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Pancreatitis is a common, potentially fatal
disease of the exocrine pancreas. Iis
pathogenesis remains obscure, and no
specific/effective treatment is available (28, 37,
39). Because of the general lack of access to
human tissue, most studies use animal (as well
as ex-vivo/cellular) models to investigate
pathogenic mechanisms of pancreatitis (28).
These models reproduce pathologic responses
of human disease and the spectrum of its
severity.

Autophagy is a principal degradative,
lysosome-driven mechanism that eliminates
damaged or unneeded cellular components
and transports degradation products, such as
amino acids and fatty acids, back to the
cytoplasm to re-enter cellular metabolism (16,
17, 38). Autophagy mediates homeostatic
functions of eukaryotic cells, acting as an
intracellular organelle quality control system,
and underlies adaptive cell responses to a
variety of stress conditions (15, 25, 27, 35, 38,
50).

Impaired autophagy/lysosomal pathway is a
critical feature of both human and experimental

pancreatitis, and its role in pancreatitis is a
matter of intense investigation (1, 5, 15-17, 22).
Genetic models targeting autophagy/lysosomal
pathways are an invaluable and widely used
tool to examine the role of autophagy in cell
physiology and various diseases (16, 17, 27 ,
35, 38). Here we discuss utilization of
autophagy-deficient genetic mouse models to
better understand the role of autophagy in
pancreatitis.

I. Autophagy/Lysosomal Pathway

A. Autophagy

Autophagy is a collective term for several
pathways through which cytoplasmic material,
particularly organelles and long-lived proteins,
is delivered to the lysosome to be degraded by
lysosomal hydrolases (25, 35, 38). The
degradation serves two purposes: 1) removal
of damaged or dysfunctional cellular
components, such as uncoupled mitochondria
or ubiquitylated protein aggregates, and 2) the
provision of recycled substrates, such as amino
acids and lipids, for critical cellular processes.
The major (and best-studied) type of

AMERICAN PANCREATIC


mailto:agukovsk@ucla.edu
https://www.pancreapedia.org/tools/methods/models-of-pancreatitis-caused-by-genetic-blockage-of-autophagylysosomal-pathway

autophagy, macroautophagy, requires de novo
formation of double-membraned structures, the
autophagosomes, which sequester cargo and
ultimately fuse with Ilysosomes to form
autolysosomes, where degradation occurs.
The process begins with the formation of so-
called isolation membrane, or phagophore,
followed by its elongation and closure to form
the mature autophagosome. These steps are
mediated by sequentially recruited complexes
of evolutionary conserved ATG (autophagy-
related) proteins (38, 50). In particular,
autophagy initiation is controlled by
ULK1/ATG1-mediated complex, followed by
the formation of another multiprotein complex
involving phosphatidylinositol 3-kinase

catalytic subunit type 3 (Vps34) and
Beclin1/ATGB6, which nucleates the
phagophore. Phagophore expansion and

elongation are controlled by the ubiquitin-like
conjugation systems involving the ATGS5-
ATG12-ATG16 complex and the microtubule-
associated protein 1 light chain 3a (LC3). LC3,
the mammalian paralog of yeast ATGS, is
necessary for phagophore closure; during this
process, its cytosolic form (LC3-l) is lipidated to
become LC3-ll, which translocates almost
exclusively to the autophagosomal membranes
(25, 27, 38, 50). Autophagosomes then fuse
with lysosomes to form single-membraned
autolysosomes where cargo breakdown occurs
(Figure 1).
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Figure 1. Blockage of autophagy/lysosomal pathway in genetically engineered mouse models

causes pancreatitis.
B. Lysosomes

Lysosomes act as the waste disposal system
of the cell; they degrade all kinds of unneeded
biological material, including proteins, lipids
and carbohydrates, coming from both inside
and outside the cell (11, 41, 42). Material from
outside the cell is taken up

through endocytosis, while material from the
inside of the cell is delivered to lysosomes
through autophagy. Studies of the last decade
have dramatically changed our view of the
lysosome from that of a simple “garbage
disposal” to a dynamic organelle that regulates
basic cellular processes such as nutrient
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sensing,  vesicular  protein trafficking,
endocytosis, and autophagy (11, 12, 41, 42).

The efficiency of lysosomal/autolysosomal
degradation depends on lysosome’s
degradative capacity, which requires several
key elements. First, a unique mechanism for
the sorting and delivery of a range of lysosomal
enzymes to this compartment involves a
covalent mannose 6-phosphate (M6P) addition
to asparagine residues of many lysosomal
(“acid”) hydrolases in the cis-Golgi network (8,
33, 42). N-acetylglucosamine-1-
phosphotransferase is a key enzyme mediating
the addition of M6P moieties onto acid
hydrolases; its catalytic activity is mediated by
a/B subunits coded by the GNPTAB gene (8,
33). The modified hydrolases then bind to one
of the two transmembrane MG6P receptors on
vesicles that are subsequently directed toward
endosomes to deliver their cargo to lysosomes.

The second characteristic feature of lysosomes
is their acidic pH, which matches the pH
optimum of most lysosomal enzymes and is
modulated by a vacuolar H*-ATPase that
mediates proton influx (15, 42). Lysosomal
hydrolases, such as cathepsins, are often
synthesized as pro-proteins and undergo
proteolytic processing first in endosomes, then
in lysosomes where acidic pH is required for
their maturation to reach full catalytic activity
(40). A third critical feature of lysosomes is the
presence of essential membrane proteins,
such as lysosome-associated membrane
proteins LAMP1 and LAMP2 (11, 41, 42).
LAMPs are transmembrane glycoproteins
critical for maintaining lysosomal structure, its
fusion with autophagosomes, and lysosomal
proteolytic activity.

Recently discovered members of the MiT/TFE
family of basic helix-loop-helix-zipper (bHLH-
Zip) transcription factors (TFEB being the
major one) regulate the expression of genes

mediating  lysosomal  biogenesis  and
autophagy (42-45). In response to cellular
stresses, TFEB, acting together with other
MIT/TFE family members, such as TFE3,
activates an efficient transcriptional program to
control cellular degradation and facilitate
intracellular clearance (43, 44).

Il. Impairment of Autophagy/

Lysosomal Pathway in
Experimental and Human
Pancreatitis

A. Lysosomal dysfunction in

pancreatitis

Experimental pancreatitis is associated with
severe defects in lysosomal functions (13, 15-
18, 20, 21, 30, 32). In particular, pancreatic
levels of LAMPs dramatically decrease in
human disease and across various
experimental models of nonalcoholic and
alcoholic pancreatitis (13, 32). Pancreatitis also
causes defects in the mechanisms mediating
delivery of hydrolases to lysosomes. Both
human and experimental pancreatitis cause a
dramatic decrease in the level of GNPTAB
(33). This is associated with defective
processing/maturation of cathepsins, major
lysosomal proteases, and with reduced
cathepsins' enzymatic activities in lysosome-
enriched pancreatic subcellular fractions,
shown across rodent models of pancreatitis (6,
16, 30, 33).

TFEB and TFE3 are major MIiT/TFE family
members expressed in the pancreas. Both are
active in healthy pancreas, but human and
experimental pancreatitis exhibit a dramatic
TFEB decrease in acinar cells indicating
impaired autophagy and lysosomal biogenesis
(47, 48).



B. Autophagy impairment in

pancreatitis

Pancreatitis increases autophagosome
formation in acinar cells; however, it inhibits
autophagic degradation in autolysosomes due
to defective lysosomal function, resulting

inhibition of autophagic flux (6, 15, 16, 30, 32,
33). Accumulation in acinar cells of cytoplasmic
vacuoles, often filled with cellular debris, has
long been recognized as an early marker of
both human and experimental pancreatitis (2,
3,7, 16, 24, 26, 36). Our studies showed that
these vacuoles are autolysosomes containing
partially degraded material and that their
appearance is a result of  the

defective/inefficient autophagic degradation (6,
15, 16, 30, 32, 33). At the biochemical level,

impaired autophagy is manifested in human
and experimental pancreatitis by the
concomitant increases in both the autophagic
vacuole marker LC3-ll and the autophagy
substrate p62/SQSTM1, a sign of inefficient,
retarded autophagic flux (6, 16, 25, 30, 32, 33,
48).

lll. Genetic Models Utilized to
Examine the Role of
Autophagy/Lysosomal Pathway in
the Pancreas

Several genetic models, targeting different
steps in autophagy/lysosomal pathway, have
been used to analyze the effect of autophagy
deficiency on pancreas (Table 1).

Effect of genetic
Genetic modification Function of targeted protein | modification on pancreatic Effect on pancreas Reference
autophagy & lysosomes

Genetic ablation of LAMP2
(Lamp2KO)

Major lysosomal integral
membrane protein

, Genetic ablation of GNPTAB :::gi'::i‘:er igrm::ep;;m:y
(Gnptab KO) g hy ry
to lysosomes

3 Acinar cell specific

ablation of Tfeb (Tfeb"™) Transcription factors

controlling lysosomal

Acinar cell specific biogenesis and autophagy

4  ablation of Tfeb combined with
TFE3 KO (Tfebac; Tfe3 KO)

Pancreas specific ablation of

degradation and autophagy

ATG5 (Atg5hean) Key mediators of
g Pancreas specific ablation of autophagosome formation
ATGT7 (Atg7-ran)
: . Small GTPase mediating
I :agére;ssgzg:ﬁc A endocytosis and autophagy
ab7 (Ra ) progression
Genetic ablation of Syntaxin 2 AOEpios p_rotein i
8 exocytosis and autophagy
(Stx2 KO) ; :
induction
9 Transgenic mice LC3(ATGS8), a key mediator
overexpressing GFP-LC3 of autophagy

Inhibits lysosomal Development of

spontaneous pancreatitis

Inhibits lysosomal Development of

degradation and autophagy spontaneous pancreatitis 23
Worsening of experimental
Inhibits synthesis of key pancreatitis
mediators of lysosomal 47,48
functions and autophagy Development of
spontaneous pancreatitis
Development of 9
Blocks autophagesome spontaneous pancreatitis
formation and inhibits
autophagy Development of 4
spontaneous pancreatitis
B e Worsening of experimental 48

pancreatitis

Worsening of experimental
pancreatitis; greater 10
trypsinogen activation in KO

Perturbation of autophagy

Reduces the efficiency of
autophagic flux

Worsening of experimental

pancreatitis e

Table 1. Genetic models targeting autophagy/lysosomal pathway in pancreas.

Genetic ablation of Lamp2 or Gnptab severely

impairs lysosomal proteolytic activity resulting
in inhibition of the terminal step of autophagy,
cargo degradation in autolysosomes (13, 32,
33). These models reproduce the decreases in
pancreatic levels of LAMP2 and GNPTAB

observed in human and experimental
pancreatitis (13, 32, 33). Lamp2 ablation
inhibits autophagic flux in pancreas and causes
age-dependent development of pancreatitis,
starting with acinar cell vacuolization and
progressing to severe pancreas damage
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characterized by trypsinogen activation,
macrophage-driven inflammation, and acinar
cell death (32). Similarly, Gnptab ablation
reduces lysosomal proteolytic activity in acinar
cells, resulting in impaired autophagy and the
development of spontaneous pancreatitis (33).

Ablation of Tfeb inhibits lysosomal biogenesis
and autophagy at the transcriptional level,
markedly aggravating experimental
pancreatitis. Conversely, TFEB
overexpression ameliorates the disease (47,
48). TFEB degradation is a prominent feature
of both experimental and human pancreatitis;
thus, its upregulation may be a promising
strategy for preventing or treating pancreatitis.
Tfeb ablation per se does not cause
spontaneous pancreatitis development;
however, silencing of both TFEB (specifically in
acinar cells) and TFE3 causes severe
autophagy/lysosomal impairment and
spontaneous pancreatitis (47, 48). Of note, the
functions of TFEB and TFE3 partially overlap,
and TFE3 can compensate for the absence of
TFEB (44, 45).

Inactivation of the key autophagy-related
proteins ATG5 or ATG7 (Table 1) blocks the
first step in the process of autophagy, i.e.,
autophagosome formation (27, 38, 50).
Pancreas specific ablation of either of them
(Atg5™3 and Atg7°*® mice) causes the
development of spontaneous pancreatitis with
all the responses of human disease, i.e.,
inflammation, trypsinogen activation, fibrosis,
acinar-to-ductal metaplasia, and pancreas
atrophy (4, 9, 19). Of note, pancreatitis does
not cause significant changes in the levels of
ATG5 and ATG7 (31, 33). Thus, although
Atg5~*a and Atg7”®" mice are a valuable tool
to examine the role of autophagy in
pancreatitis, these genetic models do not
replicate initial events associated with
pancreatitis.

The small GTPase Rab7 is a central regulator
of membrane trafficking and plays key roles in
the biogenesis of late endosomes and
lysosomes, endocytosis, and autophagy
progression. In particular, Rab7 is essential for
autophagosome clustering in the perinuclear
region and their subsequent fusion with
lysosomes (14). Pancreas-specific Rab7
ablation causes impairment of autolysosome
formation, evident by increased number of
autophagosomes and reduction in
autolysosomes in acinar cells, and exacerbates
experimental acute pancreatitis (46).

LAMP2 and GNPTAB deficient acinar cells
exhibit dysregulation of digestive enzyme
secretion (32, 33), suggesting a role of
autophagy in regulating the secretory function
of exocrine pancreas. A possible underlying
mechanism was suggested in a study (10) that
showed the involvement of mediators of
exocytosis in autophagosome formation.
Specifically, the SNARE protein Syntaxin 2
(STX2) has been shown to inhibit both
exocytosis and autophagy; the latter effect is
due to STX2 interaction with the autophagy
mediator ATG16L1. Genetic ablation of Stx2
both stimulates exocytosis and reduces the
efficiency of autophagic flux, resulting in
trypsinogen activation (10).

The genetic models targeting different steps in
autophagy/lysosomal pathway (Table 1, #1-8)
convincingly show that efficient basal
autophagy plays a critical role in maintaining
acinar cell homeostasis and its disruption by
blocking either autophagosome formation or
lysosomal function causes pancreas damage,
resulting in pancreatitis. These findings are in
marked contrast with those reported in an
earlier study (23) in which ATG5 deficiency
caused no damage in exocrine pancreas and
even ameliorated some responses of cerulein-
induced acute pancreatitis. A possible reason
for this discrepancy may be the known
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suboptimal recombination efficiency of the Ela-
Cre driver (29) used in that study.

All genetic models discussed above are in
autophagy-deficient mice. By contrast, the
overexpression of LC3 in GFP-LC3 transgenic
mice (Table 1, #9) stimulates autophagosome
formation. These mice were developed and
then widely used to monitor autophagy in vivo,
in different organs, as well as in isolated cells
(25, 27, 34); they are particularly instrumental
in measuring autophagy in organs with low
autophagy rate. However, as shown in a
recent study (31), pancreatic autophagy in
GFP-LC3 mice is dysregulated, in that the
increase in autophagosome formation is not
balanced/matched by a corresponding
increase in lysosomal degradation, resulting in
reduced autophagic flux. LC3 overexpression
in GFP-LC3 mice exacerbated experimental
pancreatitis; most strikingly, it caused ~3-fold
increases in hyperamylasemia, a diagnostic
marker of acute pancreatitis, in several
dissimilar mouse models (31). The results
further underscore the importance of balanced,
efficient autophagy for the exocrine pancreas;
and indicate that application of GFP-LC3 mice
should be done with caution, especially in
disease models.

IV. Conclusions and Future

Directions

The findings in genetic models convincingly
demonstrate  the  essential role  of
autophagy/lysosomal pathway in maintaining
acinar cell homeostasis and, further, that
blockage or impairment of this pathway initiates
and drives pancreatitis. Blockage of the first
autophagy step, autophagosome formation,
and the last step, cargo degradation, both
cause the development of spontaneous
pancreatitis. The data in these studies show
that autophagy is critical for maintaining quality

control of mitochondria and the endoplasmic
reticulum (ER), the organelles essential for
acinar cell survival and functions. Indeed, loss
of autophagy in acinar cells causes
accumulation of damaged mitochondria which
fail to provide adequate ATP supply, and elicits
ER and oxidative stress (4, 6, 9, 15, 18, 30, 32,
33, 48). Further, autophagy blockage in all the
genetic models (Table 1) triggers acinar cell
death and inflammation, indicating a strong
pro-survival and anti-inflammatory role of
autophagy in pancreas (4, 9, 15, 17, 20, 32, 33,
49, 51, 52).

Detailed analysis of the roles of autophagy in
the exocrine pancreas has just begun, and we
still know little about autophagy targets and
underlying mechanisms. Genetic models
targeting autophagy/lysosomal pathway
represent an invaluable tool to advance our
knowledge of how autophagy regulates
pancreas physiology and pathophysiology.
These models will be particularly useful in

elucidating the  mechanisms  whereby
autophagy/lysosomal  pathway  regulates
digestive enzyme secretion and how
disordering of this pathway leads to

pancreatitis pathologies. Better understanding
of the role of autophagy in pancreatitis
responses, such as dysregulated secretion,
inappropriate/intra-acinar activation of
digestive enzymes, inflammation and cell
death, could lead to new therapeutic targets
and approaches to treat or mitigate the severity
of pancreatitis. An important direction of future
research is the development of genetic
approaches to restore efficient autophagic
degradation in pancreatitis (an attractive
approach is upregulation of TFEB), and testing
whether  restoring  efficient  autophagy
normalizes organellar (i.e., mitochondrial and
ER) functions in acinar cells and ameliorates
pancreatitis.
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