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ABSTRACT

The regions at which the ER and mitochondria come into close proximity, known as ER-
mitochondria contact sites provide essential platforms for the exchange of molecules between the
two organelles and the coordination of various fundamental cellular processes. In addition to the
well-established role of ER-mitochondria interfaces in calcium and lipid crosstalk, emerging
evidence supports that a proper communication between ER and mitochondria is critical for the
regulation of mitochondrial morphology and the initiation of autophagy. Within this context, our
recent data indicate that glycogen is targeted to ER-mitochondria contacts through the Stbd1
protein, a proposed autophagy receptor for glycogen. Glycogen-bound Stbd1 influences ER-
mitochondria tethering and the morphology of the mitochondrial network. We here suggest
possible roles of glycogen recruitment to ER-mitochondria contact sites. Stbd1-mediated targeting
of glycogen to ER-mitochondria junctions could represent a mechanism through which glycogen is
sequestered into autophagosomes for lysosomal degradation, a process described as glycogen
autophagy or glycophagy. Additionally, we discuss a possible mechanism which links the observed
effects of Stbd1 on mitochondrial morphology with the previously reported impact of nutrient
availability on mitochondrial dynamics. In this model we propose that glycogen-bound Stbd1
signals nutrient status to ER-mitochondria junctions resulting in adaptations in the morphology of
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the mitochondrial network.

A key feature of eukaryotic cells is the compartmentali-
zation of metabolic reactions in membrane-bound
organelles. Moreover, communication between organ-
elles has emerged as an additional level of regulation
aiming at the fine tuning of cellular processes within
cells. This is achieved through membrane-contact sites
(MCS) at which the membranes of two organelles come
into close contact.”> The most extensively studied MCS
are those between the endoplasmic reticulum (ER) and
mitochondria, known as ER-mitochondria contact sites.
Since their discovery almost 60 years ago,” a plethora of
studies highlighted the importance of this type of inter-
organelle communication in a variety of cellular pro-
cesses such as calcium crosstalk, mitochondrial morphol-
ogy and dynamics, lipid homeostasis, autophagosome
formation, ER stress and apoptosis.>**> Furthermore,
increasing evidence suggests that a miscommunication
between ER and mitochondria occurs in a number of
neurodegenerative and metabolic diseases, including
Parkinson’s and Alzheimer’s disease as well as type 2 dia-
betes. However, whether distortions in ER-mitochondria

crosstalk are the cause or the consequence of the above
pathologic conditions still remains elusive.>

Most of our current knowledge regarding ER-mito-
chondria contacts comes from electron microscopy stud-
ies which revealed that the two organelles are tethered
together through protein bridges and that no membrane
fusion takes place.”” The mitochondrial surface coming
into contact with an adjacent ER membrane was esti-
mated around 5-20% in HeLa cells.® Similarly, the dis-
tance between ER and mitochondria at MCS is not
constant but can lie between ~10 and ~80 nm.” Several
reports indicate that ER-mitochondria coupling is
adjusted depending on the metabolic state of the cell,”"?
supporting the dynamic nature of ER-mitochondria
associations.

The identification and characterization of the protein
complexes mediating the tethering between ER and mito-
chondria has been the subject of active research, yet we
are still far from a complete understanding of the mecha-
nisms governing ER-mitochondria association. The pic-
ture is clearer in yeast, where two protein complexes
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known as the ER-mitochondria encounter structure
(ERMES)" and the ER membrane complex (EMC)*
were found to be responsible for ER-mitochondria tether-
ing. Analysis of a differential centrifugation fraction con-
sisting of ER membranes co-purified with mitochondria,
known as mitochondria-associated membranes (MAMs),
resulted in the identification of a number of protein com-
plexes that are proposed to tether ER with mitochondria
in mammalian cells. Protein-protein interactions mediat-
ing ER-mitochondria association in mammalian cells
include those between the ER-targeted IP3R and VDACI
at the outer mitochondrial membrane (OMM) via the
chaperone Grp75. The IP3R/VDAC1/Grp75 ternary com-
plex is also responsible for the transport of calcium from
ER to mitochondria.'">'® A number of studies reported
contradicting findings regarding the role of the mitochon-
drial fusion protein Mfn2 in ER-mitochondria associa-
tion.'”" Nevertheless, the function of Mfn2 as a bona
fide ER-mitochondria tether has been recently recon-
firmed.”® In particular, tethering is achieved through the
formation of homo- and heterodimers between
ER-targeted Mfn2 and Mfn2 or Mfnl located on the
OMM, respectively.'”** Moreover, the ER-targeted pro-
tein VAPB was shown to interact with the OMM
PTPIP51 protein and regulate both structural and func-
tional features of ER-mitochondria contact sites.*"** An
additional tethering complex results from the interaction
between Fisl on the OMM and the Bap31 protein at the
ER, comprising a platform for the transport of apoptotic
signals from mitochondria to ER.**

In addition to the well-established functions of ER-
mitochondria interfaces (e. g. calcium flux, lipid homeo-
stasis), new roles for these inter-organelle junctions are
emerging. ER-mitochondria contacts were shown to be
the site of the formation of double membrane vesicles,
known as autophagosomes during the initial stages of
the autophagic process.** Autophagy is an evolutionarily
conserved catabolic process which involves the seques-
tration of cytoplasmic material into autophagosomes
and their delivery to lysosomes for degradation.”® Within
this context, we have recently identified that Starch bind-
ing domain-containing protein 1 (Stbdl), a proposed
selective autophagy receptor for glycogen thought to
mediate its trafficking to lysosomes through an auto-
phagy-like process,”®*” is targeted in addition to bulk
ER, to ER-mitochondria contact sites.?® Our findings fur-
ther demonstrated that Stbdl undergoes a specific
co-translational lipid modification, known as N-myris-
toylation, which together with glycogen determine the
subcellular targeting of the protein to the ER or
ER-mitochondria contact sites. Specifically, targeting of
Stbd1 to ER-mitochondria interfaces is promoted by the
lack of N-myristoylation and the concomitant binding of

the protein to glycogen.”® At ER-mitochondria contact
sites, Stbdl was shown to influence ER-mitochondria
tethering and mitochondrial morphology. Particularly,
we showed that overexpression of MAM-targeted Stbdl
increased ER-mitochondrial coupling and also induced
mitochondrial fragmentation and clustering. On the
other hand, shRNA-mediated Stbd1 silencing resulted in
a weakening of ER-mitochondria tethering and an elon-
gated morphology of the mitochondrial network.*®

With regards to the biological significance of the
Stbd1l-mediated recruitment of glycogen to ER-mito-
chondria contact sites, we can only speculate at the cur-
rent state of knowledge. Given the proposed role of
Stbd1 as a selective autophagy receptor for glycogen,***’
and the identification of ER-mitochondria contacts as
platforms for autophagosome formation,** it is conceiv-
able that Stbd1-mediated glycogen targeting to ER-mito-
chondria junctions may serve the sequestration of
glycogen into autophagosomes for lysosomal degrada-
tion (Fig. 1). Alternative scenarios may exist, which
could explain the observed effects of Stbd1 on mitochon-
drial morphology in relation to glycogen recruitment at
ER-mitochondria contact sites. ER-mitochondria junc-
tions play an important role in the regulation of mito-
chondrial dynamics which involves mitochondrial fusion
(elongation),'”** and fission (fragmentation). Impor-
tantly, ER-mitochondria contact sites were shown to
mark the sites of mitochondrial fission.”> A number of
studies established a functional connection between the
availability of nutrients and changes in mitochondrial
morphology. Specifically, nutrient oversupply was found
to correlate with a fragmented mitochondrial morphol-
ogy whereas undersupply of nutrients was found to
induce mitochondrial elongation.’®”* This dynamic
change in the morphology of the mitochondrial network
represents a cellular adaptation response which enables
cells to regulate their energy levels according to the avail-
ability of nutrients, since mitochondrial fragmentation is
associated with reduced whereas mitochondrial elonga-
tion with increased ATP production, respectively.’"*?
Additionally, high glucose levels induce mitochondrial
fragmentation accompanied by reduced ER-mitochon-
dria association in liver cells, suggesting that glucose is a
metabolic regulator of ER-mitochondria contact sites."?
The finding that Stbdl is targeted to ER-mitochondria
contacts in glycogen-bound form along with the
observed effects of Stbdl on mitochondrial dynamics,
raise the hypothesis that Stbd1-mediated recruitment of
glycogen at ER-mitochondria junctions acts as a nutrient
sensing mechanism implicated in the maintenance of
cellular energy homeostasis by modulating mitochon-
drial morphology. Our proposed model suggests that
under nutrient-rich conditions, cellular glycogen levels
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Figure 1. Proposed role for Stbd1-mediated recruitment of glycogen to ER-mitochondria contact sites. (A) Glycogen autophagy (Glyco-
phagy) | Binding of glycogen to non-myristoylated Stbd1 promotes its targeting to ER-mitochondria contact sites. The recruitment of
glycogen to ER-mitochondria junctions which have been identified as the sites of autophagosome formation could serve its sequestra-
tion into autophagosomes for lysosomal degradation. (B) Nutrient sensing mechanism | Stbd1-mediated recruitment of glycogen to ER-
mitochondria contacts may represent a mechanism for nutrient sensing that influences mitochondrial morphology. Upon nutrient over-
supply, intracellular glycogen levels increase leading to the targeting of glycogen-bound, non-myristoylated Stbd1 to ER-mitochondria
contacts. Stbd1 may interact at ER-mitochondria contact sites with proteins involved in mitochondrial fission such as Drp1 or its known
adaptors resulting in the fragmentation of the mitochondrial network. On the other hand, under conditions of nutrient undersupply, cel-
lular glycogen is degraded and hence Stbd1 is preferentially targeted to bulk ER instead of ER-mitochondria contact sites. Failure of
recruiting mitochondrial fission proteins through Stbd1 at ER-mitochondria interfaces would consequently result in the formation of
fused, elongated mitochondria. This model is in accordance with the observed effects of Stbd1 on mitochondrial morphology, i.e. over-
expression of non-myristoylated Stbd1 causes fragmentation whereas Stbd1 knockdown elongation of the mitochondrial network, and
the available data on the correlation between nutrient availability and morphology of the mitochondrial network.

rise leading to the targeting of non-myristoylated, glyco-
gen-bound Stbdl to ER-mitochondria contacts where it
may recruit proteins involved in mitochondrial fission
(e.g. Drpl), resulting in fragmentation of the mitochon-
drial network. On the other hand, nutrient scarcity is
expected to result in the degradation of intracellular gly-
cogen which would hence prevent Stbd1 targeting to ER-
mitochondria contact sites. Consequently, the failure to
recruit proteins mediating mitochondrial fission to ER-
mitochondrial junctions would cause a shift of the equi-
librium between mitochondrial fusion and fission toward
fusion resulting in fused, elongated mitochondria
(Fig. 1).

Since its discovery as the major carbohydrate storage
form in animals, glycogen has intrigued biologists for

over a century and a half. It is becoming clear that glyco-
gen is not only a glucose polymer which covers energy
needs of cells and tissues™ but also serves additional,
more complex regulatory functions. The finding that gly-
cogen is targeted through Stbdl to ER-mitochondria
contact sites adds more to this complexity and opens a
new perspective regarding potentially important struc-
tural, metabolic and regulatory roles for glycogen at these
interorganellar contact sites.

Abbreviations

Bap31 B-cell receptor-associated protein 31
Drpl dynamin-related protein 1

EMC ER membrane complex
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ER endoplasmic reticulum

ERMES  ER-mitochondria encounter structure

Fisl fission 1 protein

Grp75 glucose-regulated protein 75

IP3R inositol 1,4,5-triphosphate receptor

MAMs  mitochondria-associated membranes

MCS membrane-contact sites

Mfnl mitofusin 1

Mfn2 mitofusin 2

OMM outer mitochondrial membrane

PTPIP51 protein tyrosine phosphatase-interacting pro-
tein 51

Stbdl starch binding domain-containing protein 1

VAPB vesicle-associated membrane protein-associ-
ated protein B

VDACI voltage-dependent anion channel 1
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