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Abstract

Degradation of intracellular components through autophagy is a fundamental process to maintain
cellular integrity and homeostasis. Recently a glycogen-selective autophagy pathway has been
described, termed ‘glycophagy’. Glycogen is a primary storage depot and regulator of glucose
availability, and glycophagy is emerging as a critical physiological process involved in energy
metabolism. Glycophagy-mediated degradation of glycogen appears to operate in parallel with the
well-described canonical pathway of glycogenolysis involving glycogen phosphorylase. Evidence
suggests that starch-binding domain protein-1 (Stbdl) is a key glycogen-binding protein involved in
tagging glycogen for glycophagy, and that Gabarapl1 is primarily involved as the Atg8 family
protein recruiting the Stbd1-glycogen complex into the forming glycophagosome. The nuances of
glycophagy protein machinery, regulation and lysosomal glucose release are yet to be fully
elucidated. In this mini-review, we critically analyze the current evidence base for glycophagy as a
selective-autophagy process of physiological importance and highlight areas where further

investigation is warranted.
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Introduction

Macro-autophagy is a conserved cellular process resulting in lysosomal degradation of intracellular
components [1,2]. Recently, an autophagy sub-type selective for glycogen has been described,
termed ‘glycophagy’ [3,4]. Glycogen is a polysaccharide which represents the primary source of
intracellular glucose storage [5]. Glycophagy-mediated degradation of glycogen appears to operate
in parallel with the well-described canonical pathway of glycogenolysis involving glycogen
phosphorylase and glycogen debranching enzyme. Emerging evidence suggests that glycophagy
involves specific protein intermediaries to recruit glycogen to form the autophagosome
(‘glycophagosome’). Starch-binding domain protein 1 (Stbd1) has been identified as a key protein
involved in tagging glycogen for autophagic degradation via its carbohydrate-binding domain
(CBM20) [6]. The autophagosome membrane-bound protein from the Atg8 family, Gabarapl1, has
been demonstrated to bind to Stbd1, recruiting glycogen into the glycophagosome structure prior to

phagosome-lysosome fusion [4] (Figure 1).

Although these candidates for specific glycophagy machinery have only recently been described,
the concept of lysosomal glycogenolysis has been known since the 1960s [7,8]. Acid a-glucosidase
(Gaa) cleaves glycosidic bonds to degrade glycogen to free glucose in the lysosome [9,10] (Figure
1). Gaa mutations are the underlying cause of Pompe disease, an inherited glycogen storage disease
(GSD) causing severe morbidity and premature death [11]. Several GSDs are characterized by
suppressed autophagy activity. In GSD type la (glucose-6-phosphatase mutation), interventions to
activate autophagy have been shown to restore glycogen (and lipid) stores to normal levels [12]. As
a type of selective autophagy process, glycophagy may be an important metabolic route of glycogen
degradation and glucose supply. Positioning of glycophagosomes in strategic subcellular locations
may have physiological importance for bulk delivery of glucose fuel for glycolytic metabolism.
There is some evidence that glycolysis is dependent on lysosomal glycogen degradation and
glycophagy may represent a key process for cellular energy homeostasis. Several major protein

players have been identified, and recent studies have explored the regulation of Gaa activity and
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transcription of glycophagy-related genes. Further knowledge of the glycophagy protein machinery
is required, and an understanding of the regulation of lysosomal glucose release and glycophagy
involvement in pathophysiology is lacking. In this mini-review, we critically analyze the current
evidence base for glycophagy as a selective-autophagy process and highlight areas where further

investigation is warranted.

Molecular identification of glycogen for glycophagy

The early phase of autophagy involves the recruitment of cellular cargo into a forming
autophagosome, mediated by ‘receptor’ proteins, which bind to both the cargo and Atg8 family
proteins in the autophagosome membrane [1] (Figure 1). Molecular screening studies have
identified potential glycophagy receptors using in silico and in vitro approaches. Stbd1 has been
proposed as a selective glycophagy receptor as it contains both a glycogen binding domain
(CBM20) and several binding sites for Atg8s, known as Atg8-interacting motifs (AIMs) [4,13].
Two Stbd1 AIMs in particular meet the 2D sequence and 3D conformational criteria [14] to be
considered as functional AIMs (located at aa203-206, and aa212-215 in the Stbd1 sequence) [4].
There is some evidence from a chemical genetic screening study that Stbd1 may be phosphorylated
by AMP-activated protein kinase (AMPK) at Ser 175 [15], but the regulatory outcomes of this

phosphorylation site are unknown.

Consistent with a role for Stbd1 in glycophagy, Stbd1 has been shown to interact with Atg8 proteins
using in vitro GST-pulldown assays [16] and to co-localize with lysosomal-associated membrane
protein 1 (Lampl) [6]. Furthermore, inhibition of autophagosome-lysosome fusion using
bafilomycin induced accumulation of FLAG-labelled Stbd1 in HeLa cells [17], confirming that
Stbd1 is at least partially processed by the autophagosome-lysosome pathway. Mutation of the
Stbd1 aa203-206 AIM site in a cancer cell line resulted in increased glycogen content [18],
suggesting that this Stbdl AIM is involved in mediating glycogen recruitment into the

glycophagosome for lysosomal glycogen degradation. Stbd1 may be the rate-limiting step in
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glycophagy as demonstrated by in vivo Stbd1 knockout, preventing hepatic glycogen accumulation
caused by Gaa deficiency [19]. Interestingly, this effect was not seen in skeletal muscle and heart
tissues [19]. Collectively, these findings suggest that Stbd1 may be required for glycophagy
processing of glycogen in some settings, but further work is required to fully elucidate the

mechanisms involved and systematically evaluate tissue specificity.

In silico sequence analysis of common glycogen-related proteins revealed several putative
glycophagy receptors by screening for AIMs [20]. In addition to Stbdl, seven other proteins were
identified to contain AIMs in their amino acid sequence: glycogen synthase, glycogen branching
enzyme, glycogen phosphorylase, glycogenin, glycogen debranching enzyme, laforin and malin.
Whether these AIMs constitute functional binding partners for Atg8 proteins is yet to be
determined. Conflicting evidence is found in the literature relating to glycogen synthase serving as a
potential Atg8 binding partner. In Drosophila, glycogen synthase was shown to co-localize with
Atg8 proteins [21]. Large-scale human proteomic analysis revealed that glycogen synthase
interacted with several Atg8 family proteins, but subsequent in vitro experiments could not validate
this result [16]. Thus, further work is required to map the molecular machinery of glycophagy fully.
The current evidence base favors Stbd1 as the primary glycophagy receptor, but
alternative/additional receptors may be identified with future investigation. It could be speculated
that distinct glycophagy receptors have important functional implications for targeting glycogen in
different physiological (or pathophysiological) settings. Understanding the nuances of how

glycogen is tagged for glycophagy is an important priority.

Glycophagosome enclosure of glycogen

The processes of phagophore nucleation and autophagosome formation are likely to be similar for
autophagy sub-types (see detailed reviews [22,23]). Interestingly, the proposed origin sites of
autophagosome biogenesis, the endoplasmic reticulum (ER) and its associated compartments, are

closely aligned with some subcellular pools of glycogen clusters [24—26]. The concept of an ER-
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glycogenolytic complex has been advanced [25], but to date, the focus has mainly been on cytosolic
glycogen breakdown processes, and the involvement of glycophagy at this site remains unknown.
Glycophagosome localization at the ER could be important for functional delivery of glucose fuel to
sites of energy use. For example, in muscle tissues, the sarcoplasmic reticulum (specialized muscle
form of ER) contains Ca*>" ATPases involved in excitation-contraction coupling, which have been

shown to be dependent on glycolytic ATP supply.

The autophagosome capture of specific cargo for degradation appears to be distinctive in selective
autophagy sub-types. For glycophagy, the Stbd1-glycogen complex is enclosed (or ‘captured’) into
the forming glycophagosome as it is bound to an Atg8 protein ‘partner’ (Figure 1). The mammalian
Atg8 protein family consists of the L¢3 (Lc3a, Le3b, Le3c) and Gabarap (Gabarap, Gabarapll,
Gabarapl2) subfamilies [27]. Atg8 proteins are anchored into the autophagosome membrane via
lipidation of a C-terminal glycine. Stbd1l has been shown to interact with all 6 Atg8 protein family
members in a proteomic autophagy network analysis, with the highest binding affinity for Gabarap
subfamily Atg8s [16]. Stbdl interaction with Gabarap and Gabarapll was confirmed using co-
immunoprecipitation pull-down approaches [6]. In vitro co-expression studies revealed that Stbdl
co-localizes with Gabarapl1, and to a lesser extent, with Gabarap [6]. Screening of Stbd1-Gabarapl1
co-localization using truncated mutant forms of human recombinant Stbd1 revealed that this
interaction is dependent on the aa203-206 AIM in Stbd1 [4,18]. Thus the current evidence-base
suggests that Gabarapl1 is the primary glycophagy Atg8 ‘partner’ for Stbdl, but further work
focusing on in vivo settings would be informative to fully understand the complex and distinctive
roles of the six Atg8 family proteins in selective autophagy processes. Although some redundancy
between Atg8s may be expected, the level of selectivity in the glycophagy protein intermediary
partners has important implications for functional outcomes of upstream signaling regulation at a

physiological level, and for future studies targeting glycophagy for intervention.
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Lysosomal glycogen degradation

The concept of lysosomal glycogenolysis has been documented for more than 50 years, particularly
in the context of glycogen storage diseases. Inherited deficiency of the lysosomal glycogen
degradation enzyme, Gaa, in Pompe disease is associated with marked accumulation of glycogen in
several tissues, most prominent in the heart and skeletal muscle [11,28]. These early studies
demonstrated that lysosomal degradation of glycogen is an essential physiological process and not
merely a redundant parallel pathway of glycogen processing. The concept of glycophagic
processing has only recently been recognized and knowledge of the implicated protein
intermediaries is limited. Following glycophagosome-lysosome fusion, glycogen breakdown is
mediated by the Gaa enzyme [5]. This process is distinct from cytosolic breakdown via glycogen
phosphorylase, which exclusively cleaves a-1,4-glycosidic bonds. Gaa can hydrolyze both
a-1,4-glycosidic strands and a-1,6-glycosidic branch points resulting in complete degradation of the
glycogen granule [10,29]. Additionally, glycogen phosphorylase releases glucose-1-phosphate

primed ready for glycolytic metabolism, whereas Gaa releases free glucose [9].

The implications of bulk release of free glucose from the lysosome have not been studied, and it
could be speculated that this poses an osmotic and glycation challenge for the cell, and the
physiology is therefore likely to be tightly regulated. It is not known how glucose is released from
the phago-lysosome following glycogen degradation. Some reports show that the glucose
transporter, Glut8, may exhibit lysosomal localization [30,31], but whether Glut8 is operational in
transporting glucose out of the lysosome requires validation. The transmembrane protein, spinster 1
(Spnsl), has also been advanced as a possible candidate for lysosomal glucose transport. Although
little is known about Spnsl, its sequence and structure aligns with proteins from the sugar
transporter subfamily [32]. Co-localization of Spns1 with lysosomal markers, Lamp1 and the
fluorescent lysosomal marker ‘lysotracker’ has been reported [33,34], and in vitro Spnsl
knockdown induces glycogen accumulation [33]. The regulation of lysosomal glucose transport

could be expected to have important consequences for cellular metabolism, but to date no
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information is available. There is some evidence that glycophagy is upregulated in settings of high
energy demand, thus activation/promotion of lysosomal glucose transport may occur via similar
energy signaling pathways that positively regulate glucose metabolism. This is an emerging area of
interest in the autophagy field where significant knowledge gaps warrant investigation to fully

characterize the distal stages of the glycophagy pathway.

Regulation of glycophagy

Regulation of glycogen recruitment

Although the molecular pathways involved in regulating glycophagy are not well defined, certain
structural characteristics of glycogen appear to be most commonly associated with glycophagy
occurrence. Early studies using subcellular fractionation protocols reported that glycogen located in
the lysosome has a higher molecular weight than glycogen in the cytosol [35,36]. When Gaa is
inhibited by liposomal delivery of Gaa antibodies, hepatic cellular glycogen content shifts towards a
low molecular weight profile [37]. High molecular weight glycogen is consistent with a-granules:
rosette-like structures up to ~300nm in diameter and most prominent in the liver delivering slow
glucose release [5]. Low molecular weight glycogen is more closely aligned with B-granules: less
than ~50nm in diameter and most prominent in skeletal muscle where rapid glucose release is
required in acute settings of high demand [5]. Thus the current evidence base suggests that
glycophagy may favor the degradation of large a-granules (over small -granules), but the

functional implications are yet to be determined.

Branching content of the glycogen granule may also influence its degradation route. An in vitro
study comparing glycogen with the less branched glucose polymer, amylopectin, provides some
indication that Stbd1 has a higher affinity for less branched polysaccharides [6]. Similarly, Gaa has
lower efficiency for cleaving a-1,6-glycosidic branch points than a-1,4-glycosidic strands [29].
There are also marked developmental differences in glycogen structure which appear to be

associated with glycophagy activity. Fetal-type glycogen has less branching content than adult, and
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glycophagy activity (and more generally autophagy activity) is well documented to be highest in the
neonatal setting [38,39]. To date, observations to support a glycophagy preference for large low-
branched glycogen granules are mostly anecdotal but provide some suggestion that glycogen

structure may influence glycophagy fate.

Regulation of Stbdl & Gabarapll

Stbd1 is phosphorylated by the master energy regulator, AMPK [15] (Figure 1). Although its
regulatory action is still unclear, modulation of Stbd1l activity by AMPK would be consistent with
the contention that glycophagy is responsive to cellular energy demand. Other phosphorylation sites
on Stbdl have been documented [15], but identification of the specific kinases involved has been
elusive. The N-terminus of Stbd1 can be myristoylated, an irreversible post-translational
modification involving addition of a 14-carbon saturated fatty acid group, and appears to play a role
in localizing Stbd1 to the ER and mitochondria [40]. Further investigation into the enablers and
barriers for Stbd1 tagging of glycogen for glycophagy is required to fully elucidate the mechanisms

by which glycophagy may be initiated in various physiological settings.

The available literature documenting the regulation of the glycophagosome Atg8 protein,
Gabarapl|, is sparse, but some evidence of transcriptional regulation has been reported. FoxO
transcription factors, FoxO1 and FoxO3, have been demonstrated to target the transcription of
Gabarapl1 [41] (Figure 1). Given that FoXO proteins are negatively regulated by the insulin
signaling pathway, it is likely that Gabarapl1 expression levels are inhibited by insulin action,
although this has not yet been experimentally demonstrated. Thus, glycophagy may be activated in
settings of low insulin availability (e.g. fasting) via FoxO-induced transcription of Gabarapll. We
have previously shown that fasting-induced metabolic stress in vivo is associated with a prominent

cardiac glycophagy response [42].
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Regulation of Gaa and lysosomal glycogenolysis

Accumulating evidence suggests that Gaa activity may be modulated by energy regulatory
pathways, and has a role in liberating glucose fuel supply for energy metabolism. /n vitro
knockdown of Gaa decreased glycolytic metabolic rate and glucose oxidation, which was associated
with a shift to fatty acid oxidation [43]. In Gaa deficient cells, the activity of the archetypal
regulators of energy homeostasis, AMPK and PPARa, was increased [43]. Experimentally, in vivo
modulation of the B-adrenergic pathway has been shown to regulate lysosomal Gaa. Specifically,
adrenaline-induced B-adrenergic activation increased Gaa activity [38] and propranolol-induced
B-adrenergic inhibition decreased Gaa activity [44]. Collectively, these findings provide further
support to the contention that glycophagy is activated in physiologic settings of high energy

demand.

Although conflicting reports exist [43,45], Gaa expression may be influenced by transcription factor
EB (TFEB), potentially in a tissue-specific manner. TFEB is a known transcription factor of several
autophagy and lysosomal genes, and nuclear localization of TFEB promotes autophagosome
formation, autophagosome-lysosome fusion, and lysosomal biogenesis. TFEB has been identified as
a regulator of macro-autophagy, mitophagy and lipophagy [46]. Its involvement in glycophagy is

likely and further investigation is warranted.

Concluding remarks

Although the concept of lysosomal glycogen degradation has been known for some time, the term
‘glycophagy’ has only recently come into use with an enhanced understanding of selective-
autophagy pathways. Identifying the specific molecular machinery involved in glycogen
recruitment into the glycophagosome has advanced the field considerably. There is mounting
evidence to support the contention that Stbd1 is the primary glycogen-binding protein involved in
tagging glycogen for glycophagy, and that Gabarapl1 is the selective Atg8 family protein which

recruits the Stbd1-glycogen complex into the forming glycophagosome. Significant knowledge gaps
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exist in understanding the nuanced processes of glycophagosome-lysosome fusion and the transport
of glucose liberated from glycogen out of the lysosome. Some evidence suggests that key energy
regulatory pathways play a crucial role in modulating glycophagy activity, and more work is
required to map the precise mechanisms involved. It is clear from glycogen storage diseases that
glycophagy is an essential cellular process and plays a vital role in the fundamental cell biology of
glycogen metabolism. The glycophagy field is in an early discovery phase, and advancing the

understanding of the physiology and pathophysiology of glycophagy is an important priority.
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Figure legend

Figure 1. Glycogen degradation by glycophagy. Starch-binding domain protein 1 (STBD1) is the
likely cargo ‘receptor’ protein, tagging glycogen for glycophagy. STBDI1 is phosphorylated by
AMP-activated kinase (AMPK), although the functional consequences of phosphorylation are
unknown. Evidence suggests that glycogen tagged for glycophagy is more likely to be high
molecular weight a-granules with low branching content. GABA Type A Receptor Protein Like 1
(GABARAPLI1) is an Atg8 family protein implicated in recruiting the glycogen-STBD1 complex
into the glycophagosome. FoxO1 and FoxO3 are transcription factors for GABARAPLI1. Following
glycophagosome-lysosome fusion, acid a-glucosidase (GAA) degrades glycogen into free glucose.
Transcription factor EB (TFEB) may promote transcription of Gaa and B-adrenergic signaling has
been shown to increase Gaa activity. Transport of glucose out of the lysosome occurs via an
unknown mechanism and may provide glucose fuel for local glycolytic energy metabolism. Created

with Biorender.com.
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Figure 1. Glycogen degradation by glycophagy. Starch-binding domain protein 1 (STBD1) is the
likely cargo ‘receptor’ protein, tagging glycogen for glycophagy. STBD1 is phosphorylated by AMP-
activated kinase (AMPK), although the functional consequences of phosphorylation are unknown.
Evidence suggests that glycogen tagged for glycophagy is more likely to be high molecular weight
a-granules with low branching content. GABA Type A Receptor Protein Like 1 (GABARAPL1) is an
Atg8 family protein implicated in recruiting the glycogen-STBD1 complex into the
glycophagosome. FoxO1 and FoxO3 are transcription factors for GABARAPLI. Following
glycophagosome-lysosome fusion, acid a-glucosidase (GAA) degrades glycogen into free glucose.
Transcription factor EB (TFEB) may promote transcription of Gaa and B-adrenergic signaling has
been shown to increase Gaa activity. Transport of glucose out of the lysosome occurs via an
unknown mechanism and may provide glucose fuel for local glycolytic energy metabolism. Created
with Biorender.com.
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