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Abstract

Autophagic-lysosomal degradation is essential for the maintenance of normal homeo-
stasis in eukaryotic cells. Several types of such self-degradative and recycling pathways
have been identified. From these, probably the least known autophagic process is
crinophagy, during which unnecessary or obsolete secretory granules directly fuse with
late endosomes/lysosomes as a means of rapid elimination of unused secretory material
from the cytoplasm. This process was identified in 1966, but we are only beginning to
understand the molecular mechanisms and regulation of crinophagy. In this review, we
summarize the current examination methods and possible model systems, discuss
the recently identified factors that are required for crinophagy, and give an overview
of the potential medical relevance of this process.
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1. The various forms of autophagy

The essential property of eukaryotic cells is their ability to renew

themselves. Consequently, their own materials including all sorts of biomol-

ecules and cellular organelles are continuously broken down and

resynthesized. Distinct mechanisms evolved that ensure the removal of

old, damaged, or obsolete cellular materials. These pathways not only main-

tain a steady-state homeostasis of cells but also enable their adaptation to the

variable conditions. Thus, the breakdown of self-components is essential in

the normal functioning of the eukaryotic cells, which involves various cel-

lular lysosomal self-digestion (autophagy) mechanisms.1,2 These degradative

pathways are responsible for the breakdown and recycling of the largest

amount of the cytoplasmic material in eukaryotic cells. Depending on

how cytoplasmic components reach the lysosomal degradative milieu, we

can distinguish four main forms of autophagic processes: macroautophagy,

microautophagy, chaperone-mediated autophagy and crinophagy1,2 (Fig. 1).

Fig. 1 Summary of lysosomal degradative and recycling pathways in eukaryotic cells.
Secretory granules (also marked by yellow asterisk) can either be released or degraded
via crinophagy (or macro/microautophagy depending on granule size). Blue vesicles
represent secretory granules of various sizes.
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Macroautophagy is the best known and most intensively researched

among these degradative pathways. The process starts with the formation

of a phagophore cistern, which sequesters various cellular components from

the cytoplasm into double-membrane bound autophagosomes. These ves-

icles transport their cargo to the acidic lysosomes for the fast degradation of

cytoplasmic material.3 Autophagosome formation depends on the coordi-

nated action of evolutionarily conserved Atg (Autophagy related) proteins,

which form distinct protein complexes. The first Atg genes were discovered

and characterized by Yoshinori Ohsumi and his research group in yeast,4 the

further study of which culminated in his 2016 Nobel Prize. The fusion of

autophagosomes with endosomes and lysosomes is essential for successful

degradation of cargo. The main factors mediating fusion are the tethering

complex HOPS (homotypic fusion and vacuole protein sorting), the small

GTPases Rab2 and Rab7, plus specific SNARE (Soluble NSF Attachment

Protein Receptor) proteins including autophagosomal Syntaxin 17 and its

binding partners SNAP29 and Vamp8 (Vamp7 inDrosophila).5–13 As a result

of autophagosome-lysosomal fusion, both the transported cargo and the

inner membrane of the autophagosome are digested, while the outer mem-

brane blends into the membrane of the resulting autolysosome. The mem-

brane of lysosomes contains special efflux transporter proteins (permeases),

which allow the monomers released from cargo degradation to be recycled

into the cytoplasm where these fuel biosynthetic and energy production

processes.

During microautophagy, part of the lysosomal membrane invaginates

and engulfs a portion of the surrounding cytoplasm to create small

intraluminal vesicles, which are then degraded.14 Microautophagy may

superficially resemble endocytosis, but it occurs in a topologically opposite

direction (note that the lysosomal lumen can be considered as extracellular

space). Although the capacity of this autophagic pathway lags behind that of

macroautophagy, microautophagy can still mediate the lysosomal break-

down of mitochondria, peroxisomes and even parts of the nucleus.14,15

Microautophagy has been mainly characterized in the lysosome equivalent

vacuole of plant and yeast cells. A similar process is also observed in animal

cells, where small amounts of cytoplasmic cargo are taken up into the lyso-

some or late endosome. Of note, endosomal microautophagy depends on

ESCRT proteins that also mediate the sorting of internalized receptor-

ligand complexes in multivesicular endosomes.16

The third lysosomal degradative pathway is chaperone-mediated

autophagy (CMA), which only degrades individual soluble proteins.
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During CMA, the cytoplasmic chaperone Hsc70 recognizes an exposed

KFERQ-like amino acid sequence that is normally hidden within potential

target proteins. Exposure of this sequence on the surface of old or damaged

proteins is the signal for their delivery into the lysosomal lumen. These pro-

teins, chaperoned by Hsc70, are transported into the lysosomal lumen

through a channel formed by the lysosomal membrane protein Lamp2A

for rapid breakdown by lysosomal hydrolases.17

Crinophagy is the least characterized autophagic process, during which

secretory granules that are not released directly fuse with late endosomes or

lysosomes, and then excess or obsolete secretory material is degraded and

recycled.2 Even though crinophagy was discovered more than 50 years

ago, the molecular mechanism and regulation of this process remained

largely unknown. Importantly, secretory vesicles can also degrade via

macro- or microautophagy depending on their size. The insulin containing

secretory granules are small enough (0.3–0.4 μm) to be degraded by macro-

and microautophagy in addition to crinophagy.18,19 However, the secretory

glue granules inDrosophila larval salivary gland cells can only be degraded by

crinophagy, because there are too large (3–3.5 μm) for macro- and mac-

roautophagy.20–22 In this paper, we summarize what is known about

crinophagy as well as the available model systems and methods for its study.

Finally, we also discuss the potential medical and pathological relevance of

this autophagic process.

2. Pre-requisites for autophagic degradation

The last step of all autophagic processes is lysosomal degradation.

Thus, functional lysosomes containing active acidic hydrolases (such as

cathepsins) and a sufficiently low pH must be created and maintained.

The acidity of lysosomes is essential for the proper activity of digestive

enzymes. This is achieved by the action of lysosomal/vacuolar H+

ATPase (v-ATPase).23,24 Autophagic degradation is blocked if vacuolar/

lysosomal degradation is impaired in yeast, Drosophila and mammalian

cells.24–26 Depending on the cell type, lysosomes have a specific enzyme

composition that is transported to these organelles from the trans Golgi net-

work. The Uvrag (UV-radiation Resistance Associated Gene) containing

Vps34 (Vacuolar protein sorting 34) kinase complex promotes the traffick-

ing of enzymes and membrane proteins to lysosomal compartments,8,27–30

which is necessary for the final breakdown of cargo in all lysosomal degra-

dation pathways. Finally, a critical function of autophagic pathways is to
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recycle the resulting monomers from the lysosomal lumen to the cytoplasm,

which requires the active involvement of efflux transporters (permeases) in

the lysosomal membrane.31

Nevertheless, little is known about the transcriptional regulation of genes

whose products are necessary for lysosomal function. The best-known tran-

scription factors that regulate the expression of lysosomal genes belong to the

TFEB (Transcription Factor EB) family. These proteins regulate the tran-

scription of several genes essential for lysosomal function, such as multiple

subunits of the v-ATPase proton pump, Lamp (Lysosome associated mem-

brane protein) and genes encoding permeases.32,33

In times of intensive degradation, there is increased need for lysosomal

proteins and lysosomes. In parallel to boosting the production of such pro-

teins, eukaryotic cells can also cope with this limitation via lysosomal refor-

mation. During this process, the enzymes and membrane proteins of

lysosomes are sorted into small tubules and vesicles that bud from the surface

of the lysosome, followed by their recycling to help the quick production of

new lysosomes.34

3. Crinophagy: A nearly forgotten cell biological
pathway

One of the least known forms of autophagic processes is crinophagy

(κρινοφαγία). The term is derived from the Greek word: krino (meaning

secretion) and fagein (eating). The name of crinophagy was coined by

Christian de Duve (the founder of the fields of autophagy, endocytosis

and lysosomal biology), who named the process in reference to the selective

degradation of secretory granules.35 During crinophagy, unreleased secre-

tory vesicles directly fuse with late endosomes/lysosomes, resulting in the

rapid digestion and reuse of their contents.2 Upon the fusion of secretory

vesicles and lysosomes, a digestive secondary lysosome (called crinosome)

is created.36 In line with this, membrane lipids and proteins as well as the

luminal components of crinosomes come from both compartments.22,36

Crinophagy occurs in all cells that produce secreted material and it is partic-

ularly important in glandular (exocrine, endocrine and neuroendocrine)

cells specialized in secretion.

Direct fusion of secretory granules with late endosomes or lysosomes was

first suggested by Smith and Farquhar in 1966, based on their pioneering

ultrastructural examination of the lactotroph hormone-producing cells in

the anterior pituitary gland of female rats.37 Authors of this work followed
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lysosomal activity in the lactotroph cells from lactating animals compared to

female rats after weaning. The cytoplasm of lactotroph hormone-producing

cells from lactating rats contains a highly developed secretory apparatus

(extensive Golgi and RER cisterns), and many lactotroph hormone-

containing secretory granules are seen in their cytoplasm. In contrast, the

secretory apparatus in the lactotroph cells from non-lactating animals was

greatly reduced: in fact, many secretory organelles (Golgi and RER cisterns

as well as secretory vesicles) were observed inside autophagic vacuoles.

Furthermore, the number of lactotroph hormone-containing secretory

granules decreased significantly in cells from non-lactating animals.37

Interestingly, these cells contained electron-dense secretory product in

the lumen of heterogeneous lysosomes without having an extra membrane

around it. This suggested that the membrane of secretory granules directly

fused with the late endosomal/lysosomal membrane.37 Smith and Farquhar

thus discovered a previously unknown autophagic process that was later

named crinophagy.

Other early studies also showed that lysosomes are necessary for the

response of glandular and other cells to altered conditions. Crinophagy is

involved in the regulation of the secretory cycle of salamander pituitary

gland cells.38 Secretory granule-lysosome fusions also occur in larval salivary

gland cells during the metamorphosis of Drosophila pseudoobscura based on

ultrastructural analysis.21 The salivary glands of Drosophila larvae produce

saliva to aid food ingestion and intestinal digestion. Then, at around 14 h

before puparium formation, the gland changes its function and starts to pro-

duce glue that will help to attach the forming (pre)pupa to a solid surface.

Glue production coincides with a behavioral switch, when larvae leave

the food and start wandering in search of a dry and safe place where they

can complete metamorphosis. After glue secretion and puparium formation,

unreleased glue-containing secretory vesicles were found to be degraded via

developmentally programmed crinophagy.21

Interestingly, prevention of secretion was found to strongly increase

crinophagic activity in several types of glandular cells. Inhibition of exocy-

tosis in the liver cells by vinblastine treatment induces crinophagic degrada-

tion of newly synthesized secretory proteins.39 Along the same lines, genetic

mutation of Rab3 (a small GTPase necessary for exocytosis), starvation and

protein kinase D (PKD) deletion in β-cells of the endocrine pancreas in rats

strongly increases intracellular degradation of insulin containing secretory

granules.18,40 Hypothetically, PKD may act at the Golgi to sort out

lysosome-targeting factors from newly generated secretory vesicles to
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promote their secretion.41 However, it remains to be seen whether these

regulatory steps are specific to β-cells or they represent general modulators

of crinophagy.

These observations suggest that crinophagy may continuously control

the quantity and quality of secretory vesicles in the cytoplasm. As crinophagy

ensures the breakdown of a subset of secretory granules, this way it shapes

the extent of secretion by glandular cells.2,18,21,37

4. Molecular background of secretory granule-lysosome
fusion in Drosophila melanogaster

Even though the phenomenon of crinophagy was discovered more

than 50 years ago, its molecular mechanism and genetic regulation remained

largely unknown in the absence of a suitable model system. We have

recently established the larval salivary gland of Drosophila melanogaster as

a powerful animal model for the molecular characterization of develop-

mentally programmed crinophagy. Our work was motivated by early

observations. First, the article describing mucopolysaccharide containing

secretory vesicle degradation in the salivary gland of Drosophila pseudoobscura

(mentioned earlier)21 raised the possibility that the late larval salivary gland of

Drosophila melanogaster may be suitable for the examination and molecular

characterization of crinophagy. During the late larval and early prepupal

period, salivary gland cells in fruit flies switch from secreting digestive

enzymes to producing glue granules, which are found in very large

(3–3.5 μm) secretory granules in salivary gland cells. This glue contains a

set of special, hyperglycosylated adhesive proteins named Sgs (short for

Salivary gland secretion). Components of glue granules including Sgs pro-

teins stick the forming pupa to a solid surface, thus ensuring its normal pupal

development in a dry and safe place.42 Glue production begins in response to

a small peak of the molting hormone ecdysone, which also induces the

so-called wandering behavior in larvae. Another, much larger increase in

ecdysone levels triggers the release of the majority of glue-containing secre-

tory granules and at the same time induces puparium formation.20,43

Subsequently, residual glue-containing secretory vesicles that remained in

the cytoplasm are all degraded via crinophagy.21,22 Second, the abnormal

accumulation of secretory glue granules reported in Vps34-null mutant

pupal salivary gland cells 4 h after puparium formation inDrosophila,44 which

was attributed to the potential role of macroautophagy in the (non-

canonical) secretion of the cytoplasmic proteins.45 However, glue granules
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in Drosophila larval salivary gland cells are produced in the canonical secre-

tory pathway.46 The large-scale accumulation of GFP labeled glue vesicles in

the Vps34-null mutant animals raised the possibility that instead of or in

addition to a secretory defect, secretory granule degradation may be

impaired. Therefore, we started to develop transgenic fly reporter systems

to follow secretory granule-lysosome fusion and crinophagic degradation

of glue,22 which are described in the current methods to analyze secretory

granule-lysosome fusion paragraph. Using these newly developed assays in

combination with clear-cut genetic analysis, we have identified the first set

of genes involved in secretory granule-lysosome fusion 52 years after the ini-

tial discovery of this process.22,37

During crinophagy, a typical vesicle fusion process, the cell must be able

to transport the participating vesicles (secretory granules and lysosomes) in

specified directions, and then restrain the membranes of the two compart-

ments at the optimal distance before their fusion (tethering). Once the opti-

mal proximity of the opposing membranes is reached, fusion will be

executed (docking and fusion).47,48 On a molecular level, crinophagy

depends on proper determination of vesicle identity and movement that

is usually mediated by specific small GTPases, a tethering complex, and

SNARE proteins.

Indeed, by testing the known factors of autophagosome-lysosome fusion

that we have discovered in Drosophila,7,8,11,13 we found a surprising similar-

ity in these two fusion pathways. The small GTPases Rab2 and Rab7, the

tethering complex HOPS (consisting of six subunits: Vps16a, Vps33a/car-

nation/car, Vps41/light/lt, Vps18/deep orange/dor, Vps11 and Vps39) and

the SNARE proteins SNAP29 (also known as Ubisnap/Usnp) and Vamp7

are required for glue granule-lysosome fusion.22 Importantly, the

autophagosomal SNARE Syntaxin 17 turned out to be dispensable for

crinophagy. In a small-scale screen for the missing SNARE protein, we have

identified Syntaxin 13 as the likely glue granule-specific competence factor

for lysosomal fusion. Of note, there is a potential human homolog of

Syntaxin 13 called TSNARE1. Polymorphisms of this gene are risk variants

for schizophrenia.49 It will be interesting to see whether its function in

crinophagy is conserved.

Following the initial identification of these fusion factors, our group

characterized another two regulators of crinophagy in Drosophila.

Overexpression of Vps8, a specific subunit of an early endosomal tether that

shares its other subunits with HOPS,50 was found to inhibit HOPS assembly

and function, including the fusion of secretory granules with lysosomes.51
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Furthermore, the small GTPase Arl8 (ADP ribosylation factor like-8) is not

only involved in the periphery-directed motility of lysosomes but also in

general lysosomal fusion events: endosome-lysosome fusion in garland

nephrocytes, autophagosome-lysosome fusion in fat cells and crinophagy

in larval salivary gland cells.52

As mentioned earlier, lysosomal hydrolases (such as cathepsins) and

membrane proteins (e.g., Vacuolar H+ ATPase complex subunits) are essen-

tial for the normal digestive function of the lysosomal compartment.

Crinophagy also requires active lysosomes for rapid degradation and

recycling of the secretory cargo. In line with this, silencing of a

v-ATPase proton pump subunit prevented the normal degradation of

glue.22 Moreover, Uvrag RNAi or overexpression of a dominant negative,

kinase dead form of Vps34 also showed glue degradation failure.22

Importantly, loss of this class of genes did not prevent the fusion of glue gran-

ules and lysosomes. Thus, v-ATPase and the Uvrag-containing Vps34

kinase complex are not required for secretory granule-lysosome fusion

and act at a later step: degradation of cargo within lysosomes by maintaining

an acidic pH and the proper delivery of hydrolase enzymes, respectively.22,44

Of note, core Atg genes acting in macroautophagy proved to be dispensable

for crinophagy, which also supports that glue granules directly fuse with

lysosomes without the need for autophagosome formation.22

5. Current methods to analyze secretory
granule-lysosome fusion

Up until very recently, electron microscopy (EM) was a standard

method to study crinophagy, including its first descriptions in the anterior

pituitary gland of female rats and salamanders, and also in vinblastine treated

liver cells and insulin producing pancreatic β-cells from rats.18,36–38 EM is

still important not only for ultrastructural analyses but also to follow lyso-

somal hydrolase activity: secretory vesicles acquire such enzymes upon

fusion with lysosomes, and the black precipitate generated by acid phospha-

tase histochemistry can be detected in the newly formed crinosomes.21,22,53

Another option is to carry out double immunogold labeling for secretory

granule and lysosome specific proteins.22,54

In addition to these classical methods, we have also developed transgenic

reporter systems to follow crinophagy in larval-prepupal salivary gland cells

inDrosophila.22 The first reporter system takes advantage of the known prop-

erties of green versus red fluorescent proteins: GFP and its relatives are
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sensitive to low pH and are quickly quenched in the acidic lumen of active

lysosomes, while DsRed and its derivatives remain fluorescent and accumu-

late in lysosomes. This was the basis for the generation of so-called flux

reporters for macroautophagy, when for example Atg8/LC3 is tagged with

both fluorophores. Vesicles appearing positive for both in confocal micros-

copy are interpreted as autophagosomes, whereas structures positive for

DsRed (or RFP) and lacking GFP fluorescence are identified as

autolysosomes.5,55,56 Using the same principles, we developed a reporter

system that expresses two transgenes: the glue protein Sgs3 under its endog-

enous, late larval salivary gland-specific promoter tagged with either GFP or

DsRed. This system is suitable to distinguish intact glue granules (positive

both GFP and DsRed) and crinosomes (DsRed positive, GFP negative).22

This GlueFlux reporter system allows the monitoring of glue granule deg-

radation and acidification in larval-prepupal salivary gland cells, and time-

course analyses clearly showed that glue granule degradation in the

Drosophila late larval and early pupal salivary gland cells is developmentally

programmed.22 Moreover, in combination with a salivary gland-specific

(fork head—fkh) Gal4 driver, the GlueFlux reporter system allows one to

easily carry out loss and gain of function experiments by simply crossing this

line to Gal4-induced UAS-RNAi or gene overexpression transgenics.22

Importantly, this reporter system is excellent for the detection of a glue deg-

radation defect, but it does not distinguish a fusion problem from a degra-

dation/acidification defect (Fig. 2).

The second reporter system that we have developed is suitable for fol-

lowing glue granule-lysosome fusion more directly. In this system, secretory

granules are labeled with Sgs3-DsRed, and the membrane of late endo-

somes/lysosomes is visualized by GFP-Lamp1 (note that this reporter uses

a human lysosomal membrane protein fragment), so during crinophagy,

green rings appear around red granules in confocal microscopy.22 Of note,

GFP is tagged to the N-terminal end of Lamp1 so it is located in the luminal

side of the lysosomal membrane, thereby it will be continuously quenched in

lysosomes.57 Again, in combination with the fkh-Gal4 driver, it allows loss

or gain of function experiments to follow the actual fusion of secretory gran-

ules with lysosomes (Fig. 2).

The third fluorescent reporter system that we developed to follow

crinophagic activity uses Glue labeled with GFP and the lysosomal hydrolase

Cathepsin B tagged with mCherry. When secretory granules fuse with late

endosomes/lysosomes, the newly created crinosomes are initially positive

for both GFP and mCherry. This way, we can make distinguish early
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(GFP and mCherry containing) from late (only mCherry positive)

crinosomes,22 and we can detect both degradation and fusion defects

(Fig. 2). One disadvantage of this system, though, is the very low expression

level of endogenous promoter-driven mCherry-Cathepsin B, which makes

imaging a challenge.

Another fluorescent reporter system was used successfully in a mamma-

lian insulinoma cell line under glucolipotoxic conditions, during which

β-cells showed increased colocalization of young secretory granule specific

(pro)insulin and LAMP2 (Lysosomal AssociatedMembrane Protein 2) com-

pared to control cells. This clearly supports that glucolipotoxic conditions

increase (pro)insulin granule degradation.58

Correlative light and electron microscopy method is also suitable for the

detection of insulin granule—lysosome fusion. The GFP-tagged secretory

Fig. 2 Transgenic reporter systems for following crinophagy in Drosophila larval-
prepupal salivary gland cells. Panels (A, C and E) show control cells, while panels
(B, D and F) show HOPS loss-of-function (B–B0 and D–D0—Vps8 overexpression,
F–F0—Vps16a RNAi) cells. (A–B0) The GlueGFP, GlueRed (aka. GlueFlux) system is suitable
for examination of secretory granule degradation based on the quenching of GFP in
acidic lysosomes/crinosomes. (C–D0) The GlueRed, GFP-Lamp1 system enables themon-
itoring of glue granule-lysosome fusions based on formation of a green ring around red
granules. (E–F0) The GlueGFP, mCherry-Cathepsin-B (mCh-CathB) system allows one to
distinguish normal vs blocked secretory granule-lysosome fusions. Yellow arrowheads
point the forming crinosomes in (C0) and (E0). Scale bars: (A–B0): 20 μm, (C–F0): 5 μm.
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granule marker phogrin and the lysosomal marker CD63 labeled with

DsRed colocalized during the diabetes like glucolipotoxic conditions,

detected both by fluorescent and electron microscopy.58

Lastly, genetic analysis can also be used to exclude the involvement of

other lysosomal degradation pathways. For example, if degradation of secre-

tory material is unaffected by the loss of various core Atg genes, this finding

indicates that the process is independent of (macro)autophagy.22

6. Medical relevance and pathology

The rapid removal of unnecessary or damaged secretory products is

essential for maintaining the balance of secretory activity in glandular cells.

The human body contains several types of gland cells (exocrine, endocrine

and neuroendocrine cells), which all rely on this autophagic process to shape

their secretory activity, so the medical relevance of crinophagy is clear.2,18,59

For example, hormones are already effective in very small amounts, so pre-

cise regulation of their levels is very important, including not only their syn-

thesis but also degradation. Nevertheless, crinophagy has more functions

than just quickly removing obsolete or damaged secretory products. In

β-cells, the crinosome provides a transient energy source in response to

short-term starvation. Moreover, it can recruit mTORC1 to suppress mac-

roautophagy, an important adaptation for β-cells to avoid insulin secretion in
the absence of nutrients.40,58 Thus, the crinosome indeed acts as a signaling

platform with direct impact on cellular metabolism.

Crinophagy has been extensively characterized in the adenohypophysis,

where cells specialized to produce various hormones are found. Milk

secretory hormone-producing cells (Mammotrophic hormone—MTH or

prolactin) of the anterior pituitary gland are suitable for ultrastructural exam-

ination of crinophagy because they are easy to recognize among other cell

types based on their size.37 The ultrastructural identification of MTH cells is

also possible by their secretory vesicles having the largest diameter

(0.6–0.9 μm) compared to those in other cell types. Estrogen increases the

number of secretory granules in prolactin-producing cells, and in the post-

lactation period the excess secretory vesicles are degraded by crinophagy.37

Interestingly, some pituitary gland tumors, such as spontaneous adenoma of

MTHproducing cells in rats contain a large number of crinosomes, indicating

increased crinophagic activity. Along the same lines, adrenocorticotropic

(ACTH-producing) cell adenomas also contain large numbers of crinosomes
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as a likely result of inhibited secretion of this hormone. Finally, increased

crinophagy has also been reported in neuroblastomas.60,61

Crinophagy likely also contributes to the normal function of the endo-

crine pancreas. The endocrine gland cells are located in Langerhans islets.

Insulin producing β-cells are in the middle of these islets, and they represent

a validated model for mammalian crinophagy research. Secretory granule-

lysosome fusion contributes to the fine-tuning of the intracellular amount

of insulin containing secretory vesicles (β-granules) and controlling the qual-
ity and quantity of insulin granules.18 Hyperactive crinophagy in β-cells was
suggested to contribute to type II diabetes, which is characterized by insulin

resistance, loss of β-cell function and low levels of insulin secretion.2,58

However, it is important to highlight that insulin granules are quite small

(with a diameter of about 0.3 μm), and thus these are also degraded by mac-

roautophagy and microautophagy.18 Of note, metabolic stress was recently

reported to induce macroautophagy-independent degradation of insulin

granules, leading to low insulin levels and acceleration of diabetes.58 In this

study, activation of protein kinase D (PKD) was found to counteract insulin

degradation in this setting, raising the possibility that PKD is a negative reg-

ulator of crinophagy.

Crinophagy also occurs in the exocrine pancreas. In fact, several studies

reported that lysosomal hydrolases (such as cathepsins) can activate the inac-

tive form of trypsinogen (which is normally activated in the duodenal

lumen) in the exocrine pancreas via trypsinogen granule-lysosome

fusion.62,63 This can lead to acute pancreatitis, when activated digestive

enzymes are released from the secretory vesicles/crinosomes and enter the

intracellular and then the extracellular space in this tissue. Uncontrolled

digestive enzyme activity then causes the destruction of the pancreatic tissue.

Importantly, the expression of Lamp1 and Lamp2 lysosomal membrane

proteins (which are hyperglycosylated in the luminal faces) decrease during

pancreatitis, which cause unstable lysosomal membranes.64 Acute pancrea-

titis may be mild or chronic, and it can even lead to pancreatic cancer.

Activation of crinophagy is also seen in another inflammatory disorder:

Crohn’s disease, as revealed by ultrastructural analysis of secretory Paneth

cells from the intestine of affected patients.65

7. Future perspectives

We strongly believe that the identification and characterization of the

molecular mechanisms of secretory granule-lysosome fusion is necessary for
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the better understanding of human diseases. In many cases discussed earlier,

uncontrolled crinophagy may contribute to the development of the given

disorder, so patients may profit from a crinophagy-inhibiting therapy.

However, it will be a long way from the recent identification of the first gene

products involved in crinophagy to future therapeutical applications.

Currently, the lack of in vivo model systems besides Drosophila salivary

glands is a major hurdle: while many in vivo examples of crinophagy have

been reported in various mammalian gland cells, none of these represent an

easily accessible model for molecular genetic dissection. Although insulin-

secreting cell cultures also use macroautophagy and microautophagy to turn

over their relatively small secretory granules, the individual contribution of

these pathways can be separated by using appropriate methods.58 Ideally, a

secretory cell line that mostly relies on crinophagy for the degradation of its

products, or one with large enough secretory granules that exceeds the size

limit of macro- and microautophagy (similar to the case of glue granules in

Drosophila larval-prepupal salivary glands) and the development of in vivo

mammalian models would boost crinophagy research in mammals.

8. Vocabulary

Crinophagy: direct fusion of unnecessary or obsolete (unreleased)

secretory granules with late endosomes or lysosomes for the degradation

and recycling of secretory material.

Crinosome: type of secondary lysosomes created by direct fusion of secre-

tory granules and lysosomes. The crinosomal lumen contains secretory

material together with lysosomal hydrolases that degrade cargo at a low pH.
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51. Lőrincz P, Ken�ez LA, Tóth S, et al. Vps8 overexpression inhibits HOPS-dependent traf-
ficking routes by outcompeting Vps41/Lt. Elife. 2019;8:e45631.
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