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Abstract

For many decades the lysosome has been recognized as the terminal center of cellular waste disposal.
Products of lysosomal degradation are either recycled in biosynthetic pathways or are further metabolized to
produce energy. As such the lysosome was attributed a rather passive role in cellular metabolism merely
transforming bulk material into small metabolites. More recently, however, the emerging evidence has brought
the lysosome to the center of nutrient sensing as the organelle that harbors a complex signaling machinery
which dynamically and actively regulates cell metabolism.
The pancreatic β cell is unique in as much as nutrient sensing is directly coupled to insulin secretion.

Importantly, defects in insulin secretion constitute a hallmark in the progression of patients from a state of
impaired glucose tolerance to full blown type 2 diabetes (T2D). However, mechanisms linking nutrient-
dependent lysosomal function to insulin secretion and more generally to β cell health have evolved only very
recently. This review discusses emerging concepts in macroautophagy and macroautophagy-independent
processes of cargo delivery to lysosomes as well as nutrient-dependent lysosomal signaling specifically in the
context of β cell function in health and disease. Such mechanisms may provide a novel source of therapeutic
targets to be exploited in the context of β cell failure in diabetes in the near future.

© 2019 Elsevier Ltd. All rights reserved.
Introduction

A milestone in the field of cell biology was the
discovery of the lysosome by Christian de Duve [1].
De Duve (who coined the term “lysosome” as well as
“autophagy”, “phagocytosis” and “endocytosis”) [2,3]
and coworkers initially observed an unusual behav-
ior of acid phosphatases and other hydrolases in
subcellular fractions. They found that their enzymatic
activity increased after exposing fractions to deter-
gents, hypotonic media, or other protocols. From
r Ltd. All rights reserved.
these fundamental observations, they concluded
that the enzymatic activity was shielded as these
hydrolases were likely to be contained in acidified
membrane-bound vesicles that disrupted only in
response to above treatments. Subsequent electron
microscopy experiments in collaboration with Alex
Novikoff evidenced the existence of such vesicles,
the lysosomes [4]. Cytochemistry confirmed locali-
zation of acid phosphatase activity in the lysosome
[5]. Loaded with a cocktail of different hydrolases,
the lysosome thus constitutes a fundamental
Journal of Molecular Biology (2020) 432, 1494–1593

agoginashvili@ucsd.edu
https://doi.org/


1495Review: β-Cell Autophagy Pathways in Diabetes
compartment of the eukaryotic cell in which cellular
material of different origin is degraded. In addition, in
specialized cells, lysosome-related organelles can
also serve as a store of secretory cargo [6].
Lysosomal hydrolases are synthesized in the rough

endoplasmic reticulum (RER) and transferred through
the Golgi complex to the Trans-Golgi Network (TGN).
At the TGN, they are sorted into transport vesicles
destined for their delivery to the endosomal/lysosomal
compartment. Tagging of most lysosomal hydrolases
with mannose-6-phosphate (M6P) in the Golgi com-
plex and its recognition by M6P receptors (M6PRs) in
the TGN allows for their proper sorting into these
transport carriers. However, trafficking of some
lysosomal hydrolases – similar to the transport of
lysosomal membrane proteins – occurs independent
of the M6PR pathway [7].
Lysosomal delivery of material destined for deg-

radation can occur via distinct pathways depending
on where it needs to be transported from (Fig. 1).
Extracellular material is internalized from the surface
of eukaryotic cells via endocytosis. The mechanisms
of different endocytic pathways are discussed in
great detail elsewhere [8,9].
The basic process routing intracellular material to

lysosomes for digestion is autophagy. To date, four
major types of autophagy are distinguished based
on the mode of substrate delivery to lysosomes and
on specific molecular mediators. Macroautophagy
represents a main process removing damaged
organelles and unused or aggregated proteins in
cells. During macroautophagy in mammalian cells,
Fig. 1. Overview of major pathways of lysosomal
delivery. The lysosome receives extracellular material via
endocytic pathways, and intracellular material via macro-
autophagy, crinophagy, chaperone-mediated autophagy
and microautophagy.
an isolation membrane (phagophore) is generated
from the omegasome at the Endoplasmic Reticulum
(ER) and/or mitochondria-associated ER mem-
branes (MAMs). Once released from these sites
the double-membrane phagophore engulfs cellular
components and forms the autophagosome upon its
closure. The Golgi apparatus, plasma membrane,
late and recycling endosomes in close proximity of
the ER cooperates with the latter to form the
phagophore and autophagosome. The fully formed
autophagosome in turn fuses with the lysosome
(autolysosome), where degradation occurs [10].
While macroautophagy in response to nutrient depri-
vation degrades substrates in a rather non-selective
manner (bulk autophagy), it is also capable to
exclusively eliminate specific structures and thus to
more tightly regulate cellular metabolism. Selective
pathways include for example macroautophagy-
mediated degradation of lipid droplets (lipophagy) or
mitochondria (mitophagy). Formation of the autopha-
gosome is controlled by a complex machinery consist-
ing of the autophagy-related (ATG) proteins [11].
As opposed to macroautophagy, microautophagy

and chaperone-mediated autophagy do not require
autophagosome-mediated delivery of substrates to
lysosomes. Microautophagy involves invagination
and pinching off of the lysosomal membranes allowing
for direct lysosomal uptake of soluble or membrane-
bound material. This leads to formation of an intralyso-
somal vesicle that is either degraded or opened up to
release its contents to the lysosomalmilieu [12]. Finally,
chaperone-mediated autophagy (CMA) involves rec-
ognition of distinct cytoplasmic substrate proteins by
the Hsc70 chaperones and binding of the substrate-
chaperone complex to LAMP-2A monomers on lyso-
somes. Upon oligomerization of LAMP-2A, the sub-
strate protein is translocated into the lysosomal lumen
and subsequently degraded [13].
Secretory vesicles can degrade their contents by

fusing directly with lysosomes. This autophagic
process (termed “crinophagy” by De Duve) has been
discovered by Marilyn Farquhar in the anterior
pituitary gland in response to inhibition of exocytosis
[14]. The molecular mechanisms of crinophagy
remain largely unexplored. Only recently, a study
investigated mechanisms of developmentally pro-
grammed crinophagy in drosophila. They found that
fusion of secretory granules with lysosomes occurred
independent of ATG proteins involved in macroauto-
phagy but required the tethering complex HOPS
(homotypic fusion and protein sorting), the small
GTPases Rab2 and Rab7 and a SNAP receptor
complex. Degradation of secretorymaterial also relied
on proper Uvrag-containing Vps34 and v-ATPase
proton pump-dependent lysosomal function [15].
Apart from its predominant role in degradation, it is

now widely accepted that lysosomes provide a
highly dynamic nutrient-dependent signaling plat-
form. A key sensor of nutrients is the mammalian/

Image of Fig. 1
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mechanistic target of rapamycin (mTOR) complex 1
(mTORC1), first described in yeast [16,17].
mTORC1 is recruited to and activated at the
lysosome in response to addition of amino acids
[18] as well in response to nutrients generated in
lysosomes through degradation of cellular material
during prolonged starvation [19]. Activation of
mTORC1 in turn stimulates cellular growth and
proliferation and inhibits macroautophagy.
mTORC1 activity also results in stepwise phosphor-
ylation of multiple serine residues of the transcription
factor TFEB, a master regulator of lysosomal
function and macroautophagy, keeping the latter
inactive in the cytoplasm [20]. Amino acid sensing
mechanisms converging into lysosomal mTORC1
activity have been subject of intensive research
efforts that uncovered a complex lysosomal nutrient-
dependent signaling machinery [21]. As opposed to
mTORC1, AMP-activated protein kinase (AMPK)
senses low energy in response to low nutrient
availability. Interestingly, AMPK was also reported
to be recruited to the lysosomal nutrient sensing
complex under low nutrient conditions leading to its
activation and induction of autophagy [22].
Hence, the lysosome not only provides a source of

basic molecular building blocks and nutrients while
degrading cellular material but also harbors a
signaling hub that dynamically controls the cell's
bioenergetics in response to nutritional cues. This
review provides a comprehensive overview about
the role of autophagy pathways and lysosomal
functions in the pancreatic β cell and discusses
their links to β cell failure in T2D potentially opening
novel therapeutic opportunities.

Macroautophagymaintains β cell function
and protects against β cell failure in
diabetes

The process of macroautophagy in the pancreatic
β cell, especially in regard to diabetes, has been a
subject of intensive research efforts. Over the last
decade, a great variety of ideas - often contradicting
each other - on the activity of macroautophagy and
its potential role in diabetes, have gradually trans-
formed into a more unifying (yet still incomplete)
picture, according to which macroautophagy initially
protects β cells against failure and eventually fails to
do so in the course of diabetes progression. The
expansion of model systems and the progress in the
understanding of the molecular mechanisms con-
trolling macroautophagy in the β cell had largely
contributed to this change. However, we also believe
that the discrepancies regarding the role and activity
of macroautophagy in β cells reflected a general
complexity in the interpretation of macroautophagy
data, which is discussed in detail in [23]. Here we
present a historical perspective of this field and the
up-to-date picture, in parallel discussing the com-
mon pitfalls in the interpretation of results concerning
macroautophagy in β cells.

Macroautophagy - The basics

Extensive genetic studies in the 1990-s (by the
groups of Yoshinori Ohsumi, Michael Thumm and
Daniel Klionsky) identified the large (more than 30
members) and highly conserved group of
autophagy-related genes (ATG) involved in the
control of this pathway in yeast [24–28], followed
by studies in mammalian models by Yoshinori
Ohsumi, Noboru Mizushima, Beth Levine and
others [29–32]. We refer here to excellent reviews
describing in more details the basic mechanisms of
macroautophagy [33,34]. Briefly, several subgroups
of proteins constitute the “core” of macroautophagy,
including three functional modules controlling early
stages of macroautophagy – induction and forma-
tion of autophagosome: a) Unc-51 like autophagy
activating kinase/autophagy-related complex 1
(ULK1/Atg1), an initiator of autophagosome forma-
tion, in particular, upon starvation; b) The class III
phosphatidylinositol kinase VPS34/Beclin 1 com-
plex that controls nucleation end expansion of
growing phagophore; c) two ubiquitin-like conjuga-
t ion systems, the Atg12–Atg5 and Atg8/
microtubule-associated protein 1 light chain 3
(LC3), which are responsible for the elongation of
the phagophore and proper format ion of
autophagosomes.
On a practical note, the expression and the

localization of two proteins are most commonly
used to address the levels of macroautophagy:
LC3, and in particular, its lipidated autophagosome
membrane-associated form (designated as LC3-II)
[35]; and p62, the protein binding polyubiquitinated
protein aggregates, thus mediating their clearance
by macroautophagy [36]. Macroautophagy involves
the formation of the cargo-containing autophago-
somes that subsequently fuse with lysosomes.
Quantifying numbers of autophagosomes (using
electron microscopy or markers for autophago-
somes such as LC3) is thus the most intuitive way
to estimate activity of macroautophagy. However,
since autophagosomes are subject of lysosomal
degradation along with its cargo, they cannot be
taken in isolation as a measure of the levels of
macroautophagy: for example, an accumulation of
autophagosomes would be observed in the case of
increased formation of autophagosomes (increased
macroautophagy), but also when fusion of autopha-
gosomes with lysosomes and/or degradation of
autophagosomes is decreased (thus indicating
compromised or blocked macroautophagy). There-
fore, additional assays are required, such as
addressing the levels of common substrates of
macroautophagy (like p62), the ratios between
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autophagosomes and autolysosomes, and mea-
surements of autophagic flux [23].

Macroautophagy is important for β cell function

The tremendous progress in unraveling molecular
mechanisms of macroautophagy had allowed to
genetically address the role of this pathway in health
and disease, including diabetes. A “tour-de-force”
approach had been the generation of conditional
knockout mice in which the essential macroauto-
phagy genes were specifically deleted in different
organs, tissues and cell types [37–40]. Indeed, two
pivotal studies, published back-to-back by the
groups of Myung-Shik Lee and Hirotaka Watada in
2008, generated mice lacking Atg7 (which product
belongs to the Atg12-Atg5 module) in pancreatic β
cells. Atg7βcell KO mice were alive and indistinguish-
able in appearance and growth from age-matched
control animals up to 1 year of age [41]; and the loss
of macroautophagy alone was not sufficient to
induce diabetes in these mice [41,42]. However,
Atg7βcell KO mice progressively developed glucose
intolerance and impaired insulin secretion, especial-
ly when fed a high-fat diet [42]. These phenotypes
were associated with the deterioration of islet
architecture, loss of insulin and accumulation of
protein aggregates, strongly indicating that basal
Fig. 2. Multifaceted role of macroautophagy in protection
clearance of damaged organelles including mitochondria (mitop
protein aggregates – heavy burdens of specialized secretory
macroautophagy is important for β cell function.
Furthermore, deletion of Atg7 in β cells in a genetic
model of obesity, leptin-deficient ob/obmice, led to a
severe diabetes, thus suggesting that macroauto-
phagy may serve as a protective mechanism in β
cells in response to metabolic stress [43].

How does macroautophagy protect against β
cell failure?

Damaged organelles and misfolded proteins,
frequently forming aggregates – threats constantly
faced by the β cell that has to control and operate
energy-demanding processes such as insulin bio-
synthesis, trafficking and secretion – represent
major targets of macroautophagy (Fig. 2). In fact,
important genetic hotspots are in line with a model in
which compromised macroautophagy may contrib-
ute to β cell failure in diabetes. The homeodomain
transcription factor Pdx1, genetic variants of which
are associated with both T2D and monogenic
diabetes of the young controls mitophagy in β cells
[44]. Mitophagy is a specific form of macroautophagy
responsible for clearance of damaged mitochondria
[45]. Mechanistically, Pdx1 mediates E3 ubiquitin
ligase Nrdp1-dependent expression of Clec16a, a
type 1 diabetes susceptibility gene and important
regulator of mitophagy. Pancreas-specific deletion of
against β-cell failure. Macroautophagy is involved in the
hagy) and promotes degradation of misfolded proteins and
machines as found in the β cell.

Image of Fig. 2
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Clec16a led to the accumulation of damaged
mitochondria, decreased insulin secretion, glucose
intolerance and hyperglycemia [46]. In line with
these findings, downregulation of the key mitophagy
regulator Parkin compromised insulin secretion in β
cell models [47]. Interestingly, activity of Parkin has
been shown to be directly inhibited by tumor
suppressor p53 in a streptozotocin-induced diabetes
model as well as in leptin receptor-deficient db/db
mice, thus identifying p53 as a key regulator of
mitophagy in β cells [48].
The protective role of macroautophagy in β cells

has been also demonstrated in Akita mice, a model
of diabetes, in which a mutation in proinsulin leads to
its severe misfolding provoking ER stress [49]. A
small (37 amino acids) human islet amyloid poly-
peptide (IAPP) is normally co-secreted with insulin
inside secretory granules, but is also prone to form
oligomers and extracellular amyloid plaques fre-
quently observed in islets of T2D patients [50].
Several lines of evidence corroborate macroauto-
phagy as a protective pathway against the cytotoxic
effects of human IAPP (at least in mice models
expressing human IAPP): first, the enhanced ex-
pression of human IAPP activated macroautophagy;
second, the clearance of IAPP oligomers occured
via macroautophagy; and third, blocking macroau-
tophagy (using Atg7βcell KO) in human IAPP-
expressing mice led to diabetes [51–54]. In addition,
forced expression of human IAPP in β cells of female
pregnant mice recapitulated the features of
pregnancy-related diabetes, and was characterized
by compromised macroautophagy [55].

Compromised macroautophagy in β cells in
diabetes

Altered levels of macroautophagy have been
reported in isolated islets and cellular models
where the diabetic environment was mimicked to a
certain degree by adding high amounts of glucose
and/or free fatty acids such as palmitate (gluco – and
lipotoxicity models). In particular, shorter exposure of
β cells increased macroautophagy, while prolonged
treatment led to decreased macroautophagy (re-
sembling what has been observed in T2D patients,
see below) [56–63]. For example, a β cell model, rat
insulinoma-derived INS-1E cells, demonstrated a
time-dependent increase in LC3-II upon palmitate
(up to 8 h), followed by a decrease in LC3-II, while
isolated human islets increased LC3-II signals up to
48 h of treatment [58]. Similarly, INS-1E cells
showed a time-dependent increase in autophagic
flux upon palmitate treatment (up to 8-16 h), followed
by a decrease (at 24 h) as compared to control-
treated cells [62]. In mice, high fat diet led to an
increase in the number of autophagosomes in β cells
as well as to an increased autophagic flux, indicating
increased macroautophagy [42,64]. One recently
proposed mechanism for the compensatory stimu-
lation of macroautophagy involves complement C3,
a component of the complement system, which is
highly expressed in human pancreatic islets and has
been shown to promote macroautophagy via its
interaction with macroautophagy protein ATG16L1
[65]. However, increased p62 levels indicative of
compromised macroautophagy were observed in β
cells of ob/ob mice as well as db/db mice thus
suggesting that macroautophagy eventually fails to
cope with metabolic challenges in models of severe
obesity [43,66].
An increased fraction of β cells with massive

vacuole overload and increased volume density of
autophagic structures in β cells were initially
reported in T2D patients [67]. Mechanistically,
more recent studies revealed elevated levels of the
macroautophagy substrate p62 [68–70] and de-
creased levels of the autophagosomes marker
LC3-II [70] in β cells of T2D patients, consistent
with decreased macroautophagy in β cells in T2D.
Taken together, accumulating evidence supports

a protective role of macroautophagy with compro-
mised β cell macroautophagy being one of the
components of diabetes.

Stimulating β cell macroautophagy: potential
therapies in diabetes?

In light of above findings, it is not surprising that re-
activation or upregulation of macroautophagy in β
cells has recently become a rapidly emerging
research area in the diabetes field.
The major metabolic regulator mTORC1 that,

among other effects, suppresses macroautophagy
at multiple levels including autophagosome biogen-
esis [71–76], is considered to be one of the
contributing factors to macroautophagy dysfunction
in the diabetic β cell. Accordingly, genetically-
induced mTORC1 hyperactivity promoted onset of
diabetes in mice due to compromised macroauto-
phagy [77]. Indeed, in Akitamice, stimulation of β cell
macroautophagy by rapamycin-mediated inhibition
of mTOR prevented β cell apoptosis, increased
pancreatic insulin content and ameliorated diabetes
[78]. Furthermore, rapamycin-mediated stimulation
of macroautophagy restored insulin secretion in
palmitate-treated INS1 cells, decreased apoptosis
in palmitate-treated INS1 and MIN6 cells as well as
human islets [56,59], and increased insulin secretion
and decreased apoptosis in palmitate-treated non-
diabetic human islets and in human islets isolated
from T2D patients [79]. The importance of mTORC1-
mediated suppression of macroautophagy in the β
cell is further reflected by the fact that the recently
discovered mTORC1-independent macroautophagy
inducer MSL-7 had virtually no effect in the β cell of
high fat diet-fed mice, while being a potent activator
of macroautophagy in liver and adipose tissue [80].
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However, long-term or chronic inactivation of mTOR
are deleterious due to pleiotropic effects of mTOR
signaling, thus emphasizing the need for more
tailored mTOR-targeting strategies in the context of
β cell failure [81–84].
Disaccharide trehalose has been described as a

potent inducer of macroautophagy in different
models [85,86]. In the context of the β cell, trehalose
treatment has been reported to accelerate clearance
of human IAPP oligomers in human IAPP-
expressing mice [54]. However, it should be noted
that the role of trehalose in the regulation of
macroautophagy might be more complex than
initially proposed [87].
Interestingly, several well-known anti-diabetic

drugs have been reported to increase β cell
macroautophagy in different models of diabetes.
In addition, a number of potential therapies target-
ing specifically macroautophagy and/or lysosomal
function have recently emerged. The most com-
monly prescribed drug for T2D, metformin, has
been reported to improvemacroautophagy in β cells
via AMP-activated protein kinase (AMPK) [88].
Multiple research efforts provided evidence that
stimulation of macroautophagy in the β cell might
contribute to the beneficial effects of Glucagon-like
peptide-1 (Glp-1), Glp-1 receptor agonists and
Dipeptidyl peptidase-4 (DPP4) inhibitors in addition
to their role in regulation of insulin secretion. In
particular, the Glp-1 receptor agonists, liraglutide
and exendin-4 have been shown to promote
macroautophagy in INS1 cells, isolated human
islets and in rodent diabetes models [85–87]
[89–91], and DPP4 inhibitor MK-626 increased
macroautophagy in the islets isolated from high fat
diet-fed mice [92]. The molecular mechanisms,
underlying these effects as well as the exact role
of macroautophagy in the therapeutic effects of Glp-
1 mimetics needs to be further explored. In fact,
another report observed that Exendin-4 was effi-
c ient in improving the β cel l funct ion in
macroautophagy-deficient β cells and in Atg7βcell

KO mice mainly through augmented insulin secre-
tion and decreased β cell apoptosis [66].
In addition to therapeutic agents discussed above,

calorie restriction or intermittent fasting have been
proposed to reverse diabetes [93,94]. Interestingly,
Liu et al. have observed that intermittent fasting
restored macroautophagy (autophagic flux), im-
proved glucose tolerance and glucose stimulated
insulin secretion, as well as β cell survival [95].
Interestingly, intermittent fasting did not improve β
cell survival or regeneration in lysosomal associated
membrane protein-2 (Lamp2) knockout mice, again
suggesting a central role of lysosome function in β
cell homeostasis. In line with this notion, recent
studies have proposed to improve lysosomal func-
tion in the β cell by using bioengineered nanoparti-
cles designed to lower lysosomal pH [96,97].
Collectively, these promising studies indicate a
high therapeutic potential for macroautophagy stim-
ulation to protect the β cell. Yet, a more controlled
and targeted manner of enhancing macroautophagy
needs to be achieved. We believe that a better
understanding of mechanisms leading to compro-
mised macroautophagy in β cells in diabetes will
help to address these problems.
Crinophagy:Anactive role inβcell function
and T2D?

The predominant function of the pancreatic β cell
is to release insulin in response to nutrients. Insulin
synthesis starts with the precursor preproinsulin,
which is subjected to cotranslational translocation
into the RER lumen and N-terminal signal peptide
cleavage. The resulting luminal proinsulin in turn is
properly folded and probably subjected to initial
packaging and sorting as reported for other cargo
proteins in the RER [98]. Proinsulin is then trans-
ported to the TGN, where major packaging and
sorting events occur resulting in the formation of
immature secretory granules. Immature secretory
granules are acidified through the action of the ATP-
dependent proton pump, which results in cleavage of
proinsulin into insulin and C-peptide. Cleavage is
followed by insulin crystallization with zinc and
calcium converting immature secretory granules
into mature dense-core granules. Insulin in turn is
released from dense-core granules upon their fusion
with the plasma membrane [99]. Dense-core gran-
ules are found in two major populations, the readily
releasable pool (RRP) and the reserve pool. Being in
close association with the plasma membrane, the
RRP is primed to immediately release insulin in
response to an appropriate stimulation. The reserve
pool comprises granules that are more distant of the
plasma membrane requiring trafficking prior fusion.
The two pools may account for the immediate/short
first and delayed/prolonged second phase of insulin
secretion, respectively [100].
Even if insulin granules are properly formed, not all

insulin is secreted, some is degraded via crinophagy,
which in the β cell was first described by Lelio Orci
[101,102]. Crinophagy is a pathway different from
macroautophagy, as it does not rely on autophago-
somes, but instead represents direct fusion of granules
with lysosomes. The mechanistic distinctions between
crinophagy and macroautophagy were further
highlighted in a recent study that demonstrated that
induction of developmentally programmed crinophagy
in drosophila did not require canonical mediators of
macroautophagy [15]. Crinophagy has initially been
observed in β cells of different animal models
[103–105], of diabetic rodents [104] and also of islets
upon inhibition of secretion [106–113]. As in other
secretory cells, crinophagy thus constitutes a frequent
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phenomenon in islet β cells. In fact, its capacity to
remove insulin must be considerable provided that
most synthesized proinsulin escapes endoplasmic
reticulum-associated protein degradation (ERAD) and
is incorporated into secretory vesicles. Quantitative
analysis in murine islets revealed that a β cell contains
approximately 13′000 insulin granules on average
[114], while the number of lysosomes per cell ranges
between 25 and 70 [115]. Given the fact that at least
30% of insulin in islets can be degraded within 24 h
[102,116], each lysosome is supposed to fuse with
several secretory granules in line with the appearance
of multigranular bodies.
Based on the initial correlative studies, it was

concluded that crinophagy acts to prevent accumu-
lation of insulin granules in a situation where insulin
secretion is compromised. In a way, crinophagy in
the β cell was regarded as a passive consequence of
lower secretion and thus appeared to be devoid of
any major regulation.
This view has been recently challenged by our

own work. Our initial observation was that β cells
upon short-term nutrient deprivation in vitro and in
vivo suppressed macroautophagy, very much in
contrast to other mammalian cells that induced
macroautophagy in response to the same challenge.
In fact, lysosomal degradation of autophagosome-
derived cellular material is a main catabolic re-
sponse providing nutrients if not available in the
environment. This prompted us to seek for alterna-
tive nutrient sources in starved/fasted β cells. We
found that the predominant initial response in β cells
was to directly fuse insulin granules with the
lysosome under these conditions, highly reminiscent
of crinophagy and independent of macroautophagy.
Interestingly, we found that nascent insulin gran-

ules containing proinsulin close to the Golgi were
predominantly targeted to lysosomal degradation
under these conditions. We termed the observed
process starvation-induced nascent granule degra-
dation (SINGD, pronounced [ˈsɪndi]) [117], propos-
ing that crinophagic mechanisms may underlie
SINGD. Strikingly, we also found that mTOR was
recruited to SINGD compartments leading to local
mTOR activation and mTOR-mediated inhibitory
phosphorylation of Unc-51 like autophagy activating
kinase 1 (ULK1), a kinase that promotes early steps
of autophagophore formation [118]. Activation of
mTOR in distinct compartments has been shown to
result in specific downstream responses [119]. This
is in line with our observation that mTOR activation in
the SINGD compartment is sufficient to suppress
macroautophagy but not to induce protein transla-
tion. Thus, induction of SINGD was directly linked to
the observed suppression of macroautophagy.
Another basic observation prompted us to specu-

late about a specific function of SINGD. We found
that forcing macroautophagy in isolated human and
murine islets using short term treatment with
macroautophagy-inducing peptide, Tat-Beclin1
[120] under basal non-stimulatory glucose levels
de-repressed insulin secretion almost to stimulatory
levels arguing that macroautophagy may stimulate
insulin release. In other words, SINGD-mediated
suppression of macroautophagy might be necessary
to prevent insulin release under fasting conditions. In
fact, degradation in autolysosomes may generate
metabolites that trigger insulin release. The spec-
trum of metabolites that have been demonstrated to
have the capacity to stimulate insulin secretion is
indeed very broad [121]. Future studies, including
specific inhibition of macroautophagy, will be nec-
essary to confirm this specific function of SINGD. In
addition to suppression of macroautophagy, we
have proposed that SINGD removes secretory
granules omitting release of insulin under low
nutrient conditions. Indeed, newly synthesized insu-
lin was shown to be preferentially released upon
nutrient stimulation [122]. Importantly, SINGD-
mediated suppression of macroautophagy depends
on abundant nascent SGs. Therefore the depletion
of nascent SGs (for example, in the course of SINGD
upon prolonged fasting) is likely to de-repress
macroautophagy without the danger of increasing
insulin release.
As mentioned above, crinophagy is likely to be the

main route for SINGD; however, it is important to
emphasize again that substrates of crinophagy are
not restricted to nascent insulin granules. Instead,
crinophagy has been implicated in the disposal of old
granules and in the compensatory degradation of
granules that accumulate upon secretory defects
[123]. Thus, unraveling the molecular mechanisms
underlying SINGD (see below) is necessary to
establish the exact relations between SINGD and
crinophagy. In addition, given the recent discovery of
molecular mechanisms of crinophagy in Drosophila
[15], it will be important to test their relevance in the β
cell, and in particular in SINGD. Taken together,
SINGDmight represent a specific form of crinophagy
in the context of low nutrient availability in the β cell,
arguing for an evolutionary driven adaptation in a cell
type in which nutrient sensing is directly coupled to
secretion.
Does macroautophagy participate in the degrada-

tion of secretory granules? It seems a possible
scenario that insulin granules in principle reach
lysosomes via autophagosomes along with other
cytosolic material. To date, evidence supports this
possibility in model systems in which components of
macroautophagy and/or of the secretory pathway
have been altered. In particular, incidents of autop-
hagosomes containing secretory granules (along
with crinophagy, microautophagy and increased
amounts of multigranular bodies) were reported in
secretory-deficient Rab3A knockout mice using
electron microscopy [123]. In addition, increased
levels of autophagosomes containing secretory
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granules have been observed in cellular models
over-expressing the components of macroauto-
phagy [124] and in high-fat diet-fed knockin mice
bearing a constitutive active mutation of Becn1
(beclin1) - Becn1F121A [125]. Expression of Becn1-
F121A promoted loss of insulin in high fat-fed mice,
which correlated with increased accumulation of
insulin inside autophagosomes/autolysosomes. In
striking contrast, mice expressing wild-type alleles of
Becn1 demonstrated very low levels of insulin
detected within LC3-GFP autophagic structures
[125]. In addition, Riahi et al. described that
treatment of β cells with bafilomycin A1 (BafA1) led
to markedly increased co-localization between insu-
lin granules and lysosomes [124]. Among other
effects, BafA1 blocks fusion of autophagosomes
with lysosomes [126,127], which prevents autopha-
gosomal delivery of insulin granules to lysosomes.
Delivery of insulin granules to lysosomes through
macroautophagy is thus excluded under these
conditions, contradicting a model in which macro-
autophagy represents a major pathway for lysosom-
al insulin granule degradation. Furthermore, studies
of Atg7βcell KO mice observed marked loss of insulin
and insulin granules in β cells in islets of
macroautophagy-deficient mice as compared to β
cells in islets of control mice [41]. The loss of insulin
in macroautophagy-deficient conditions seems
counter-intuitive, if macroautophagy were to be the
main mechanism of insulin granule delivery to
lysosomes. Taken together, it thus remains to be
experimentally tested to which extent macroauto-
phagy participates in secretory granule disposal
under normal conditions.
More recently, the group of Shigeomi Shimizu,

which had previously discovered ATG5/ATG7 –
independent alternative macroautophagy [128],
has demonstrated that β cells, in which canonical
macroautophagy was ablated, engage Golgi-
mediated formation of phagophore-like structures
that engulf insulin granules resulting in granule
containing autophagosome-like structures that
finally fuse with lysosomes [129]. They termed
this process Golgi membrane-associated degrada-
tion (GOMED). Mechanistically, GOMED is certainly
distinct from canonical macroautophagy but
also from crinophagy, and our morphologic
analyses did not show evidence for GOMED in
macroautophagy-proficient β cells subjected to
nutrient deprivation. However, it is very intriguing
that two macroautophagy-independent Golgi-related
lysosomal pathways, SINGD in macroautophagy-
proficient β cells and GOMED in macroautophagy-
deficient β cells control the disposal of secretory
granules. We believe that future studies will shed
light on whether GOMED is relevant in β cells in
which the canonical macroautophagy machinery is
intact, and address potential interactions between
SINGD and GOMED.
Another very important question is as to how
SINGD is regulated at the molecular level. Our data
clearly favor a crinophagic process to underlie
SINGD and hence two more precise questions
arise: What are the signals determining whether an
insulin granule is routed to the lysosome for
degradation or to the plasma membrane for secre-
tion and where are these signals emerging from? As
outlined above, insulin granule biogenesis occurs at
the TGN. It is thus tempting to speculate that this
regulation occurs in this compartment. One of the
major regulators of transport carrier formation at the
TGN is protein kinase D (PKD) [130]. Our laboratory
has initially demonstrated the requirement of PKD in
insulin granule formation [131,132]. Strikingly, PKD
inhibition or knockdown leads to constitutive induc-
tion of SINGD and mTOR-mediated suppression of
macroautophagy no matter whether cells have been
deprived from nutrients or not [117]. Therefore,
insulin granules most likely receive initial signals
that determine their fate already at the TGN. Several
substrates of PKD at the TGN have already been
identified. Among them, oxysterol-binding protein
(OSBP) could be particularly interesting in the
context of SINGD. In fact, a recent study demon-
strated that the knockdown of OSBP in β cells
causes crinophagic delivery of nascent insulin
granules to lysosomes independent of macroauto-
phagy referring to SINGD [133]. Another interesting
target of PKD is phosphoinositol 4 kinase 3 β
(PI4KIIIβ) [134]. PI4KIIIβ together with PI4KIIα
mainly control PI(4)P levels in Golgi membranes
[135]. PI(4)P is an essential lipid at the crossroad of
Golgi function [136]. Our laboratory also identified
Arfaptin-1 as a PKD target and demonstrated that
timely phosphorylation of Arfaptin-1 is essential
for insulin granule detachment from the TGN to
occur. Moreover, Arfaptin-1-depleted β cells
showed markedly enhanced proinsulin degradation
[132]. Importantly, both OSBP and Arfaptin-1 bind
to PI(4)P [136,137]. Interestingly, GOMED in
macroautophagy-deficient yeast cells could also be
induced through depletion of PI(4)P [129]. Together,
this suggests that PKD-mediated control of PI4P-
dependent effector functions at the TGN prevents
SINGD and favors routing of insulin granules for
secretion (Fig. 3). The fact that short-term nutrient
depletion can actively engage SINGD to avoid
macroautophagy-induced insulin secretion suggests
the presence of yet to be identified pathways that
directly link nutrient sensing to Golgi function.
Another interesting protein in the context of SINGD

might be BAIAP3, a C2 domain-containing Munc13
protein. BAIAP3 is involved in retrograde trafficking
from endosomes to the TGN, which was enhanced
upon Ca2+-triggered exocytosis. Importantly,
BAIAP3 depletion in β cells provoked crinophagic
delivery of immature insulin granules to lysosomes
and their degradation [138]. This work may suggest



Fig. 3. Macroautophagy-independent lysosomal degradation of insulin granules is linked with Golgi function. SINGD in
macroautophagy-competent cells and GOMED in macroautophagy-deficient cells control the fate of secretory granules.
SINGD pathway promotes crinophagic lysosomal degradation of nascent granules, leading to lysosomal recruitment and
activation of mTORC1, which suppresses macroautophagy.
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that Ca2+-driven efficient recycling of proteins from
endosomes is yet another important process pre-
venting SINGD (Fig. 3). In addition, mechanisms
necessary to fuse nascent insulin granules with
lysosomes might be similar to the ones previously
described for developmentally programmed crino-
phagy in drosophila [15] (Fig. 3).
We have also demonstrated that the stress-

activated kinase p38δ phosphorylates and inhibits
PKD activity in β cells [131]. Importantly, inactivation
of p38δ and as a consequence activation of PKD
counteracts SINGD and promotes macroautophagy
as well as insulin release [117,131].
While p38δ activation might be adaptive in

response to short-term stress for example upon
nutrient deprivation, chronically enhanced p38δ
activity may interfere with β cell function. A prevailing
concept in T2D is that activation of stress kinases in
multiple organs contributes to disease progression.
Stress kinase signaling has been shown to directly
interfere with insulin signaling and thus constitutes
an important mechanism of insulin resistance [139].
It is also established that such stress mechanisms
may contribute to β cell failure in T2D. Inflammatory,
oxidative and ER stress were reported as main
mechanisms promoting β cell dysfunction in T2D
[140–142]. We have shown that p38δ deletion in
mice alleviated oxidative-stress induced β cell loss in
a PKD-dependent manner [131]. Given the role of
PKD in prevention of SINGD, it is tempting to
speculate that stress-induced p38δ activation may
trigger SINGD-dependent insulin granule loss and
suppression of macroautophagy, important hall-
marks of β cell decompensation. It will thus be
important to address whether changes in this
regulatory system actively contributes to T2D.
Chaperone-mediated Autophagy and
Microautophagy in the β cell

Chaperone-mediated Autophagy (CMA), as well
as microautophagy, have been poorly explored in
the β cell. Interestingly, CMA was linked to glucose
metabolism through glycolytic enzymes, such as
Glyceraldehyde 3-phosphate dehydrogenase
(GAPDH) and Aldolase, which were first identified
as CMA substrates in the liver [143]. However, to

Image of Fig. 3
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date, this link was established only in liver, using
liver-specific conditional knockout mouse for Lamp-2a,
the limiting component in CMA (Alb-CRE:Lamp-2a−/−)
[144]. In particular, Alb-CRE: Lamp-2a−/− exhibited a
hepatic glycogen depletion accompanied by reduced
peripheral adiposity, increased energy expenditure,
and enhanced glucose tolerance. As glucose metab-
olism is a central part of the regulation of insulin
secretion, it will be interesting to test the potential
relevance of CMA in the β cell.
As specific mechanisms underlying microauto-

phagy remain largely unknown, it is challenging to
study its role in a given biological context. Marsh et
al. reported enhanced microautophagy in β cells of
RAB3A knockout mice [123] but its role in β cell
function remains to be unveiled.
Conclusion

Different pathways ultimately feeding lysosomes
with cellular material for degradation were demon-
strated to have an impact on pancreatic β cell
function. In the last years, major emphasis has been
placed on the study of macroautophagy in this
context. Enhancing macroautophagy is important to
maintain the fidelity of the secretory apparatus in
conditions of high insulin demands. Failures in these
adaptive mechanisms are likely to contribute to β cell
fa i lure. In compar ison, macroautophagy-
independent processes targeting cellular material
to lysosomes and lysosomal function were less
investigated in the β cell field. Recent reports
suggest that crinophagy/SINGD and its inhibitory
role on macroautophagy constitutes another impor-
tant mechanism controlling β cell function. The exact
mechanism of crinophagy/SINGD as well as its role
in diabetes requires further investigation in the near
future. The role of microautophagy as well as CMA-
mediated autophagy remains to be explored in the β
cell. Identification of the molecular mechanisms
controlling these processes may open new opportu-
nities for drug development in the context of T2D.
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