ER stress-mediated processes are required to stimulate
glycogenesis.

Stbhd1 is not required for PTG-induced glycogen
accumulation

The herein described role for Stbdl in promoting the formation of
glycogen structures in response to ER stress activation raises the
question of whether Stbd1 has a specific role during ER stress or is
generally implicated in glycogen clustering.

A number of previous studies established an important role for
the adaptor protein PTG in the regulation of glycogen levels in
tissues. PTG targets protein phosphatase 1 (PP1) to glycogen,
resulting in the dephosphorylation and reciprocal modulation of the
enzymatic activities of glycogen synthase (activation) and
phosphorylase (inhibition) causing a significant increase in
glycogen levels (Printen et al., 1997; Lerin et al., 2000).

To explore the potential implication of Stbdl in the formation of
PTG-induced glycogen clusters, we constructed an expression vector
in which the coding sequence of PTG was fused to a Myc epitope at
its C-terminus (PTG-Myc). As expected, overexpression of PTG—
Myc resulted in massive accumulation of glycogen clusters in C2C12
cells (Fig. 6A). These strongly coincided with PTG-Myc; however,
they stained negative for both Stbd1 and GS1 (Fig. 6A). This suggests
that PTG likely promotes the formation of glycogen clusters
independently of Stbdl and further supports that recruitment of
GS1 to glycogen structures is likely mediated by Stbd1l. Nevertheless,
glycogen structures in PTG-Myc-transfected cells were weakly
positive for GN, probably reflecting the fact that GN is an integrated
component of glycogen. Furthermore, PTG-induced glycogen
structures displayed no colocalization with calnexin, suggesting that
they are not associated with the ER, and no staining for Lampl,
similar to the clusters induced by ER stress (Fig. 6A).

We next addressed a potential role for Stbdl in the build-up of
PTG-induced glycogen structures by transiently overexpressing
PTG-Myc in shStbdl and shScr control myoblasts. PTG-Myc
overexpression in shStbd1l myoblasts induced the accumulation of
glycogen, as in shScr cells, which demonstrates that Stbdl is not
required for the formation of PTG-induced glycogen clusters
(Fig. 6B). Moreover, similar to shScr controls, accumulated
glycogen clusters in shStbdl myoblasts did not colocalize with
calnexin (Fig. 6B). The above data suggest that Stbdl is not
generally implicated in glycogen clustering but, rather, has a
specific role in the formation of glycogen structures induced by ER
stress. To rule out potential secondary effects of ER stress activation
and Stbdl overexpression on PTG, we assessed the expression
levels of the PTG-encoding gene Ppp Ir3¢ in TM-treated and Stbd1-
overexpressing cells using qPCR. This revealed that neither TM
treatment nor Stbd1 overexpression significantly affected PppIr3c
expression as compared to PppIr3c levels in non-treated and GFP-
overexpressing C2C12 myoblasts, respectively (Fig. 6C).

Deficiency in the formation of ER stress-induced, Sthd1-
dependent glycogen structures is associated with enhanced
susceptibility to apoptosis

Our results demonstrate that in mouse myoblasts, ER stress triggers
the synthesis of glycogen and its Stbd1-dependent accumulation on
ER membranes. To address the biological significance of this
cellular response to ER stress, we first examined whether and under
which conditions the ER stress-induced glycogen structures resolve.
For this, we subjected C2C12 myoblasts to TM treatment for 16 h,
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Fig. 6. Stbd1 is not required for PTG-induced glycogen accumulation. (A) C2C12 myoblasts transiently transfected with PTG—Myc and immunostained with the
indicated antibodies. PTG overexpression induces the build-up of glycogen clusters strongly colocalizing with PTG [meants.e.m. Manders’ colocalization coefficient
(MCC): 0.775£0.023, n=10]. PTG-induced glycogen structures do not display any detectable Stbd1 (MCC: 0.024+0.006, n=10) or GS1 (MCC: 0.114+0.012, n=10)
immunofluorescence; however, they stain weakly positive for GN (MCC: 0.624+0.013, n=10). No colocalization is observed with calnexin (MCC: 0.009+0.003,
n=10) or Lamp1 (MCC: 0.067+0.010, n=10). (B) shScr and shStbd1 C2C12 cells transiently transfected with PTG-Myc and double stained for the indicated
antibodies. PTG overexpression induces the formation of glycogen structures in the absence of Stbd1 (MCC: shScr, 0.658+0.022, n=10; shStbd1, 0.784+0.029,
n=10) which do not coincide with calnexin (MCC: shScr, 0.014+0.002, n=10; shStbd1, 0.107+0.018, n=10). In A and B, representative images are shown. Asterisks
indicate non-transfected cells. Inserts show single stainings of the corresponding boxed areas at higher magnification. (C) mRNA expression levels of Ppp7r3cin
TM-treated (+) and Stbd1-overexpressing C2C12 myoblasts, as compared to controls [non-treated (—) and GFP-overexpressing cells, respectively]. Data represent
meanzs.e.m. of four independent experiments each performed in triplicate. ns, not significant (one-tailed unpaired Student’s t-test). Scale bars: 20 pm.

to induce the formation of glycogen clusters, and further cultured
the cells for an additional 6 h in the presence of either high
(25 mM), low (5 mM) or no glucose. Myoblasts cultured in high
glucose after the removal of TM still displayed large intracellular
glycogen structures (Fig. 7). However, in cells incubated in low
glucose, glycogen clusters appeared smaller and they were almost
completely resolved in the absence of glucose (Fig. 7). Importantly,
despite the degradation of glycogen, glucose-deprived cells still
displayed Stbdl-positive puncta (Fig. 7). The above findings
indicate that glycogen present on ER stress-induced structures is
degraded under conditions of glucose restriction following the
removal of the ER stressor. Comparable results were obtained with
TG treatment (Fig. S3C).

Based on the presence of an AIM motif, Stbd1 has been proposed to
act as a selective autophagy receptor for glycogen, mediating its
targeting to lysosomes (Jiang et al., 2011). Given the above, we
evaluated whether glycogen structures induced by ER stress in C2C12
myoblasts resolve in the presence of Bafilomycin Al (BafAl), an
autophagy inhibitor that prevents lysosomal acidification and interferes
with the fusion between autophagosomes and lysosomes (Yamamoto
et al.,, 1998). Treatment of C2C12 cells with TM promoted the
formation of the typical intracytoplasmic glycogen clusters, which
remained detectable following TM withdrawal and culturing of the

cells in high-glucose-containing medium (Fig. 8A). These structures
completely resolved within 6 h of incubation without glucose both in
the absence and presence of BafA1, suggesting that their degradation
does not depend on an autophagic process entailing autophagosome—
lysosome fusion (Fig. 8A). Inhibition of autophagy by BafAl was
verified by western blotting, which revealed significantly increased
levels of lipidated LC3 (LC3-II), indicating autophagosome
accumulation due to impaired autophagic flux (Fig. 8B).

Given that ER stress activation induces the formation of glycogen
structures, which resolve under conditions of glucose starvation, we
addressed the question of whether their formation and/or
availability for enzymatic degradation impinge on cell survival.
For this, we assessed the activation of the apoptotic cell death
program in shStbdl myoblasts, in which ER stress-induced
glycogen clusters fail to form, as compared to shScr control cells.
We evaluated the levels of the apoptotic executor activated/cleaved
caspase 3 (Casp-3) at basal conditions, after 16 h of TM treatment
and 6 h after TM withdrawal and culturing in glucose-free medium.
Under basal conditions, cleaved Casp-3 levels were already higher
in shStbdl cells, suggesting increased basal apoptosis (Fig. 8C).
Although activation of the UPR pathway primarily aims to restore
ER homeostasis, it is well established that it can also induce cell
death (Iurlaro and Mufloz-Pinedo, 2016). Accordingly, TM
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Fig. 7. ER stress-induced glycogen structures are degraded under conditions of glucose restriction. C2C12 myoblasts were treated with TM for 16 h and
cultured for an additional 6 h in medium containing either high (25 mM), low (5 mM) or no glucose, in the absence of TM. Representative images of double
immunofluorescence staining for glycogen and Stbd1 are shown. Compared to the glycogen clusters in cells cultured in high-glucose medium, ER stress-induced
structures appear smaller under low-glucose conditions and were almost completely devoid of glycogen in the absence of glucose. Despite the near-complete
degradation of glycogen under glucose-free conditions, structures induced by ER stress displayed positive immunostaining for Stbd1 [meants.e.m. Manders’
colocalization coefficient (MCC): high glucose, 0.764+0.018, n=10; low glucose, 0.772+0.013, n=10; no glucose, 0.202+0.045, n=10]. Overlays are shown as
inserts and represent higher magnification of the corresponding boxed areas. Scale bar: 20 um.

treatment resulted in increased cleaved Casp-3 levels in shScr
controls, as compared to basal levels, whereas a significantly more
prominent Casp-3 activation was evident in TM-treated shStbdl
myoblasts (Fig. 8C). TM withdrawal and cultivation under glucose-
free conditions ameliorated activation of apoptotic cell death, as
assessed by cleaved Casp-3 levels in both shScr and shStbd1 cells
(Fig. 8C). Nevertheless, shStbdl cells still displayed increased
apoptotic signalling, as compared to shScr controls (Fig. 8C).
Similar findings were obtained with TG treatment (Fig. S3D).

The above results suggest that Stbd 1-silenced myoblasts are more
susceptible to apoptotic cell death compared to shScr controls. This
becomes particularly pronounced during the course of ER stress and
is not further enhanced but instead mitigated following withdrawal
of the ER stressor and culturing of cells in glucose-free medium. Of
note, the above two conditions are associated with the formation and
resolution of ER stress-induced glycogen structures, respectively.
This may indicate an important correlation between the build-up of
glycogen-containing clusters and support of cell survival during ER
stress.

DISCUSSION

The UPR pathway is a cellular adaptation mechanism that primarily
aims to promote cell survival under conditions of ER stress. Genes
encoding enzymes involved in glucose and glycogen metabolism
have been previously recognized among UPR targets (Acosta-
Alvear et al., 2007; Lee et al., 2008). However, the relationships
between ER stress and glycogen metabolism are poorly understood.
As previously reported, ER stress activation in N2A neuroblastoma
cells induces glycogenesis and the build-up of glycogen structures
consisting of polyglucosan (Wang et al., 2013). In the present study,
we show that ER stress activation in mouse myoblasts elicits a
similar response, that is, a significant increase in cellular glycogen
levels and formation of glycogen-positive structures. This suggests
that glycogen synthesis and clustering in response to UPR activation
occurs in different cell types and lineages. However, cell-type
specific differences seem to exist with regards to the structure of the

synthesized glycogen. Whereas glycogen formed in N2A cells was
reported to be o-amylase-resistant (Wang et al., 2013), our findings
demonstrate that ER stress-induced structures in C2C12 myoblasts
harbour a-amylase-degradable glycogen. Although the basis of the
above discrepancy is not clear at this stage, it could be related to cell-
type-specific differences in the activity or regulation of enzymes
promoting glycogen synthesis and branching.

Data presented in this study reveal a new, specific role for Stbd1
during the ER stress response of mouse myoblasts in the formation
of glycogen-containing structures. This is exemplified by the
finding that Stbd1 silencing compromised glycogen clustering but
did not significantly influence the TM-stimulated increase in
intracellular glycogen levels. Moreover, in the absence of UPR
activation, Stbd1 was sufficient to promote the formation of similar
glycogen clusters when overexpressed in C2C12 cells. Importantly,
Stbd1 overexpression did not lead to increased glycogen content.
This suggests that formation of glycogen-containing structures in
Stbd1-overexpressing myoblasts occurs independently of glycogen
synthesis stimulation, likely through the Stbdl-mediated
recruitment of existing intracellular glycogen to the ER
membrane. The above findings further indicate that, although
Stbdl is both necessary and sufficient to promote glycogen
clustering, additional UPR-mediated processes are required to
stimulate glycogenesis during ER stress. It has been previously
reported that induction of ER stress in N2A cells results in a major
increase in the activity of GS1 (Wang et al., 2013). The absence of
UPR activation could thus explain the lack of markedly elevated
glycogen levels in Stbd1-overexpressing myoblasts and implies that
GS1 requires additional activation through ER stress-dependent
processes.

Our results indicate that glycogen structures formed both in
response to TM treatment and stable Stbdl overexpression stain
positive for Stbdl, the glycogenic proteins GN and GS1 and the ER
marker calnexin. The formation of these glycogen-containing
clusters was also induced by other ER stressors, such as 2-DG
and TG, suggesting that it comprises a general response to ER stress
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Fig. 8. Formation of glycogen-containing clusters is associated with enhanced cell survival during ER stress. (A) Representative immunofluorescence
staining for glycogen performed on C2C12 myoblasts treated with TM for 16 h followed by TM withdrawal and additional culturing for 6 h in either medium
containing 25 mM glucose (high gluc.) or glucose-free medium in the absence (no gluc.—BafA1) or presence (no gluc.+BafA1) of BafA1. ER stress-induced
glycogen is resolved in the presence of BafA1. (B) Western blot (top) and densitometry (bottom; meants.e.m., n=3) of lysates from C2C12 cells treated as
described above and probed for LC3 revealed elevated LC3-1I/LC3-I ratio in the presence of BafA1, thus confirming inhibition of autophagic flux. Gapdh is shown
as a loading control. (C) Western blot (top) and densitometry (bottom; meants.e.m., n=3) of protein lysates from shScr and shStbd1 (KD) C2C12 cells at basal
conditions (—TM), after 16 h of TM treatment (+TM) or after 16 h of TM treatment followed by TM withdrawal and culturing for 6 h in glucose-free medium (+TM no
gluc.) reveals significantly elevated cleaved Casp-3 protein levels in shStbd1 cells, particularly after TM treatment. ER stress activation by TM was confirmed by
monitoring the protein levels of BiP. Gapdh is shown as a loading control. *P<0.05; **P<0.01; ***P<0.001; ns, not significant (one-tailed unpaired Student’s t-test).

Scale bar: 20 pm.

activation that does not depend on the molecular mechanism
perturbing ER homeostasis. Nevertheless, the type of ER stressor
and mechanism of UPR activation (TM and 2-DG interfere with
protein glycosylation, whereas TG results in the depletion of ER
calcium) appear to influence the immunostaining pattern of
calnexin. While glycogen-containing structures induced by TM
and 2-DG are uniformly stained with calnexin, ER stress activation
by TG results in both calnexin-positive and calnexin-negative
structures. The basis of the above inconsistency is currently elusive.
However, it could be related to different effects of the individual ER
stressors on ER morphology, extent and intensity of ER stress or the
subcellular distribution of calnexin. Differential effects of TM and
TG on ER morphology were previously reported in a study that
revealed the occurrence of transient ER structures during C2C12
myoblast differentiation. These structures, which were termed
SARC (stress-activated response to Ca?" depletion) bodies were
shown to occur upon ER stress activation specifically by TG but not

TM (Nakanishi et al., 2015). SARC bodies display no
immunostaining for calnexin or other typical ER markers
(Nakanishi et al., 2015). The above is in agreement with our
observation that calnexin-negative structures form following ER
stress induction by TG but not TM or 2-DG.

The fact that glycogen structures induced either by ER stress or
Stbdl overexpression in C2C12 myoblasts are strikingly similar
suggests that activation of ER stress results in a state of Stbdl
overexpression. Indeed, we provide evidence that Stbd1 is markedly
upregulated following ER stress induction and that its upregulation
depends on PERK signalling. Our results further demonstrate that
following glycogen depletion by a-amylase, ER structures induced
by either TM or Stbdl overexpression still display positive
immunostaining for Stbdl, GN and GSI, suggesting that Stbd1l
might serve as a scaffold mediating the recruitment of GS1 and GN
to the ER membrane through direct protein—protein interactions.
Interactions between human Stbdl and a number of glycogen-
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binding proteins such as GS1, glycogen debranching enzyme and
laforin have been previously reported (Zhu et al., 2014). Moreover,
a high-throughput mass spectrometry approach confirmed the above
interactions and identified additional Stbd1-binding partners, which
include GN-1 (GYG1) and GN-2 (GYG2) (Huttlin et al., 2017). It is
therefore likely that GS1 and GN are components of a larger
macromolecular complex that assembles at the ER membrane in a
Stbd1-dependent manner in response to UPR activation or Stbdl
overexpression and that might also consist of additional Stbdl-
interacting proteins. Based on the above findings, the build-up of
glycogen structures in response to ER stress could be compatible
with a process initiated by the PERK-dependent upregulation of
Stbd1. This would result in a spatial accumulation of Stbd1 at the
ER membrane that generates platforms for glycogen clustering and
the assembly of a protein complex encompassing GN and GS1. As
shown in Stbdl-overexpressing myoblasts, Stbdl is sufficient to
recruit existing cellular glycogen to the ER. Alternatively, or in
addition to the above, the ER stress-induced, Stbdl-dependent
targeting of GN and GS1 to the ER may initiate the assembly of a
protein complex promoting glycogen synthesis at the ER membrane
contributing to the total cellular glycogen pool. Either scenario
(recruitment of cytosolic glycogen or glycogen synthesis at the ER
membrane) would be compatible with our finding that Stbdl
silencing does not significantly influence ER stress-induced
glycogen levels, because in both cases GS1 could still promote
glycogen synthesis in the cytosol.

Data reported in this study suggest that Stbdl is specifically
required for the formation of glycogen structures during ER stress.
This is supported by the findings that glycogen clusters generated by
the overexpression of PTG occurred in the absence of Stbdl.
Moreover, PTG-induced glycogen clusters did not appear to
coincide with either Stbdl or calnexin, indicating that these are
not associated with the ER. It has been recognized very early on that
glycogen is not evenly distributed within cells but displays
compartmentalization. A number of studies reported that in
addition to ‘free’ cytosolic glycogen, a fraction of glycogen
granules displays close association with ER membranes in both
liver and muscle cells (Fawcett, 1955; Wanson and Drochmans,
1972; Margolis et al., 1979; Goldstein et al., 1985). Furthermore,
the fraction of glycogen associated with the sarcoplasmic reticulum
(SR) was shown to be elevated in skeletal muscle of streptozotocin-
injected diabetic rats, suggesting that localization of glycogen to the
SR is influenced by the metabolic status of the organism (Garduiio
et al., 2001). It is currently not known how the association of
glycogen with the ER is mediated. A compelling speculation is that
this attachment occurs through its binding to an ER-associated
protein, such as Stbdl.

Our data raise the question concerning the biological significance
of ER stress-induced synthesis of glycogen and its Stbd1-dependent
clustering in myoblasts. We showed that Stbd1-silenced myoblasts,
in which the build-up of glycogen-containing structures was
compromised, displayed increased levels of activated/cleaved
Casp-3 following ER stress induction. This suggests that Stbdl
knockdown renders cells susceptible to apoptotic cell death,
particularly under conditions of ER stress, and that glycogen
clustering may become important for cell survival. Data reported in
this study indicate that ER stress-induced glycogen structures are
degraded under conditions of glucose restriction, suggesting that
they can serve as glucose reserves. However, despite the lack of
these structures in Stbdl-knockdown cells, apoptotic signalling
under glucose-free conditions is not further exacerbated but instead
improved. This suggests that glycogen clusters generated during ER

stress do not considerably contribute to support glucose demands
under glucose-free conditions. As shown in this study, ER stress
activation in C2C12 myoblasts results in a substantial increase in
cellular glycogen levels that is not significantly affected by Stbdl
silencing. This suggests that, despite the absence of ER stress-
induced glycogen structures, Stbdl-silenced cells harbour ample
amounts of cytosolic glycogen generated during ER stress, which
could explain their recovery from apoptotic stimuli under glucose-
free conditions.

ER stress results in the activation of several pro-survival pathways,
which are associated with elevated energy demands such as the
increased synthesis and folding of newly expressed ER chaperones
and downstream UPR targets. As previously shown, ER stress
induction by TM results in the tightening of ER-mitochondria
contacts and the relocation of mitochondria to perinuclear ER regions
(Bravo etal., 2011). These redistributed mitochondria were reported to
exhibit increased ATP production to meet high, regional requirements
of the stressed ER for ATP. In addition to energy, protein
glycosylation is central to the proper folding and maturation of
proteins within the ER and is of pivotal importance for ER
homeostasis. Similar to the increase in ER—mitochondria contacts
during ER stress, ER stress-induced glycogen-containing structures
could support the regional and direct provision of glucose to cope with
the increased glucose demand for glycosylation reactions in the ER.

We have previously demonstrated that, in addition to being
targeted to bulk ER, Stbdl also localizes to ER—mitochondrial
contact sites (Demetriadou et al., 2017). A number of studies
support a direct link between changes in the composition of ER—
mitochondria contact sites or ER—mitochondria association and
sensitivity to apoptosis during ER stress (Chami et al., 2008; Sano
etal., 2009; Cali et al., 2013). Thus, alternatively or in addition to its
role in promoting glycogen clustering at the ER, Stbd1 might impact
on cell viability during ER stress by influencing the physical
contacts between ER and mitochondria and/or processes related to
ER-mitochondrial communication.

For myoblasts, glycogen synthesis in response to ER stress may be
of particular importance. Myoblasts are undifferentiated cells that
have the capacity to withdraw from the cell cycle, fuse with each other
and differentiate into myotubes. The above process is important for
both skeletal muscle development during embryogenesis and
regeneration following muscle injury. ER stress was shown to be
transiently activated during normal myoblast differentiation and
required to induce apoptosis to selectively eliminate differentiation-
incompetent myoblasts (Nakanishi et al., 2005, 2007). Furthermore,
proper myogenic differentiation depends on glucose availability,
because it is inhibited by glucose restriction (Fulco et al., 2008,
Nedachi et al., 2008). ER stress-induced glycogen synthesis and
accumulation could thus be an integral mechanism of myogenesis,
ensuring the availability of intracellular glucose supply to support
myoblast survival and differentiation.

Although experimental evidence is lacking, based on the presence
of an AIM motif and its ability to bind glycogen, Stbd1 is thought to
function as a selective autophagy receptor for glycogen, in a process
termed glycophagy (Jiang et al., 2011). The above is also supported
by the localization of Stbd1 to ER—mitochondria contact sites, which
have been identified as the sites at which autophagosomes originate
(Hamasaki et al., 2013). Thus, the involvement of the ER membrane
in the build-up of glycogen-containing structures in response to ER
stress could promote the accumulation of glycogen at ER sites,
resulting in its inclusion into autophagosomes for lysosomal
degradation. However, our results indicate that ER stress-induced
glycogen structures do not colocalize with Lamp1. Moreover, their
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clearance under conditions of glucose deprivation does not depend on
autophagosome—lysosome fusion, suggesting that they are most
likely not degraded by the classical macroautophagy pathway.

ER stress activates complex, multifaceted signalling networks that
aim to restore cellular homeostasis. We have identified the formation
of Stbdl-dependent glycogen structures at the ER membrane as a
component of the cellular response of mouse myoblasts to ER stress
and have shown that Stbdl contributes to cell survival. Although
mechanistic insights are currently lacking, this process could support
ER homeostatic functions and/or cellular metabolic requirements.

MATERIALS AND METHODS

Cell lines

C2C12 myoblasts and HEK293T cells were obtained from the American
Type Culture Collection (ATCC) and cultured in high glucose (25 mM)
Dulbecco’s modified Eagle’s medium (DMEM; Biosera) supplemented with
10% fetal bovine serum (FBS; Biosera), 1xpenicillin-streptomycin and
I xglutamine (Biosera) in a humidified chamber at 37°C under 5% CO,. Cell
lines were tested for mycoplasma (PCR Mycoplasma test kit I/C, Promokine)
and were found to be free of contamination.

Plasmid construction

For the generation of an expression vector for PTG (Ppplr3c, NM_016854),
the corresponding coding region was amplified by PCR from mouse liver
cDNA and inserted into pcDNA3.1/myc-HisA (Invitrogen), in frame with a
C-terminal Myc epitope. The AIM mutant variant (W188A/V191A-Myc)
was generated by site-directed mutagenesis from WT Stbdl-Myc
(Demetriadou et al., 2017) using a QS5 site-directed mutagenesis kit (New
England Biolabs) according to the instructions of the manufacturer. A
lentiviral vector for the expression of Stbd!/ under the control of the human
PGK1 promoter was constructed by replacing GFP in the pCCLsin.cPPT.
hPGK.eGFP.Wpre vector (Santoni de Sio et al., 2006) with the coding region
of mouse Stbd 1.

Antibodies

The following primary antibodies were used in this study: anti-Stbd1 (11842-
1-AP; Proteintech; 1:500), anti-calnexin (ADI-SPA-860-D; Enzo Life
Sciences; 1:250), anti-Lampl (1D4B; Developmental Studies Hybridoma
Bank; 1:50) and anti-LC3 (NB100-2220; Novus Biologicals; 1:435).
Antibodies specific for GS1 (GS-7HS, SC-91173; 1:200), glycogenin-1
(E-11, sc-271109; 1:200), Gapdh (6C5, sc-32233; 1:2000), BiP/GRP78 (A-
10, sc-376768; 1:1000) and c-Myc (A-14, sc-789, used at 1:500; 9E10, sc-40,
used at 1:1000 ) were from Santa Cruz Biotechnology. Anti-cleaved Casp-3
(Aspl75) (SA1E, 9664; 1:1000) antibody was from Cell Signaling
Technology. Anti-glycogen IgM (1:500) was a generous gift from Dr Otto
Baba (Baba, 1993; Nakamura-Tsuruta et al., 2012). Secondary antibodies
used in this study were from the following sources: fluorescent-dye-
conjugated secondary antibodies (CF-488, CF-568 and CF-647; 1:500)
were from Biotium. Anti-rat IgG Alexa Fluor 488 (A-21208; 1:1000) was
from Invitrogen and anti-IgM Alexa Fluor 594 (115-585-020; 1:500) was
purchased from Jackson Immunoresearch. Horseradish peroxidase (HRP)-
conjugated secondary antibodies used for immunoblotting were from Jackson
Immunoresearch and were used at a 1:2000 dilution.

Immunofluorescence staining and microscopy

Cells grown on glass coverslips were fixed with either 4% paraformaldehyde
(PFA) in phosphate buffered saline (PBS), pH 7.4, or ice-cold methanol for
10 min at room temperature or —20°C, respectively. PFA-fixed cells were
permeabilized with 0.1% Triton X-100 in PBS for 10 min at room
temperature. Blocking was performed with 5% normal goat serum (Biosera)
in PBS containing 0.05% Tween 20 (PBST) for | h at room temperature. Cells
were incubated with primary antibodies diluted in 5% normal goat serum in
PBST overnight at 4°C and with secondary fluorescent antibodies for 1 h at
room temperature. Nuclei were counterstained with DAPI. Images were
obtained on a Leica SP2 confocal microscope, using a 40xoil-immersion
objective lens and 2xdigital zoom, or an Olympus IX73 inverted microscope

using the CellSens imaging software. Quantification of colocalization was
performed by calculating the thresholded Manders’ colocalization coefficient
(MCC) (Manders et al.,, 1993) using the Fiji plugin Coloc2. Values are
expressed as mean+ts.e.m. of at least five regions of interest.

Cell treatments

For the induction of ER stress, C2C12 myoblasts were treated with 2 ug/ml
TM (Cayman chemicals), 1 uM TG (Sigma-Aldrich), both dissolved in
DMSO, or 5 mM 2-deoxy-D-glucose (2-DG) (Sigma-Aldrich) dissolved in
H,O for 16, 18 or 8§ h, respectively. Cells treated with an equal volume of
DMSO served as controls. For the inhibition of IRE1, PERK and ATF6
signalling, C2C12 myoblasts were initially pre-treated for 2 h with 20 uM
4u8C (Millipore), 1 uM GSK2606414 (Millipore) or 400 uM AEBSF
(Sigma-Aldrich), respectively, followed by induction of ER stress with 2 ug/
ml TM for 16 h in the presence of the above inhibitors. Controls were
incubated with an equal volume of DMSO. For the inhibition of autophagy,
C2C12 myoblasts, initially treated with 2 pg/ml TM for 16 h, were
incubated with 100 nM BafAl (Sigma-Aldrich) in glucose-free cell
culture medium in the absence of TM for 6 h. Controls were incubated in
either high-glucose-containing or glucose-free cell culture medium,
supplemented with 10% dialysed FBS (Gibco), in the absence of BafAl.

o-amylase treatment

For the hydrolysis of glycogen by means of a-amylase treatment, cells
grown on glass coverslips were fixed using 4% PFA in PBS, permeabilized
with 0.1% Triton X-100 in PBS and incubated with 13 U of o-amylase from
human saliva (Sigma-Aldrich) diluted in 20 mM phosphate buffer (pH 6.9)
at 37°C for 30 min. Controls were fixed and permeabilized as described
above but were subsequently treated with an equal volume of 20 mM
phosphate buffer under the same conditions.

Transmission electron microscopy

C2C12 myoblasts cultured in 35-mm cell culture dishes were treated with
either TM or DMSO for 16 h and fixed in situ in 2.5% glutaraldehyde in
0.1 M phosphate buffer (pH 7.2) for 1 h at room temperature. The cells
where then detached, pelleted and washed three times with 0.1 M phosphate
buffer (pH 7.2). 1% melted agar (Sigma-Aldrich) was added to the pelleted
cells, and they were then placed at —20°C for 5 min. The solidified cell
pellet—agar block was post-fixed with 1% osmium tetroxide (BDH
Chemicals) for 1 h at room temperature, dehydrated through a graded
ethanol series, cleared in propylene oxide and embedded in an epon and
araldite resin mixture (Agar Scientific). The resin was polymerized at 60°C
overnight. Ultrathin sections of 80—-100 nm thickness were prepared on a
Reichert-Jung UCT ultramicrotome (Leica), mounted on 200-mesh copper
grids (Agar Scientific) and stained with uranyl acetate and lead citrate.
Sections were observed on a JEM 1010 transmission electron microscope
(JEOL) equipped with a Mega View III digital camera (Olympus).

Western blotting

Cells were washed and scraped in ice-cold PBS, centrifuged at 825 g for
5 min and lysed in 150 mM NaCl, 1% Triton X-100, 0.1% SDS, 50 mM
Tris-HCI pH 8.0 containing 1xprotease inhibitor cocktail (Sigma-Aldrich)
for 30 min on ice. Cell lysates were sonicated on ice (three pulses, 5 s each)
and cleared by centrifugation at 13,000 g for 15 min at 4°C. Protein
concentration was determined using the Bicinchoninic Acid (BCA) protein
assay (Smith et al., 1985). Equal amounts of protein were resolved on either
4-20% Mini-PROTEAN® TGX™ precast protein gels (for cleaved Casp-3;
Bio-Rad), standard 15% (for LC3) or 12% SDS-PAGE gels and transferred
onto nitrocellulose membranes (Porablot NCP, Macherey-Nagel). Blocking
was performed with 5% non-fat milk in TBST (10 mM Tris-HCI pH 8.0,
150 mM NacCl, 0.05% Tween-20 in H,O) for at least 1 h. Membranes were
sequentially incubated with primary and HRP-conjugated secondary
antibodies diluted in blocking buffer overnight and for 1 h, respectively.
Proteins were detected using chemiluminescent substrates (LumiSensor™
HRP Substrate Kit, GenScript) and images were obtained with a
BioSpectrum 810 imaging system (UVP). Gapdh protein levels were
assayed to evaluate equal loading. Densitometry analysis was performed
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using Imagel software by normalizing against Gapdh, which was used as
loading control. Values are expressed in arbitrary units (AU) and represent
the mean=+s.e.m. of three independent experiments.

shRNA-mediated Sthd1 silencing

Stbdl knockdown in C2C12 myoblasts was performed using a lentiviral
shRNA approach as described in Demetriadou et al. (2017). Lentiviral vectors
expressing Sthd-specific (shStbd1) or scrambled (shScr) control shRNAs
were previously reported (Demetriadou et al., 2017). For the generation of the
sh3’'UTR Stbd1-knockdown C2C12 myoblasts the following oligonucleo-
tides were used: forward, 5'-CCGGGCAACACTGTTTACATCATACCTC-
GAGGTATGATGTAAACAGTGTTGCTTTTTG-3'; reverse, 5'-AATTCA-
AAAAGCAACACTGTTTACATCATACCTCGAGGTATGATGTAAACA-
GTGTTGC-3'. Selection of cells transduced with recombinant lentiviral
vectors was performed using 2.5 pg/ml puromycin.

Generation of C2C12 myoblasts stably overexpressing Stbd1
Lentiviral vectors expressing either Sthdl or GFP (pCCLsin.cPPT.
hPGK.eGFP.Wpre) (Santoni de Sio et al., 2006) were transfected in
HEK293T cells, and lentiviral particles were produced as described in
Demetriadou et al. (2017).

Quantification of glycogen

Intracellular glycogen was assessed using the glycogen colorimetric/
fluorometric assay kit from Biovision (K646). Cells grown on two 100-mm
plates were washed and scraped in ice-cold PBS, pelleted by centrifugation at
1670 g for 5 min and resuspended in 300 pl ice-cold PBS. Where indicated,
the cells were treated with either 2 ug/ml TM or DMSO for 16 h prior to
harvesting. A 30 pl aliquot of the cell suspension was withdrawn and used for
estimation of total protein concentration using the Bicinchoninic Acid (BCA)
protein assay (Smith et al., 1985). For the measurement of glycogen, cells
were pelleted by centrifugation at 1670 g for 5 min and lysed in 100 ul ddH,O
in boiling water for 10 min. The lysate was cleared by centrifugation at 18,000
g for 10 min and a 10 pl aliquot of each sample was used for the fluorometric
determination of glycogen according to the manufacturer’s instructions.
Glycogen quantification was performed on the basis of the enzymatic
hydrolysis of glycogen to glucose, followed by the oxidation and
measurement of the liberated glucose using a fluorescence probe.
Fluorescence (excitation 535 nm, emission 587 nm) was measured with a
Synergy H1 microplate reader (BioTek). For each sample, fluorescence
intensity values were also obtained in the absence of the hydrolysis enzyme
and were used to determine and subtract background glucose levels. Glycogen
concentration is expressed as ug glucose/mg protein and values represent
meants.e.m. of duplicate measurements of three independent experiments.

Establishment of primary myoblast cultures

Cultures of primary myoblasts were established from satellite cells isolated
from EDL (extensor digitorum longus) muscles of 8-week-old FVB/N WT
mice, as described by Rosenblatt et al. (1995). All animal experiments were
performed according to approved guidelines. Single myofibres were incubated
in activation medium [high-glucose DMEM with 110 mg/ml sodium pyruvate
supplemented with 10% FBS, 2% glutamine, 1% penicillin-streptomycin
solution and 0.5% chicken embryo extract (MP Biomedicals)] in 50-mm
dishes (Sterilin) treated with 1 mg/ml Matrigel (BD Biosciences) for two days
at 37°C, 5% CO, to allow satellite cells to dissociate from myofibres. To enrich
for satellite cells over fibroblasts present in the culture, cells were detached
using trypsin, re-plated in a non-treated cell culture plate and incubated at 37°C
under 5% CO, for 20 min to allow for fibroblasts to attach. Satellite cells
contained in the cell culture medium were transferred to Matrigel-treated 6-
well plates (SPL Life Sciences) containing proliferation medium [high-glucose
DMEM supplemented with 20% FBS, 10% horse serum, 2% glutamine, 1%
penicillin-streptomycin ~ solution, 1% chicken embryo extract (MP
Biomedicals) and 2.5 ng/ml murine FGF-basic (Peprotech)].

RNA isolation, reverse transcription and gPCR
Total RNA was extracted using RNAzol®RT (Sigma-Aldrich) and employed
for first-strand cDNA synthesis using the PrimeScript™ RT Reagent Kit

(Perfect Real Time; TaKaRa Bio), following the manufacturers’ instructions.
qPCR was performed on an Applied Biosystems QuantStudio™ 7 Flex real-
time PCR system using SYBR™ Green PCR Master Mix (Applied
Biosystems). Primers used for qPCR are listed in Table S2. Reaction
conditions were as follows: 95°C for 3 min, 40 cycles of 95°C for 5 s and
60°C for 25 s followed by a post-amplification melting curve. Raw data were
analysed using LinRegPCR version 2020.0 (Ruijter et al., 2009). Values were
normalized against Gapdh and expressed as the mRNA starting concentration
in arbitrary units (AU), corresponding to the meants.e.m. of at least three
independent experiments.

Statistical analysis

Statistical significance was determined by one-tailed unpaired Student’s
t-test using the GraphPad Prism 8 software. P values <0.05 were considered
to be statistically significant.

Acknowledgements
We would like to thank Dr Otto Baba for providing the glycogen IgM antibody.

Competing interests
The authors declare no competing or financial interests.

Author contributions

Conceptualization: P.P.P.; Methodology: A.A.L., P.P.P., N.P.M., KK.; Validation:
A.A.L., A. Demetriadou, P.P.P.; Formal analysis: A.A.L., P.P.P.; Investigation: A.A.L.,
A. Demetriadou, M.C., L.P., N.P.M.; Resources: A. Drousiotou, L.A.P., K.K.; Writing -
original draft: A.A.L., P.P.P.; Writing - review & editing: A.A.L., P.P.P., A. Demetriadou,
N.P.M., KK., L.A.P., A. Drousiotou; Supervision: A. Drousiotou, P.P.P.; Project
administration: P.P.P.

Funding
This work was supported by a grant from Telethon Cyprus (73159). Deposited in
PMC for immediate release.

Supplementary information
Supplementary information available online at
https:/jcs.biologists.org/lookup/doi/10.1242/jcs.244855.supplemental

Peer review history
The peer review history is available online at
https:/jcs.biologists.org/lookup/doi/10.1242/jcs.244855.reviewer-comments.pdf

References

Acosta-Alvear, D., Zhou, Y., Blais, A., Tsikitis, M., Lents, N. H., Arias, C.,
Lennon, C. J., Kluger, Y. and Dynlacht, B. D. (2007). XBP1 controls diverse cell
type- and condition-specific transcriptional regulatory networks. Mol. Cell 27,
53-66. doi:10.1016/j.molcel.2007.06.011

Axten, J. M., Medina, J. R., Feng, Y., Shu, A., Romeril, S. P., Grant, S. W., Li,
W. H., Heerding, D. A., Minthorn, E., Mencken, T. et al. (2012). Discovery of 7-
methyl-5-(1-{[3-(trifluoromethyl)phenyl]acetyl}-2,3-dihydro-1H-indol-5-yl)-7H-p
yrrolo[2,3-d]pyrimidin-4-amine (GSK2606414), a potent and selective first-in-
class inhibitor of protein kinase R (PKR)-like endoplasmic reticulum kinase
(PERK). J. Med. Chem. 55, 7193-7207. doi:10.1021/jm300713s

Baba, O. (1993). Production of monoclonal antibody that recognizes glycogen and
its application for immunohistochemistry. Kokubyo Gakkai Zasshi 60, 264-287.
doi:10.5357/koubyou.60.264

Bravo, R., Vicencio, J. M., Parra, V., Troncoso, R., Munoz, J. P., Bui, M., Quiroga,
C., Rodriguez, A. E., Verdejo, H. E., Ferreira, J. et al. (2011). Increased ER-
mitochondrial coupling promotes mitochondrial respiration and bioenergetics during
early phases of ER stress. J. Cell Sci. 124, 2143-2152. doi:10.1242/jcs.080762

Calfon, M., Zeng, H., Urano, F., Till, J. H., Hubbard, S. R., Harding, H. P., Clark,
S. G. and Ron, D. (2002). IRE1 couples endoplasmic reticulum load to secretory
capacity by processing the XBP-1 mRNA. Nature 415, 92-96. doi:10.1038/415092a

Cali, T., Ottolini, D., Negro, A. and Brini, M. (2013). Enhanced parkin levels favor
ER-mitochondria crosstalk and guarantee Ca(2+) transfer to sustain cell
bioenergetics. Biochim. Biophys. Acta 1832, 495-508. doi:10.1016/j.bbadis.
2013.01.004

Chami, M., Oulés, B., Szabadkai, G., Tacine, R., Rizzuto, R. and Paterlini-
Brechot, P. (2008). Role of SERCA1 truncated isoform in the proapoptotic
calcium transfer from ER to mitochondria during ER stress. Mol. Cell 32, 641-651.
doi:10.1016/j.molcel.2008.11.014

Cross, B. C. S., Bond, P. J., Sadowski, P. G., Jha, B. K., Zak, J., Goodman, J. M.,
Silverman, R. H., Neubert, T. A., Baxendale, I. R., Ron, D. et al. (2012). The
molecular basis for selective inhibition of unconventional mRNA splicing by an

13

()
Y
C
ey
()
(V]
ko]
O
Y=
(©)
‘©
c
—
>
(®)
-


https://jcs.biologists.org/lookup/doi/10.1242/jcs.244855.supplemental
https://jcs.biologists.org/lookup/doi/10.1242/jcs.244855.supplemental
https://jcs.biologists.org/lookup/doi/10.1242/jcs.244855.supplemental
https://jcs.biologists.org/lookup/doi/10.1242/jcs.244855.reviewer-comments.pdf
https://jcs.biologists.org/lookup/doi/10.1242/jcs.244855.reviewer-comments.pdf
https://doi.org/10.1016/j.molcel.2007.06.011
https://doi.org/10.1016/j.molcel.2007.06.011
https://doi.org/10.1016/j.molcel.2007.06.011
https://doi.org/10.1016/j.molcel.2007.06.011
https://doi.org/10.1021/jm300713s
https://doi.org/10.1021/jm300713s
https://doi.org/10.1021/jm300713s
https://doi.org/10.1021/jm300713s
https://doi.org/10.1021/jm300713s
https://doi.org/10.1021/jm300713s
https://doi.org/10.5357/koubyou.60.264
https://doi.org/10.5357/koubyou.60.264
https://doi.org/10.5357/koubyou.60.264
https://doi.org/10.1242/jcs.080762
https://doi.org/10.1242/jcs.080762
https://doi.org/10.1242/jcs.080762
https://doi.org/10.1242/jcs.080762
https://doi.org/10.1038/415092a
https://doi.org/10.1038/415092a
https://doi.org/10.1038/415092a
https://doi.org/10.1016/j.bbadis.2013.01.004
https://doi.org/10.1016/j.bbadis.2013.01.004
https://doi.org/10.1016/j.bbadis.2013.01.004
https://doi.org/10.1016/j.bbadis.2013.01.004
https://doi.org/10.1016/j.molcel.2008.11.014
https://doi.org/10.1016/j.molcel.2008.11.014
https://doi.org/10.1016/j.molcel.2008.11.014
https://doi.org/10.1016/j.molcel.2008.11.014
https://doi.org/10.1073/pnas.1115623109
https://doi.org/10.1073/pnas.1115623109
https://doi.org/10.1073/pnas.1115623109

RESEARCH ARTICLE

Journal of Cell Science (2020) 133, jcs244855. doi:10.1242/jcs.244855

IRE1-binding small molecule. Proc. Natl. Acad. Sci. USA 109, E869-E878. doi:10.
1073/pnas.1115623109

Demetriadou, A., Morales-Sanfrutos, J., Nearchou, M., Baba, O., Kyriacou, K.,
Tate, E. W., Drousiotou, A. and Petrou, P. P. (2017). Mouse Stbd1 is N-
myristoylated and affects ER-mitochondria association and mitochondrial
morphology. J. Cell Sci. 130, 903-915. doi:10.1242/jcs.195263

Fawcett, D. W. (1955). Observations on the cytology and electron microscopy of
hepatic cells. J. Natl. Cancer Inst. 15, 1475-1503.

Fulco, M., Cen, Y., Zhao, P., Hoffman, E. P., McBurney, M. W., Sauve, A. A. and
Sartorelli, V. (2008). Glucose restriction inhibits skeletal myoblast differentiation
by activating SIRT1 through AMPK-mediated regulation of Nampt. Dev. Cell 14,
661-673. doi:10.1016/j.devcel.2008.02.004

Gardufio, E., Nogues, M., Merino, J. M., Gutiérrez-Merino, C. and Henao, F.
(2001). The content of glycogen phosphorylase and glycogen in preparations of
sarcoplasmic reticulum-glycogenolytic complex is enhanced in diabetic rat
skeletal muscle. Diabetologia 44, 1238-1246. doi:10.1007/s001250100637

Goldstein, M. A., Murphy, D. L., van Winkle, W. B. and Entman, M. L. (1985).
Cytochemical studies of a glycogen-sarcoplasmic reticulum complex. J. Muscle
Res. Cell Motil. 6, 177-187. doi:10.1007/BF00713059

Gonen, N., Sabath, N., Burge, C. B. and Shalgi, R. (2019). Widespread PERK-
dependent repression of ER targets in response to ER stress. Sci. Rep. 9, 4330.
doi:10.1038/s41598-019-38705-5

Hamasaki, M., Furuta, N., Matsuda, A., Nezu, A., Yamamoto, A., Fujita, N.,
Oomori, H., Noda, T., Haraguchi, T., Hiraoka, Y. et al. (2013). Autophagosomes
form at ER-mitochondria contact sites. Nature 495, 389-393. doi:10.1038/
nature11910

Han, J., Back, S. H., Hur, J., Lin, Y.-H., Gildersleeve, R., Shan, J., Yuan, C. L.,
Krokowski, D., Wang, S., Hatzoglou, M. et al. (2013). ER-stress-induced
transcriptional regulation increases protein synthesis leading to cell death. Nat.
Cell Biol. 15, 481-490. doi:10.1038/ncb2738

Harding, H. P., Novoa, |., Zhang, Y., Zeng, H., Wek, R., Schapira, M. and Ron, D.
(2000). Regulated translation initiation controls stress-induced gene expression in
mammalian cells. Mol. Cell 6, 1099-1108. doi:10.1016/S1097-2765(00)00108-8

Hetz, C. (2012). The unfolded protein response: controlling cell fate decisions under
ER stress and beyond. Nat. Rev. Mol. Cell Biol. 13, 89-102. doi:10.1038/nrm3270

Hotamisligil, G. S. (2010). Endoplasmic reticulum stress and the inflammatory
basis of metabolic disease. Cell 140, 900-917. doi:10.1016/j.cell.2010.02.034

Huttlin, E. L., Bruckner, R. J., Paulo, J. A., Cannon, J. R,, Ting, L., Baltier, K.,
Colby, G., Gebreab, F., Gygi, M. P., Parzen, H. et al. (2017). Architecture of the
human interactome defines protein communities and disease networks. Nature
545, 505-509. doi:10.1038/nature22366

lurlaro, R. and Mufioz-Pinedo, C. (2016). Cell death induced by endoplasmic
reticulum stress. FEBS J. 283, 2640-2652. doi:10.1111/febs.13598

Jiang, S., Heller, B., Tagliabracci, V. S., Zhai, L., Irimia, J. M., DePaoli-Roach,
A.A., Wells, C.D., Skurat, A. V. and Roach, P. J. (2010). Starch binding domain-
containing protein 1/genethonin 1 is a novel participant in glycogen metabolism.
J. Biol. Chem. 285, 34960-34971. doi:10.1074/jbc.M110.150839

Jiang, S., Wells, C. D. and Roach, P. J. (2011). Starch-binding domain-containing
protein 1 (Stbd1) and glycogen metabolism: Identification of the Atg8 family
interacting motif (AIM) in Stbd1 required for interaction with GABARAPL1.
Biochem. Biophys. Res. Commun. 413, 420-425. doi:10.1016/j.bbrc.2011.08.106

Lee, A.-H., Scapa, E. F., Cohen, D. E. and Glimcher, L. H. (2008). Regulation of
hepatic lipogenesis by the transcription factor XBP1. Science 320, 1492-1496.
doi:10.1126/science.1158042

Lerin, C., Montell, E., Berman, H. K., Newgard, C. B. and Gomez-Foix, A. M.
(2000). Overexpression of protein targeting to glycogen in cultured human muscle
cells stimulates glycogen synthesis independent of glycogen and glucose 6-
phosphate levels. J. Biol. Chem. 275, 39991-39995. doi:10.1074/jbc.M006251200

Manders, E. M. M., Verbeek, F. J. and Aten, J. A. (1993). Measurement of co-
localization of objects in dual-colour confocal images. J. Microsc. 169, 375-382.
doi:10.1111/1.1365-2818.1993.tb03313.x

Margolis, R. N., Cardell, R. R. and Curnow, R. T. (1979). Association of glycogen
synthase phosphatase and phosphorylase phosphatase activities with
membranes of hepatic smooth endoplasmic reticulum. J. Cell Biol. 83, 348-356.
doi:10.1083/jcb.83.2.348

Nakamura-Tsuruta, S., Yasuda, M., Nakamura, T., Shinoda, E., Furuyashiki, T.,
Kakutani, R., Takata, H., Kato, Y. and Ashida, H. (2012). Comparative analysis
of carbohydrate-binding specificities of two anti-glycogen monoclonal antibodies
using ELISA and surface plasmon resonance. Carbohydr. Res. 350, 49-54.
doi:10.1016/j.carres.2011.12.029

Nakanishi, K., Sudo, T. and Morishima, N. (2005). Endoplasmic reticulum stress
signaling transmitted by ATF6 mediates apoptosis during muscle development.
J. Cell Biol. 169, 555-560. doi:10.1083/jcb.200412024

Nakanishi, K., Dohmae, N. and Morishima, N. (2007). Endoplasmic reticulum
stress increases myofiber formation in vitro. FASEB J. 21, 2994-3003. doi:10.
1096/fj.06-6408com

Nakanishi, K., Kakiguchi, K., Yonemura, S., Nakano, A. and Morishima, N.
(2015). Transient Ca2+ depletion from the endoplasmic reticulum is critical for
skeletal myoblast differentiation. FASEB J. 29, 2137-2149. doi:10.1096/fj.14-
261529

Nedachi, T., Kadotani, A., Ariga, M., Katagiri, H. and Kanzaki, M. (2008). Ambient
glucose levels qualify the potency of insulin myogenic actions by regulating SIRT1
and FoxO3a in C2C12 myocytes. Am. J. Physiol. Endocrinol. Metab. 294,
E668-E678. doi:10.1152/ajpendo.00640.2007

Okada, T., Haze, K., Nadanaka, S., Yoshida, H., Seidah, N. G., Hirano, Y., Sato,
R., Negishi, M. and Mori, K. (2003). A serine protease inhibitor prevents
endoplasmic reticulum stress-induced cleavage but not transport of the
membrane-bound transcription factor ATF6. J. Biol. Chem. 278, 31024-31032.
doi:10.1074/jbc.M300923200

Prats, C., Graham, T. E. and Shearer, J. (2018). The dynamic life of the glycogen
granule. J. Biol. Chem. 293, 7089-7098. doi:10.1074/jbc.R117.802843

Printen, J. A,, Brady, M. J. and Saltiel, A. R. (1997). PTG, a protein phosphatase 1-
binding protein with a role in glycogen metabolism. Science 275, 1475-1478.
doi:10.1126/science.275.5305.1475

Ron, D. and Walter, P. (2007). Signal integration in the endoplasmic reticulum
unfolded protein response. Nat. Rev. Mol. Cell Biol. 8, 519-529. doi:10.1038/
nrm2199

Rosenblatt, J. D., Lunt, A. |., Parry, D. J. and Partridge, T. A. (1995). Culturing
satellite cells from living single muscle fiber explants. In Vitro Cell. Dev. Biol. Anim.
31, 773-779. doi:10.1007/BF 02634119

Ruijter, J. M., Ramakers, C., Hoogaars, W. M. H., Karlen, Y., Bakker, O., van den
Hoff, M. J. B. and Moorman, A. F. M. (2009). Amplification efficiency: linking
baseline and bias in the analysis of quantitative PCR data. Nucleic Acids Res. 37,
e45. doi:10.1093/nar/gkp045

Sano, R., Annunziata, |., Patterson, A., Moshiach, S., Gomero, E., Opferman, J.,
Forte, M. and d’Azzo, A. (2009). GM1-ganglioside accumulation at the
mitochondria-associated ER membranes links ER stress to Ca(2+)-dependent
mitochondrial apoptosis. Mol. Cell 36, 500-511. doi:10.1016/j.molcel.2009.10.021

Santoni de Sio, F. R., Cascio, P., Zingale, A., Gasparini, M. and Naldini, L.
(2006). Proteasome activity restricts lentiviral gene transfer into hematopoietic
stem cells and is down-regulated by cytokines that enhance transduction. Blood
107, 4257-4265. doi:10.1182/blood-2005-10-4047

Schwarz, D. S. and Blower, M. D. (2016). The endoplasmic reticulum: structure,
function and response to cellular signaling. Cell. Mol. Life Sci. 73, 79-94. doi:10.
1007/s00018-015-2052-6

Smith, P. K., Krohn, R. |, Hermanson, G. T., Mallia, A. K., Gartner, F. H.,
Provenzano, M. D., Fujimoto, E. K., Goeke, N. M., Olson, B. J. and Klenk, D. C.
(1985). Measurement of protein using bicinchoninic acid. Anal. Biochem. 150,
76-85. doi:10.1016/0003-2697(85)90442-7

Wang, Y., Ma, K., Wang, P., Baba, O., Zhang, H., Parent, J. M., Zheng, P., Liu, Y.,
Minassian, B. A. and Liu, Y. (2013). Laforin prevents stress-induced
polyglucosan body formation and Lafora disease progression in neurons. Mol.
Neurobiol. 48, 49-61. doi:10.1007/s12035-013-8438-2

Wanson, J. C. and Drochmans, P. (1972). Role of the sarcoplasmic reticulum in
glycogen metabolism. Binding of phosphorylase, phosphorylase kinase, and
primer complexes to the sarcovesicles of rabbit skeletal muscle. J. Cell Biol. 54,
206-224. doi:10.1083/jcb.54.2.206

Wu, J., Rutkowski, D. T., Dubois, M., Swathirajan, J., Saunders, T., Wang, J.,
Song, B., Yau, G. D.-Y. and Kaufman, R. J. (2007). ATF6alpha optimizes long-
term endoplasmic reticulum function to protect cells from chronic stress. Dev. Cell
13, 351-364. doi:10.1016/j.devcel.2007.07.005

Yamamoto, A., Tagawa, Y., Yoshimori, T., Moriyama, Y., Masaki, R. and Tashiro,
Y. (1998). Bafilomycin A1 prevents maturation of autophagic vacuoles by
inhibiting fusion between autophagosomes and lysosomes in rat hepatoma cell
line, H-4-1I-E cells. Cell Struct. Funct. 23, 33-42. doi:10.1247/csf.23.33

Yamamoto, K., Sato, T., Matsui, T., Sato, M., Okada, T., Yoshida, H., Harada, A.
and Mori, K. (2007). Transcriptional induction of mammalian ER quality control
proteins is mediated by single or combined action of ATF6c. and XBP1. Dev. Cell
13, 365-376. doi:10.1016/j.devcel.2007.07.018

Yoshida, H., Okada, T., Haze, K., Yanagi, H., Yura, T., Negishi, M. and Mori, K.
(2000). ATF6 activated by proteolysis binds in the presence of NF-Y (CBF) directly
to the cis-acting element responsible for the mammalian unfolded protein response.
Mol. Cell. Biol. 20, 6755-6767. doi:10.1128/MCB.20.18.6755-6767.2000

Zhu, Y., Zhang, M., Kelly, A. R. and Cheng, A. (2014). The carbohydrate-binding
domain of overexpressed STBD1 is important for its stability and protein-protein
interactions. Biosci. Rep. 34, e00117. doi:10.1042/BSR20140053

14

()
Y
C
ey
()
(V]
ko]
O
Y=
(©)
‘©
c
—
>
(®)
-


https://doi.org/10.1073/pnas.1115623109
https://doi.org/10.1073/pnas.1115623109
https://doi.org/10.1242/jcs.195263
https://doi.org/10.1242/jcs.195263
https://doi.org/10.1242/jcs.195263
https://doi.org/10.1242/jcs.195263
https://doi.org/10.1016/j.devcel.2008.02.004
https://doi.org/10.1016/j.devcel.2008.02.004
https://doi.org/10.1016/j.devcel.2008.02.004
https://doi.org/10.1016/j.devcel.2008.02.004
https://doi.org/10.1007/s001250100637
https://doi.org/10.1007/s001250100637
https://doi.org/10.1007/s001250100637
https://doi.org/10.1007/s001250100637
https://doi.org/10.1007/BF00713059
https://doi.org/10.1007/BF00713059
https://doi.org/10.1007/BF00713059
https://doi.org/10.1038/s41598-019-38705-5
https://doi.org/10.1038/s41598-019-38705-5
https://doi.org/10.1038/s41598-019-38705-5
https://doi.org/10.1038/nature11910
https://doi.org/10.1038/nature11910
https://doi.org/10.1038/nature11910
https://doi.org/10.1038/nature11910
https://doi.org/10.1038/ncb2738
https://doi.org/10.1038/ncb2738
https://doi.org/10.1038/ncb2738
https://doi.org/10.1038/ncb2738
https://doi.org/10.1016/S1097-2765(00)00108-8
https://doi.org/10.1016/S1097-2765(00)00108-8
https://doi.org/10.1016/S1097-2765(00)00108-8
https://doi.org/10.1038/nrm3270
https://doi.org/10.1038/nrm3270
https://doi.org/10.1016/j.cell.2010.02.034
https://doi.org/10.1016/j.cell.2010.02.034
https://doi.org/10.1038/nature22366
https://doi.org/10.1038/nature22366
https://doi.org/10.1038/nature22366
https://doi.org/10.1038/nature22366
https://doi.org/10.1111/febs.13598
https://doi.org/10.1111/febs.13598
https://doi.org/10.1074/jbc.M110.150839
https://doi.org/10.1074/jbc.M110.150839
https://doi.org/10.1074/jbc.M110.150839
https://doi.org/10.1074/jbc.M110.150839
https://doi.org/10.1016/j.bbrc.2011.08.106
https://doi.org/10.1016/j.bbrc.2011.08.106
https://doi.org/10.1016/j.bbrc.2011.08.106
https://doi.org/10.1016/j.bbrc.2011.08.106
https://doi.org/10.1126/science.1158042
https://doi.org/10.1126/science.1158042
https://doi.org/10.1126/science.1158042
https://doi.org/10.1074/jbc.M006251200
https://doi.org/10.1074/jbc.M006251200
https://doi.org/10.1074/jbc.M006251200
https://doi.org/10.1074/jbc.M006251200
https://doi.org/10.1111/j.1365-2818.1993.tb03313.x
https://doi.org/10.1111/j.1365-2818.1993.tb03313.x
https://doi.org/10.1111/j.1365-2818.1993.tb03313.x
https://doi.org/10.1083/jcb.83.2.348
https://doi.org/10.1083/jcb.83.2.348
https://doi.org/10.1083/jcb.83.2.348
https://doi.org/10.1083/jcb.83.2.348
https://doi.org/10.1016/j.carres.2011.12.029
https://doi.org/10.1016/j.carres.2011.12.029
https://doi.org/10.1016/j.carres.2011.12.029
https://doi.org/10.1016/j.carres.2011.12.029
https://doi.org/10.1016/j.carres.2011.12.029
https://doi.org/10.1083/jcb.200412024
https://doi.org/10.1083/jcb.200412024
https://doi.org/10.1083/jcb.200412024
https://doi.org/10.1096/fj.06-6408com
https://doi.org/10.1096/fj.06-6408com
https://doi.org/10.1096/fj.06-6408com
https://doi.org/10.1096/fj.14-261529
https://doi.org/10.1096/fj.14-261529
https://doi.org/10.1096/fj.14-261529
https://doi.org/10.1096/fj.14-261529
https://doi.org/10.1152/ajpendo.00640.2007
https://doi.org/10.1152/ajpendo.00640.2007
https://doi.org/10.1152/ajpendo.00640.2007
https://doi.org/10.1152/ajpendo.00640.2007
https://doi.org/10.1074/jbc.M300923200
https://doi.org/10.1074/jbc.M300923200
https://doi.org/10.1074/jbc.M300923200
https://doi.org/10.1074/jbc.M300923200
https://doi.org/10.1074/jbc.M300923200
https://doi.org/10.1074/jbc.R117.802843
https://doi.org/10.1074/jbc.R117.802843
https://doi.org/10.1126/science.275.5305.1475
https://doi.org/10.1126/science.275.5305.1475
https://doi.org/10.1126/science.275.5305.1475
https://doi.org/10.1038/nrm2199
https://doi.org/10.1038/nrm2199
https://doi.org/10.1038/nrm2199
https://doi.org/10.1007/BF02634119
https://doi.org/10.1007/BF02634119
https://doi.org/10.1007/BF02634119
https://doi.org/10.1093/nar/gkp045
https://doi.org/10.1093/nar/gkp045
https://doi.org/10.1093/nar/gkp045
https://doi.org/10.1093/nar/gkp045
https://doi.org/10.1016/j.molcel.2009.10.021
https://doi.org/10.1016/j.molcel.2009.10.021
https://doi.org/10.1016/j.molcel.2009.10.021
https://doi.org/10.1016/j.molcel.2009.10.021
https://doi.org/10.1182/blood-2005-10-4047
https://doi.org/10.1182/blood-2005-10-4047
https://doi.org/10.1182/blood-2005-10-4047
https://doi.org/10.1182/blood-2005-10-4047
https://doi.org/10.1007/s00018-015-2052-6
https://doi.org/10.1007/s00018-015-2052-6
https://doi.org/10.1007/s00018-015-2052-6
https://doi.org/10.1016/0003-2697(85)90442-7
https://doi.org/10.1016/0003-2697(85)90442-7
https://doi.org/10.1016/0003-2697(85)90442-7
https://doi.org/10.1016/0003-2697(85)90442-7
https://doi.org/10.1007/s12035-013-8438-2
https://doi.org/10.1007/s12035-013-8438-2
https://doi.org/10.1007/s12035-013-8438-2
https://doi.org/10.1007/s12035-013-8438-2
https://doi.org/10.1083/jcb.54.2.206
https://doi.org/10.1083/jcb.54.2.206
https://doi.org/10.1083/jcb.54.2.206
https://doi.org/10.1083/jcb.54.2.206
https://doi.org/10.1016/j.devcel.2007.07.005
https://doi.org/10.1016/j.devcel.2007.07.005
https://doi.org/10.1016/j.devcel.2007.07.005
https://doi.org/10.1016/j.devcel.2007.07.005
https://doi.org/10.1247/csf.23.33
https://doi.org/10.1247/csf.23.33
https://doi.org/10.1247/csf.23.33
https://doi.org/10.1247/csf.23.33
https://doi.org/10.1016/j.devcel.2007.07.018
https://doi.org/10.1016/j.devcel.2007.07.018
https://doi.org/10.1016/j.devcel.2007.07.018
https://doi.org/10.1016/j.devcel.2007.07.018
https://doi.org/10.1128/MCB.20.18.6755-6767.2000
https://doi.org/10.1128/MCB.20.18.6755-6767.2000
https://doi.org/10.1128/MCB.20.18.6755-6767.2000
https://doi.org/10.1128/MCB.20.18.6755-6767.2000
https://doi.org/10.1042/BSR20140053
https://doi.org/10.1042/BSR20140053
https://doi.org/10.1042/BSR20140053

