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SUMMARY

Autophagy is essential for pancreas homeostasis. Autopha-
gosome, key organelle in this process, forms via canonical or
noncanonical pathways. We show that the small GTPase
Rab9 inhibits canonical and promotes noncanonical auto-
phagy in pancreas; Rab9 overexpression causes organ
damage and worsens pancreatitis.

BACKGROUND: Autophagosome, the central organelle in
autophagy process, can assemble via canonical pathway medi-
ated by LC3-II, the lipidated form of autophagy-related protein
LC3/ATG8, or noncanonical pathway mediated by the small
GTPase Rab9. Canonical autophagy is essential for exocrine
pancreas homeostasis, and its disordering initiates and drives
pancreatitis. The involvement of noncanonical autophagy has
not been explored. We examine the role of Rab9 in pancreatic
autophagy and pancreatitis severity.

METHODS: We measured the effect of Rab9 on parameters of
autophagy and pancreatitis responses using transgenic mice
overexpressing Rab9 (Rab9TG) and adenoviral transduction of
acinar cells. Effect of canonical autophagy on Rab9 was
assessed in ATG5-deficient acinar cells.

RESULTS: Pancreatic levels of Rab9 and its membrane-bound
(active) form decreased in rodent pancreatitis models and in
human disease. Rab9 overexpression stimulated noncanonical
and inhibited canonical/LC3-mediated autophagosome forma-
tion in acinar cells through up-regulation of ATG4B, the
cysteine protease that delipidates LC3-II. Conversely, ATG5
deficiency caused Rab9 increase in acinar cells. Inhibition of
canonical autophagy in Rab9TG pancreas was associated with
accumulation of Rab9-positive vacuoles containing markers of
mitochondria, protein aggregates, and trans-Golgi. The shift to
the noncanonical pathway caused pancreatitis-like damage in
acinar cells and aggravated experimental pancreatitis.

CONCLUSIONS: The results show that Rab9 regulates pancre-
atic autophagy and indicate a mutually antagonistic relation-
ship between the canonical/LC3-mediated and noncanonical/
Rab9-mediated autophagy pathways in pancreatitis. Nonca-
nonical autophagy fails to substitute for its canonical counter-
part in protecting against pancreatitis. Thus, Rab9 decrease in
experimental and human pancreatitis is a protective response
to sustain canonical autophagy and alleviate disease severity.
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he pathogenic mechanism of pancreatitis, a common
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Tand potentially fatal disease of the exocrine
pancreas, is incompletely understood, and no specific/
effective treatment is available.1,2 The disease is believed to
initiate in injured acinar cells. Because of the general lack of
access to human tissue, most studies use animal or ex vivo
models (on acinar cells subjected to pancreatitis stressors)
to elucidate the mechanism of pancreatitis.3 These models
reproduce pathologic responses of human disease and the
spectrum of its severity. Major pancreatitis responses
include increased serum levels of digestive enzymes (ie,
hyperamylasemia), inappropriate/intra-acinar trypsinogen
activation (its conversion to trypsin), acinar cell vacuoliza-
tion and death, and inflammation. Recent studies have
revealed that macroautophagy (herein, autophagy) plays a
critical role in acinar cell homeostasis, and its disruption
mediates the development of pancreatitis.4–9

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.4,9–13 Autophagy mediates key
cellular homeostatic functions, acting as an organellar
“quality control” system, and underlies adaptive cell
response to a variety of stress conditions. Autophagy can
remove cytoplasmic components in a nonselective manner,
as with starvation; or selectively degrade damaged/
dysfunctional mitochondria (mitophagy), endoplasmic re-
ticulum (ER), and other organelles, or ubiquitinated protein
aggregates (aggrephagy). Selective autophagy requires
adaptor molecules that deliver cargo to the autophagic
machinery; for example, the protein p62/SQSTM1 (seques-
tosome 1) mediates the removal of toxic protein
aggregates.10,12,13

Autophagosome is the central organelle in the autophagy
process; it sequesters biological material destined for
degradation and then fuses with late endosomes and lyso-
somes, forming autolysosomes in which lysosomal hydro-
lases degrade cargo.4,10–13 Two major pathways of
autophagosome formation have been discerned.11–16 In the
canonical pathway, autophagosomes are built through
sequential recruitment of several complexes involving
evolutionary conserved autophagy-related (ATG) proteins,
such as the ATG5-ATG12-ATG16 complex that mediates
nascent autophagosomal membrane elongation. The final
step in canonical autophagosome formation is the conver-
sion of microtubule-associated protein 1 light chain 3 (LC3)
(ATG8) from its soluble/cytosolic LC3-I form to the lipi-
dated, membrane-bound LC3-II, which is critical for auto-
phagosome closure.11,12,16 Recently, noncanonical
(alternative) autophagy has been discovered that uses a
different mechanism of autophagosome formation.14–16 The
“noncanonical” autophagosomes could be built without the
hierarchical recruitment of ATG protein complexes; instead,
their formation is mediated by the small guanosine tri-
phosphatase (GTPase) Rab9.14 Importantly, in both canon-
ical and noncanonical pathways, cargos are enclosed by
autophagosomes and are degraded in autolysosomes by
lysosomal lytic enzymes. Rab GTPases are major regulators
of membrane transport, particularly post-Golgi trafficking
and endocytosis.17,18 Some Rab family members, ie, Rab5,
Rab7, Rab11, are involved in the formation of canonical
autophagosomes.19–22 The effects of Rab9 on canonical
autophagy have not been examined, whereas its mediatory
role in noncanonical autophagy is well-established.14,23,24

LC3-mediated autophagosome formation is stimulated in
pancreatitis, but autophagic degradation is impaired in both
experimental and human pancreatitis.4–6,9,25,26 Further-
more, pancreas-specific genetic ablation of ATG5 or ATG7,
blocking the canonical autophagy pathway, triggers spon-
taneous pancreatitis.7,8 These data demonstrate the essen-
tial role of canonical autophagy in maintaining exocrine
pancreas homeostasis and implicate its impairment in
pancreatitis initiation and progression.4,9,27 By contrast, the
role of Rab9 in pancreatic autophagy, basal pancreas ho-
meostasis, and the responses and severity of pancreatitis
has not been explored. In general, specific physiological or
pathophysiological functions of noncanonical, Rab9-
mediated autophagy are largely unknown. There is little
known on the interrelationship between the 2 autophagy
pathways, not only in the pancreas but in general.

Here, we show that Rab9 regulates the pattern of auto-
phagy in pancreas. Rab9 overexpression (using transgenic
mice overexpressing Rab9 [Rab9TG]28 or adenoviral trans-
duction of acinar cells) inhibited LC3-mediated and acti-
vated Rab9-mediated autophagosome formation, causing
autophagy shift from canonical to the noncanonical
pathway. The shift to noncanonical pathway in Rab9TG mice
aggravated experimental pancreatitis and elicited
pancreatitis-like damage (in particular, inflammation) in
control pancreas. Both wild-type (WT) experimental and
human pancreatitis caused marked decreases in pancreatic
Rab9, indicating a protective response to sustain canonical
autophagy and alleviate disease severity. The results reveal
mutually antagonistic relationship between the canonical
and noncanonical pathways of autophagosome formation in
pancreas.
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Results
Pancreatic Levels of Membrane-Bound Rab9
Decrease in Experimental and Human
Pancreatitis

Immunoblot (IB) analysis (Figure 1A–D) of pancreas
tissue homogenates showed a pronounced decrease in Rab9
in 2 dissimilar rodent models of acute pancreatitis (AP)
induced with cerulein (CER-AP), an ortholog of
cholecystokinin-8 (CCK), and L-arginine (Arg-AP). Rab9
reduction was prominent at 30 minutes after the start of
CER injections and was sustained in full-blown pancreatitis
(Figure 1A and B). Correspondingly, Rab9 levels decreased
in the ex vivo pancreatitis models on human (Figure 1G) and
mouse (Figure 2E and F) acinar cells at 0.5-to 1-hour in-
cubation with supramaximal (100 nmol/L) CCK. These data
indicate that Rab9 reduction is an early pancreatitis event
on the time scale of trypsinogen and nuclear factor kappa B
activation.9,25,26

Immunofluorescence (IF) analysis also showed promi-
nent Rab9 decrease in experimental (Figure 1E and F) and,
importantly, human (Figure 1H and I) pancreatitis. In
particular, IF intensity of punctate Rab9 decreased >4-fold
in human pancreatitis tissue.

In eukaryotic cells Rabs cycle between 2 states, the
active (GTP-loaded) in membranes and inactive (guanosine
diphosphate–loaded) in the cytosol.17,18,29 Active Rabs
localize to specific organelles to facilitate their function (eg,
Rab4 in early and Rab11 in recycling endosomes). IB anal-
ysis of pancreas membrane and cytosolic fractions
(Figure 1J–O) and Rab9 immunostaining (Figure 1E, F, H,
and I) both showed a decrease in membrane-bound (active)
Rab9 in pancreatitis models and in human disease. In rat
and mouse CER-AP the decrease in membrane-bound Rab9
was associated with an increase in its cytosolic counterpart
(Figure 1J, K, N, and O). Arg-AP caused reductions in both
membrane-bound and cytosolic Rab9 (Figure 1L and M).
Importantly, the cytosol/membrane Rab9 ratio increased in
all pancreatitis models, indicating a reduction in active
Rab9.

Rab cytosol/membrane cycling is tightly regu-
lated.17,18,29–31 Rabs are synthesized as soluble proteins;
their recruitment to membranes requires geranylgeranyl
post-translational modification, followed by complex for-
mation of the prenylated Rab with Rab guanosine dissoci-
ation inhibitor (RabGDI). The latter protein delivers Rabs to
and extracts them from membranes and is thus a key
regulator of Rab activity.17,18,31 We analyzed the effect of
pancreatitis on Rab9-RabGDI complex formation by using
gel filtration of pancreatic cytosolic fraction from rats sub-
jected to CER-AP (Figure 2A–D, Figure 3). Pancreas cytosolic
proteins were resolved on a Superdex S200 gel-exclusion
column using the SMART system32 as detailed in Methods;
the eluted fractions were analyzed by IB with antibodies
against Rab9 and the a/b isoforms of RabGDI (Figure 2A).
CER-AP did not significantly change the elution profile of the
RabGDIa and RabGDIb isoforms (Figure 2A–C). In contrast,
the amount of cytosolic Rab9 and its complex with RabGDI
both increased in CER-AP (Figure 2A and D); the latter effect
was similar for a and b isoforms. In pancreas of control/
saline-treated mice the bulk of Rab9 complex with RabGDI
clustered in 3 fractions (#22–24), whereas in CER-AP Rab9-
RabGDI complex eluted in 6 fractions (#20–25)
(Figure 2A–C). The mechanisms underlying deranged Rab9
cycling in CER-AP, namely the increases in cytosolic Rab9
and Rab9-RabGDI complex formation, remain to be deter-
mined. However, the results indicate that pancreatitis does
not impair Rab9 prenylation, a prerequisite for Rab complex
formation with RabGDI.30–32

The levels of both membrane and cytosolic Rabs are
regulated by ubiquitin-proteasomal system29,33; in partic-
ular, proteasomal degradation eliminates protein aggregates
formed by Rabs that excessively accumulate in the cytosol
(although not shown for Rab9). Notably, CCK-induced Rab9
decrease in ex vivo pancreatitis was entirely prevented by
the proteasomal inhibitor MG132 (Figure 2E and F), impli-
cating the above mechanism.
Rab9 Overexpression Causes Pancreas Damage
and Aggravates Experimental Pancreatitis

To elucidate the role of Rab9 in pancreatitis we used
Rab9TG mice overexpressing Rab9.28 Whereas pancreatic
Rab9 greatly increased in Rab9TG mice as compared with
WT, the levels of other Rab proteins tested did not change
(Figure 4A). Notably, there was no Rab9 decrease with
CER-AP in Rab9TG mice (Figure 4B and C). As seen on H&E-
stained pancreatic tissue sections, histopathologic alter-
ations caused by CER-AP and Arg-AP were more severe in
Rab9TG than in WT mice (Figure 4D). Rab9 overexpression
increased the extent of acinar cell necrotic and apoptotic
death in AP models (Figure 4E–G) (necrosis was quantified
on H&E-stained tissue sections; apoptosis by measuring
caspase-3-like [DEVDase] activity). Compared with WT, the
inflammatory response was aggravated in Rab9TG mice with
pancreatitis (Figure 4H and I), driven predominantly by
macrophages as shown by immunostaining for the macro-
phage marker F4/80 (Figure 4J and K). Inappropriate/
intrapancreatic trypsin activity, a hallmark response of
pancreatitis, and serum levels of amylase and lipase, a
signature diagnostic indicator of acute pancreatitis, were all
significantly greater in experimental pancreatitis in Rab9TG

mice (Figure 4L–N). Pancreatitis did not change the Rab9TG

intrapancreatic amylase level, same as in WT (Figure 4O).
Although some of pancreatitis responses, eg, CER-

induced hyperlipasemia, were much stronger in Rab9TG

mice (9.0-fold) than in WT (3.6-fold; Figure 4N), others
were of similar or even lesser magnitude. For example, the
increase in inflammatory cell infiltration induced by CER-AP
or Arg-AP in Rab9TG pancreas was much less than in WT
(Figure 4H and I). Such non-additive effects suggest the
involvement of common/overlapping mechanisms engaged
by Rab9 overexpression and experimental pancreatitis.

Of note, Rab9 overexpression itself caused pancreatitis-
like damage in pancreas, which was manifested by
increased basal level of necrosis and apoptosis, macrophage
infiltration, and trypsinogen activation (Figure 4E–L), and
acinar cell vacuolization (Figure 5). For some of these



Figure 1. Pancreatic Rab9 levels decrease in rodent models and human pancreatitis. Rab9 levels were measured by IB in
the whole tissue (A–D) and pancreatic membrane and cytosolic fractions of (J–M) rats and (N and O) mice subjected to CER-
AP (4 hours in rats and 7 hour in mice or for indicated times) and Arg-AP (for 24 hours). In this and other figures, each lane on
tissue IB represents an individual animal; ERK1/2, lactate dehydrogenase (LDH), and cyclooxygenase IV (COX IV) serve as
loading controls and to validate the quality of subcellular fractionation; a narrow white space (as in J) indicates that the lanes
are on the same gel but not contiguous. (B and D) Densitometric band intensities for Rab9 were normalized to ERK in the same
sample and the Rab9/ERK ratios further normalized to control (saline-treated) group. (E, F, H, and I) IF analysis of Rab9 in (E
and F) pancreas of rats subjected to CER-AP or Arg-AP and (H and I) human pancreas with no pancreatitis (control) and
pancreatitis (from a total of 21 patients). In this and other figures, nuclei are stained with DAPI; DIC denotes differential
interference contrast microscopy, prominently displaying zymogen granules area in acinar cells; scale bars are 10 mm if not
stated otherwise. (F and I) IF intensity of Rab9 in rodent and human pancreatic tissue sections was quantified, normalized to
the number of nuclei (DAPI) in the field, and expressed relative to control. (G) Rab9 levels were measured by IB in human
pancreatic acinar cells incubated with and without 100 nmol/L CCK for 1 hour (ex vivo pancreatitis). (K, M, and O) Densito-
metric band intensities for Rab9 in membrane and cytosolic fractions were normalized to loading control in the same sample
and presented as cytosol to membrane ratios. Values are mean ± SEM from at least 3 animals or cell preparations for each
condition. *P < .05, **P < .01, ***P < .001 vs control (saline-treated animals or human pancreas with no pancreatitis).

ˇ

P < .01
vs 0.5-hour CER-AP (B). Significance was determined by 2-tailed Student t test or 1-way ANOVA, followed by Tukey multiple
comparisons test (B).
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Figure 2. Pancreatitis increases cytosolic Rab9 complex formation with RabGDI and stimulates Rab9 proteasomal
degradation. (A–D) Pancreas cytosolic fractions from control animals and those subjected to CER-AP (4 hours) were resolved
on a Superdex S200 gel-exclusion column using SMART system (details in Methods). Data are representative of 2 experiments
on different animals, with similar results. (A) Eluted fractions were analyzed by IB using antibodies against Rab9 and RabGDIa/b.
Samples were run on 3 gels (see full gels in Figure 3), and all the IBs were developed together. Dashed lines denote the first
lane in each gel; narrow white space indicates omitted lanes in which protein size ladder was run (see Figure 3). (B and C) Band
intensities of Rab9 and RabGDI in each fraction were densitometrically quantified and presented as % of maximal for each
protein. (D) Amount of Rab9 in complex with RabGDIa was quantified as a ratio of sum of Rab9 band intensities
co-fractionated with RabGDIa to that of total Rab9 (in all fractions 12–33) and presented relative to saline control. In the control
(saline-treated) group, the bulk of Rab9 complex with RabGDIa eluted in fractions 22–24; in CER-AP, in fractions 20–25.
(E and F) Acinar cells incubated for 30 minutes with and without the proteasomal inhibitor MG132 (50 mmol/L), followed by
30-minute incubation with and without 100 nmol/L CCK. Rab9 level was measured by IB. Values are mean ± SEM from 3 cell
preparations. ***P < .001 vs control. ###P < .001 vs CCK alone (no MG132). Significance was determined by 2-tailed Student
t test (D) or 1-way ANOVA, followed by Tukey multiple comparisons test (F).
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parameters, the effect size was similar to or even greater
than that of CER-AP in WT mice.

ER stress, a prominent feature of acute pancreatitis,
mediates acinar cell damage.9,34 It was manifested in WT
CER-AP by up-regulation of ER stress markers GRP78,
phosphorylated (p)-IRE1, and especially CHOP, a mediator
of apoptosis (Figure 4O and P). Rab9 overexpression trig-
gered ER stress in basal conditions and worsens it in CER-
AP (Figure 4O and P). The effects of Rab9TG and CER-AP
on ER stress markers were non-additive (Figure 4P),
indicating overlapping mechanisms of ER stress (such as the
IRE1-mediated pathway) triggered by both Rab9 up-
regulation and experimental pancreatitis.
Rab9 Overexpression Perturbs Canonical/LC3-
Mediated Autophagy in Experimental Pancreatitis

We have previously shown that pancreatitis stimulates
the formation of canonical/LC3-positive autophagosomes
but inhibits autophagic degradation (because of lysosomal



Figure 3. Full IBs used for panels (A–D) in Figure 2. Data are representative of 2 different experiments, which both gave
similar results.
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dysfunction), resulting in impaired, retarded autophagic
flux.4–6,9,25–27 The impaired/inefficient autophagy is recog-
nized as a critical pathologic response of pancreatitis.4,9,27 In
WT CER-AP, the impaired autophagy is evidenced by
concomitant increases in LC3-II, p62/SQSTM1, and ubiq-
uitinated proteins and accumulation in acinar cells of LC3-
positive autophagic vacuoles, all demonstrating retarded
autophagic flux (Figure 6A–H). Compared with WT, experi-
mental pancreatitis in Rab9TG mice caused lesser increases
in pancreatic LC3-II level and greater increases in p62/
SQSTM1 and ubiquitinated proteins (Figure 6A–E).
Congruent with the IB data, IF analysis showed reduced
number of LC3 puncta, increased staining for p62, and
decreased p62 colocalization with LC3 in pancreas of
Rab9TG mice with CER-AP (Figure 6F–H; see LC3 puncta
quantification in Figure 5).

These results indicate that Rab9 overexpression reduced
the efficiency of canonical, LC3-mediated autophagy in
pancreatitis. Rab9 overexpression itself caused up-
regulation of p62 and ubiquitinated proteins in pancreas,
indicating perturbed basal autophagy (Figure 6D–G).

To further probe the effect of Rab9 on LC3-II level in
acinar cells, we transduced WT mouse acinar cells with
adenoviruses harboring Rab9 or its dominant-negative
mutant. Rab9 dominant-negative increased LC3-II level
w4-fold (Figure 6I and J), in accord with the negative effect
of Rab9 overexpression on LC3-II level in basal condition
and CER-AP (Figure 6A and C).
Rab9 Inhibits Canonical Autophagosome
Formation in Pancreatic Acinar Cells Through
ATG4B-Dependent Mechanism

To quantitatively analyze the effect of Rab9 over-
expression on canonical autophagosome formation, we
measured changes in LC3-II level in acinar cells isolated
from WT and Rab9TG mice and subjected to the ex vivo CCK-
induced pancreatitis (Figure 7A–F). Cells were incubated
with and without 100 nmol/L CCK in the presence and
absence of the lysosomal v-ATPase inhibitor bafilomycin
(Baf) A1, which blocks lysosomal acidification and thus
lysosomal functions. This type of analysis is widely used to
obtain information on 2 key parameters of canonical auto-
phagy, the LC3-mediated autophagosome formation and the
efficiency of autophagic flux.12,26,35 The number of auto-
phagic vacuoles in a cell is a net balance between auto-
phagosome formation and their degradation through
autophagic flux; thus, an increase in LC3-II level can result
from both induction of autophagosome formation and in-
hibition of flux. BafA1 blocks lysosomal/autophagic degra-
dation but does not affect autophagosome formation;
therefore, in the presence of BafA1 any difference in cellular
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LC3-II levels between 2 conditions (eg, WT cells with and
without CCK) is due solely to changes in autophagosome
formation.12,26 On the other hand, the difference in LC3-II
levels in the absence and presence of BafA1 in a given
condition (eg, CCK-treated WT cells) provides a measure of
the efficiency of autophagic degradation in this condition;
the bigger the difference, the greater was the contribution of
autophagic flux abrogated by BafA1.12,26

Figure 7A shows a representative IB used for densito-
metric quantification (Figure 7B) of the changes in LC3-II
level. In accord with previous results,26 we measured a
w2.6-fold increase in LC3-II induced by the ex vivo CCK
pancreatitis in WT cells (Figure 7C, e/a), whereas in Rab9TG

cells the LC3-II response to CCK was greatly reduced
(Figure 7C, f/b), corroborating the results on tissue
(Figure 6). Notably, the data obtained in the presence of
BafA1 show that CCK increased LC3-mediated autophago-
some formation in WT cells w1.5-fold (Figure 7D, g/c) but
failed to activate canonical autophagy in Rab9TG cells
(Figure 7D, h/d). Thus, canonical autophagosome formation
in Rab9TG cells subjected to the ex vivo pancreatitis was
w50% of that in WT (Figure 7E, h/g). Rab9 overexpression
also decreased canonical autophagosome formation in the
basal state (Figure 7E, d/c), but the effect was smaller than
in CCK-treated cells.

The basal autophagic flux in WT acinar cells was quite
robust, because BafA1 treatment increased LC3-II level
w2.7-fold in this condition (Figure 7F, c/a). In accord with
the previous report,26 CCK reduced autophagic flux effi-
ciency in WT cells; the fold increase of LC3-II elicited by
BafA1 in the ex vivo pancreatitis was w40% lower than in
control cells (Figure 7F, g/e vs c/a). The inhibitory effect of
CCK on autophagic flux efficiency was even more pro-
nounced in Rab9TG cells (Figure 7F, h/f vs g/e). Rab9
overexpression also decreased autophagic flux efficiency in
the basal state (Figure 7F, d/b vs c/a).

The results indicate that Rab9 overexpression inhibited
the formation of canonical, LC3-positive autophagosomes
and decreased the efficiency of LC3-mediated autophagic
flux in acinar cells; the inhibition was in both the ex vivo
pancreatitis and (to a lesser extent) the basal state.

In search of mechanisms underlying the effect of Rab9
on LC3-II, we measured changes in the levels of ATG pro-
teins involved in canonical autophagosome formation
(Figure 7G–I). Rab9 overexpression had no effect on
pancreatic levels of ATG7 and Beclin1/ATG6; the level of
Figure 4. (See previous page). Rab9 overexpression aggrava
indicated proteins in the whole tissue (A, O, and P) and pancrea
WT and Rab9TG mice subjected to CER-AP (7 hours). In (A), th
CER-AP (7 hours) and Arg-AP (24 hours) in WT and Rab9TG m
flammatory cell infiltration (H and I) were measured on H&E
(J and K), by immunostaining for macrophage marker F4/80; int
enzymatic assays. (P) Densitometric band intensities for indicat
further to those in WT control (saline-treated) group. Values are m
symbol represents an individual mouse; in (K), the number of p
(n ¼ 10–20 fields from 3 to 5 mice per group). *P < .05, **P < .01,
< .001 vs WT CER-AP.

ˇˇ

P < .01,

ˇˇˇ

P < .001 vs Rab9TG contro
ANOVA, followed by Tukey multiple comparisons test. Scale ba
ATG5 (more precisely, the ATG12-ATG5 conjugate)
increased slightly (Figure 7G and H), which could only
enhance the canonical autophagy. However, we found a
pronounced effect of Rab9 overexpression on ATG4B
(Figure 7G and I), a cysteine protease that regulates the
balance between LC3-I and LC3-II, which is critical for ca-
nonical autophagy.26,36,37 We previously showed26 that in
WT pancreas ATG4B acts as a negative regulator of LC3-
mediated autophagosome formation; its overall effect is
de-conjugation of LC3-II from autophagic membranes back
to the cytosolic LC3-I. WT pancreatitis greatly decreased
ATG4B level (Figure 7G and I), thus sustaining the formation
of LC3-positive autophagosomes.26 In stark contrast, Rab9
overexpression elevated pancreatic ATG4B (in both the
basal state and CER-AP) and, notably, abrogated ATG4B
decrease in pancreatitis (Figure 7G and I). The up-regulation
of ATG4B could account for the effect of Rab9 on LC3-II;
therefore, we examined the effect of down-regulating
ATG4B on LC3-II level in Rab9TG acinar cells. Transduction
of Rab9TG cells with Atg4B shRNA reduced ATG4B and
markedly increased LC3-II (Figure 7J–L). We have reported
similar results in WT acinar cells, in which ATG4B knock-
down with shRNA increased LC3-II level, whereas adeno-
viral ATG4B overexpression caused a marked reduction in
LC3-II.26

Taken together, our present (Figure 7G–L) and previ-
ous26 results indicate that the inhibition of canonical auto-
phagosome formation in Rab9TG pancreas is mediated
through Rab9-induced up-regulation of ATG4B.
Rab9 Overexpression Activates Noncanonical
Autophagy in Experimental Pancreatitis

Acinar cell vacuolization seen on H&E-stained pancreatic
tissue sections (as well as with electron microscopy) is a
hallmark of experimental and human pancreatitis. The
data4–6 indicate that it is caused by accumulation of large
autolysosomes containing partially degraded material
resulting from impaired autophagic flux in pancreatitis.
Rab9 overexpression markedly increased acinar cell
vacuolization, as seen on H&E-stained pancreatic tissue
sections in CER-AP and Arg-AP; there were also more vac-
uoles in the basal state in Rab9TG compared with WT
pancreas (Figure 5A–C). Many vacuoles in Rab9TG acinar
cells contained cargo, indicating their autophagic nature.
However, our results (Figures 4 and 6) showed that Rab9
tes experimental pancreatitis. (A–C, O, and P) IB analysis of
tic membrane and cytosolic pancreas fractions (B and C) from
e asterisk (*) indicates longer exposure. (D–P) Parameters of
ice. Histopathologic changes (D), necrosis (E and F), and in-
-stained pancreatic tissue sections; macrophage infiltration
rapancreatic caspase-3-like (G) and trypsin (L) activities, with
ed proteins were normalized to ERK in the same sample and
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overexpression significantly reduced the formation of LC3-
positive autophagic vacuoles. Indeed, the number of
immunolabeled LC3 puncta decreased >2 times in Rab9TG
pancreas vs WT, and the decrease was even greater in CER-
AP (Figure 6F and Figure 5D and E). Together, the results
indicate that the autophagic vacuoles in Rab9TG pancreas



Figure 6. Rab9 overexpression perturbs canonical/LC3-mediated autophagy in experimental pancreatitis and in con-
trol pancreas. (A–E) IB analysis of markers/mediators of canonical autophagy in pancreas of WT and Rab9TG mice subjected
to CER-AP (7 hours). Densitometric band intensities for indicated proteins were normalized to ERK in the same sample and
further to those in WT control (saline-treated) group. Ub, ubiquitinated proteins. (F–H) IF analysis of pancreatic LC3 and p62/
SQSTM1. Scale bars, 10 mm. IF colocalization (H) was quantified with Volocity image analysis software using Manders-Costes
coefficients. (I and J) IB analysis and densitometric quantification of LC3-II in WT acinar cells transduced with adenoviral
vectors containing GFP-Rab9 (Rab9-WT), GFP-Rab9 dominant-negative S21N mutant (Rab9-DN), or GFP alone (mock), as
described in Methods. Values are mean ± SEM from at least 3 animals or cell preparations per group. In (G and H), at least 10
high-power fields per animal were quantified. *P < .05, **P < .01, ***P < .001 vs WT control (saline) group (B–H) or cells
transduced with Rab9-WT vector (J). ###P < .001 vs WT CER-AP.

ˇ

P < .05,

ˇˇˇ

P < .001 vs Rab9TG control (saline) group.
Significance was determined by 2-tailed Student t test (J) or 1-way ANOVA, followed by Tukey or Holm-Sidak multiple
comparisons test.

Figure 5. (See previous page). Rab9 overexpression activates noncanonical autophagy in the exocrine pancreas.WT and
Rab9TG mice were subjected to CER-AP (7 hours) and Arg-AP (24 hours). (A–C) Acinar cell vacuolization was quantified on
H&E-stained pancreatic tissue sections. Scale bars, 20 mm. (D–L) IF analysis of indicated proteins in control pancreas (saline)
and CER-AP. Scale bars, 10 mm. Number of LC3 puncta (E) was quantified from images illustrated in Figure 6F. Panels D (a-d),
G (a-d), and J (a-f) show different fields displaying Rab9-positive ring structures on pancreatic tissue sections. The number of
these structures (F) and the percentage of them (K and L) containing markers of trans-Golgi network (TGN38), protein ag-
gregates (p62/SQSTM1), mitochondria (TOM20), or lysosomal proteases (CatD) were quantified from images illustrated
in panels (D, G–J). Values are mean ± SEM from 3 to 8 mice per group. In (B and C), each symbol represents an individual
mouse. In (E, F, K, and L), each symbol corresponds to 20–30 cells in a different field (n ¼ 12–16 fields from at least 3 mice
per group). *P < .05, **P < .01, ***P < .001 vs WT control (saline) group. ###P < .001 vs WT CER-AP or Arg-AP.

ˇˇˇ

P < .001 vs
Rab9TG control (saline) group. Significance was determined by 1-way ANOVA, followed by Tukey or Holm-Sidak multiple
comparisons test.
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are formed through noncanonical pathway. Supporting this
notion, IF analysis of Rab9TG pancreas showed the appear-
ance of Rab9-positive ring-like structures that were evident
in the basal state and prominently accumulated in CER-AP
(Figure 5D–J). Such structures were not observed in WT
pancreas in the basal state or in pancreatitis (Figure 1C,
Figure 5F and G).
Next, we examined the identity of the cargo in Rab9-
positive vacuoles. trans-Golgi, a major site of Rab9
localization, is a membrane source for noncanonical auto-
phagosome formation.14,38 IF analysis showed that w25%
of all Rab9-positive vacuoles in Rab9TG pancreas contained
TGN38, a marker of trans-Golgi network38 (Figure 5G and
K). Although there were many more Rab9-positive ring
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structures in CER-AP than in control (saline-treated) Rab9TG

mice (Figure 5F), the same percentage of them contained
TGN38 (Figure 5K). These data indicate trans-Golgi as a
source/substrate of Rab9-mediated autophagy. Rab9-
positive vacuoles in Rab9TG mice with CER-AP also con-
tained protein aggregates and mitochondria, the “classical”
autophagy cargo, as manifested by the presence inside these
vacuoles of their respective markers, p62/SQSTM1 and the
mitochondrial resident protein TOM20 (Figure 5H, I, and L).
Rab9-positive vacuoles also contained the lysosomal pro-
tease cathepsin D (CatD), identifying them as autolysosomes
(Figure 5J and L).

Inhibition of LC3-mediated autophagy concomitant with
the accumulation in acinar cells of Rab9-positive autophagic
vacuoles, and especially the appearance of ring-like struc-
tures containing autophagic cargo, indicates that Rab9
overexpression causes a shift from canonical to noncanon-
ical autophagy pathway in the exocrine pancreas.
Mutually Antagonistic Relationship Between
Canonical and Noncanonical Autophagy in
Experimental Pancreatitis

In pancreas of Rab9TG mice, Rab9 protein increased
w35-fold compared with its endogenous level (Figure 4A),
in agreement with data in the study28 that generated these
mice. We examined the effects of lesser Rab9 increases in
acinar cells transduced with adenovirus bearing WT GFP-
Rab9. In transduced cells, w6-fold and w18-fold increases
in Rab9 (over the basal level) both elicited similar effects on
LC3-II and ATG4B (Figure 8A–D). Importantly, the magni-
tudes of these effects were comparable to those observed
in vivo in Rab9TG mice (Figure 6B and C and Figure 7I).
Furthermore, the effect on necrosis, a key pancreatitis
response, of the smaller (w6-fold) Rab9 overexpression in
acinar cells (Figure 8E and F) was similar to that in Rab9TG

pancreas (Figure 4E and F). In Rab9-transduced cells, basal
necrosis increased 5.2-fold (over WT) and that elicited by
ex vivo pancreatitis increased 1.8-fold (Figure 8F). In CER-
AP model in Rab9TG mice these increases were 6.3-fold
and 1.7-fold, respectively (Figure 4E). Collectively, these
data suggest a threshold character of Rab9 effects in acinar
cells.
Figure 7. Rab9 overexpression inhibits canonical autophag
ATG4B. (A–F) Autophagic flux analysis in WT and Rab9TG ac
and absence of the lysosomal inhibitor Bafilomycin A1 (BafA1; 2
nmol/L CCK. (A and B) Representative IB and densitometric qua
LC3-II band intensities were normalized to those of ERK in the s
cells. Data in (B) were used as ratios between values in indicated
on LC3-II in WT and Rab9TG cells (C; in the absence of BafA
autophagosome formation (all in the presence of BafA1), and t
inhibitor). (G–I) Levels of indicated ATG proteins were measured
Levels of indicated proteins were measured by IB in Rab9TG acin
shRNA (shAtg4b) or control/scrambled (shCtrl) shRNA. Values
group. *P < .05, **P < .01, ***P < .001 vs control (untreated) WT
transduced with control shCtrl (K and L). #P < .05, ##P < .01,
pancreas (I).

ˇ

P < .05 vs control (saline) Rab9TG group (I). $$$P <
.05 vs d/c (E). Significance was determined by 2-tailed Student
Holm-Sidak multiple comparisons test (B, F, and I).
In other systems, noncanonical autophagy was activated
in conditions in which canonical autophagy was
blocked.14,15 To examine whether this occurs in pancreatitis,
we isolated acinar cells from Atg5Dpan mice with pancreas-
specific ablation of ATG5, an essential mediator of canoni-
cal autophagy, and subjected them to ex vivo pancreatitis
(Figure 8G–I). The reduction in LC3-II in ATG5-deficient
acinar cells, caused by blockage of canonical autophago-
some formation, was associated with marked up-regulation
of Rab9 (Figure 8H and I). The effect was particularly
prominent in the ex vivo pancreatitis; loss of canonical
autophagy completely prevented CCK-induced decrease in
Rab9 observed in WT; as a result, Rab9 level in CCK-treated
ATG5-deficient acinar cells was 5.5-fold greater than that in
WT cells (Figure 8I).

The results demonstrate a mutually antagonistic rela-
tionship between canonical and noncanonical autophagy in
pancreatitis (Figure 8J), specifically the suppression of
noncanonical/Rab9-mediated pathway in acinar cells by the
canonical/LC3-mediated autophagy. This negative regula-
tion provides an explanation for several-fold Rab9 decrease
in both in vivo (Figure 1B, D, and I) and ex vivo (Figure 2F,
Figure 8I) WT experimental pancreatitis, in which canonical
autophagosome formation is stimulated. By contrast, CER/
CCK-induced pancreatitis did not decrease Rab9 level in
Rab9TG pancreas (Figure 4A) or Rab9-overexpressing acinar
cells (Figure 8A), in which canonical autophagy is inhibited,
and it even increased Rab9 in ATG5-deficient acinar cells in
which canonical autophagosome formation is blocked
(Figure 8I).
Discussion
The principal function of Rab-GTPases is to coordinate

all aspects of the endolysosomal system, including lyso-
somal function and autophagy.17–19 The roles of Rab5, Rab7,
and Rab11 in the endolysosomal system are well-
established, and they have been shown to promote canoni-
cal autophagy.19–22 In contrast, the role of Rab9 in
endosomal trafficking is still being debated; it has been
implicated in the endosome-to-trans-Golgi transport and in
the transition from early to late endosomes.38,39 Although
the role of Rab9 in alternative, LC3-independent autophagy
osome formation in acinar cells through up-regulation of
inar cells. Cells were incubated for 30 minutes in presence
0 nmol/L), followed by 1-hour incubation with or without 100
ntification of LC3-II level used in the autophagic flux analysis.
ame sample and further normalized to control (untreated) WT
columns to quantify overall effect of ex vivo CCK pancreatitis
1), the effects of CCK (D) and Rab9 overexpression (E) on
he efficiency of autophagic flux/degradation (F; BafA1 vs no
by IB in pancreas of mice subjected to CER-AP (7 hours). (J–L)
ar cells transduced with adenoviral vectors containing ATG4B
are mean ± SEM from 3 cell preparations (or 3 animals) per
cells (B–F), vs WT control (saline) group (I), or vs Rab9TG cells
###P < .001 vs the same parameter in WT cells (B–F) or WT
.001 vs WT cells treated with CCK alone (no BafA1; B). &P <
t test (C–E, K, and L) or 1-way ANOVA, followed by Tukey or



Figure 8. Mutually antagonistic relationship between canonical and noncanonical autophagy in the exocrine pancreas.
(A–F) WT mouse pancreatic acinar cells were transduced with adenovirus bearing mouse GFP-Rab9 (or “mock”) for indicated
times and treated (or not) for 1 hour with 100 nmol/L CCK. (G–I) Acinar cells were isolated from Atg5Dpan and f/WT (control
littermate) mice and treated (or not) for 1 hour with 100 nmol/L CCK. (A–D, G–I) IB analysis of indicated proteins. Densitometric
band intensities were normalized to endogenous Rab9 (B) or ERK in the same sample and further normalized to those in
control, mock-transduced (B–D) or f/WT (H and I) cells. (E and F) Necrosis was measured as the percentage of propidium
iodide (PI)-permeable acinar cells. Scale bars, 10 mm. (J) Schematic depicting mutually antagonistic relationship between
noncanonical and canonical autophagy in acinar cells. Values are mean ± SEM from 3 to 4 cell preparations for each condition.
In (F), each symbol corresponds to a different group of acinar cells (n ¼ 21–32 groups of cells analyzed per condition). *P < .05,
**P < .01, ***P < .001 vs the same parameter in control (no CCK) cells, mock-transduced (B–F), or f/WT (H and I). ##P < .01,
###P < .001 vs CCK-treated mock-transduced (B–F) or f/WT (H and I) cells.

ˇ

P < .05,

ˇˇ

P < .01,

ˇˇˇ

P < .001 vs control (no
CCK) cells transduced with AdV-Rab9 (C and F) or f/WT cells (I). $$$P < .001 vs the same parameter in 8-hour transduced cells
(B). Significance was determined by 1-way ANOVA, followed by Tukey or Holm-Sidak multiple comparisons test.
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is well-established,14,15,23,24 its effect on canonical auto-
phagy has not been explored.

Our results show that Rab9 inhibits canonical/LC3-
mediated autophagosome formation in both control
pancreas and experimental pancreatitis. The underlying
mechanism involves ATG4B, a cysteine protease that regu-
lates the balance between the cytosolic LC3-I and lipidated
LC3-II.36,37 In the canonical pathway, LC3-II translocation to
nascent autophagosomes is necessary for their closure.11,16

ATG4B regulates LC3-II level both positively and negatively,
and the outcome is cell and context dependent.26,36,37
ATG4B can increase LC3-II level by cleaving LC3 pro-
protein to create a pool of LC3-I available for subsequent
conversion to LC3-II; on the other hand, it de-conjugates
(delipidates) LC3-II from autophagic membranes, convert-
ing it back to LC3-I.36 We have shown26 that in WT acinar
cells the second effect, ie, LC3-II delipidation, predominates;
ATG4B suppresses canonical autophagosome formation in
these cells. The results in the present study indicate that
Rab9 reduces LC3-II through up-regulating the pancreatic
level (and thereby, activity26,36,37) of ATG4B. Rab9 over-
expression decreased both LC3-II level and the number of
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LC3-positive autophagic vacuoles (LC3 puncta), which was
especially pronounced in experimental pancreatitis. LC3-II
level in Rab9TG acinar cells was restored by shRNA knock-
down of ATG4B.

Concurrent with reducing LC3-positive autophagosomes,
Rab9 overexpression stimulated the formation of Rab9-
positive vacuoles in acinar cells, thus shifting autophagy
from the canonical/LC3-mediated to noncanonical pathway.
IF analysis revealed ring-like Rab9-positive vacuoles, espe-
cially abundant in pancreatitis, which sequestered protein
aggregates and mitochondria, classical autophagy sub-
strates.10,13 A large portion of these vacuoles also contained
the trans-Golgi marker TGN38. It is yet to be determined
whether, in general, noncanonical autophagy can be selec-
tive, for example, in eliminating damaged/dysfunctional
mitochondria as mediated by mitophagy. In canonical
autophagy, the receptors mediating selective cargo seques-
tration typically have LC3-interacting region, a common
structural motif that enables their recognition by LC3.40,41

In particular, the interaction between LC3-II and LC3-
interacting region domains in p62/SQSTM1 and the
mitophagy receptor Parkin enables the sequestration of
p62-decorated protein aggregates or Parkin-decorated
mitochondria.40–43, A recent study23 showed that nonca-
nonical autophagy in cardiomyocytes can selectively elimi-
nate damaged mitochondria through a Rab9-mediated,
LC3-interacting region–independent mechanism. A similar
mechanism may operate in Rab9TG pancreas. Interestingly,
that study reported ring-like Rab9-positive vacuoles con-
taining mitochondrial cargo.23 How exactly Rab9 recognizes
p62/SQSTM1 is not known.

Collectively, our results reveal mutually antagonistic
relationship between canonical and noncanonical pathways
in pancreatitis, a finding of general interest for autophagy
research. Indeed, blockage of canonical autophagy in ATG5-
deficient acinar cells caused several-fold increase in Rab9 in
ex vivo CCK pancreatitis. Conversely, adenoviral expression
of Rab9-DN in WT acinar cells greatly increased LC3-II level.

The inhibition of LC3-positive autophagosome formation
by Rab9 contrasts the stimulatory effect of Rab5, Rab7, and
Rab11 (shown for Rab7 in pancreatic acinar cells22). It re-
mains to be determined whether the inhibition of canonical
autophagosome formation by Rab9, which we found in
pancreas, also operates in other organs and cell types,
because most studies investigating the effects of Rab9 on
autophagy were performed on cells in which canonical
autophagy was already blocked by genetic or molecular
means.14,15

Experimental pancreatitis in rodents caused marked
reduction in membrane-bound (active) Rab9. Similarly, hu-
man pancreatitis tissue displayed several-fold decrease in
Rab9-positive puncta. One possible mechanism mediating
such a decrease could be reduced complex formation of
Rab9 with RabGDI, a key process regulating Rabs’ trans-
location to and from membranes.29–31 However, our gel-
filtration experiments showed that, to the contrary,
Rab9-RabGDI complex formation increased in CER-AP. Of
note, this indicates that Rab9 prenylation, a prerequisite for
its interaction with RabGDI,32 is not blocked in pancreatitis.
The data suggest that CCK-induced Rab9 decrease in acinar
cells involves proteasomal degradation because it was pre-
vented with the proteasomal inhibitor MG132. Excessive
Rab accumulation in the cytosol is known to result in Rab
aggregates, which are targeted by ubiquitin and removed by
proteasomal degradation.33 The observed increase in cyto-
solic Rab9 in CER-AP may promote the formation of such
aggregates, stimulating Rab9 proteasomal degradation.

As shown by our group and others, canonical autopha-
gosome formation is stimulated in pancreatitis, both
experimental, in WT rodent in vivo and ex vivo models, and
in human disease.4-6,9,25–27,44 Activation of this pathway is a
protective mechanism, because its blockage in mice with
pancreas-specific ablation of the key canonical autophagy
mediators ATG5 or ATG7 causes accumulation of damaged
mitochondria, ER and oxidative stress, and the development
of spontaneous pancreatitis with all classical disease re-
sponses: hyperamylasemia, trypsinogen activation, inflam-
mation, fibrosis, and acinar cell death.7–9,27 These findings
reveal an essential role of canonical autophagy in main-
taining pancreatic acinar cell homeostasis and protection
against pancreatitis. By contrast, our data indicate that the
involvement of noncanonical, Rab9-mediated autophagy in
WT pancreatitis is minimal. Indeed, we could not detect any
significant number of Rab9-positive vacuoles (particularly
ring structures) in either basal state or WT experimental
pancreatitis or in human pancreas. Furthermore, we
observed pronounced decreases in pancreatic Rab9 level in
several WT pancreatitis models, as well as in human
disease. The results indicate that Rab9 decrease in pancre-
atitis is a protective response, whereas activation of non-
canonical autophagy is damaging to pancreas. Rab9
overexpression, which stimulated the noncanonical pathway
and inhibited canonical autophagosome formation, mark-
edly worsened pancreatitis responses such as inflammation,
acinar cell death (particularly necrosis), and trypsinogen
activation. Rab9 overexpression also caused pancreatitis-
like damage in control pancreas or acinar cells, namely ER
stress, caspase activation, necrosis, and inflammation. Non-
canonical autophagy in pancreas cannot substitute for its
canonical counterpart, because Rab9TG pancreas displayed
greater levels of p62 and ubiquitinated proteins (compared
with WT).

In conclusion, our study shows a major role of Rab9 in
determining the pattern of autophagy in pancreas. The data
reveal mutually antagonistic interrelationship between ca-
nonical and noncanonical autophagy in pancreatitis. Rab9
overexpression inhibited LC3-mediated and promoted
Rab9-mediated autophagosome formation; on the other
hand, genetic blockage of canonical/LC3-mediated auto-
phagosome formation caused up-regulation of Rab9. Auto-
phagy switch from canonical to the noncanonical pathway
aggravated experimental pancreatitis and induced
pancreatitis-like damage in control pancreas. Both experi-
mental and human pancreatitis displayed marked decreases
in pancreatic Rab9, indicating a protective response to
sustain canonical autophagy and alleviate disease severity.
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The results further underscore a critical homeostatic role of
canonical autophagy in the exocrine pancreas and show that
the noncanonical pathway fails to substitute for its canonical
counterpart in protecting against pancreatitis. They suggest
Rab9 down-regulation as a therapeutic approach to mitigate
the severity of pancreatitis, because high levels of Rab9 may
portend a more severe disease.
Materials and Methods
Experimental Models of Pancreatitis

Rats (Sprague-Dawley; Envigo, Indianapolis, IN; 002),
WT mice (C57BL/6J; Jackson Laboratory, Bar Harbor, ME;
000664), and transgenic Rab9TG mice28 expressing HA-
tagged human Rab9 (Jackson Laboratory, 009678) on the
same background were subjected to CER-AP and Arg-AP, as
detailed previously.5,6,25,26,44,45 CER-AP was induced by
hourly intraperitoneal injections of 50 mg/kg CER. If not
stated otherwise, rats were euthanized 4 hours and mice 7
hours after the first injection. Arg-AP was induced in rats by
2 hourly intraperitoneal injections of 3 g/kg L-arginine and
in mice by 3 hourly intraperitoneal injections of 3.3 g/kg L-
arginine. The animals were euthanized 24 hours after the
first injection. Control mice received similar injections of
physiological saline. We also applied ex vivo CCK-AP model
on acinar cells isolated from mice using a standard colla-
genase digestion procedure and incubated for 0.5–1 hour
with supramaximal concentration (100 nmol/L) of
CCK.6,25,26,44–46 The ex vivo model was performed on human
acinar cells and acinar cells fromWT, Rab9TG mice, and from
Atg5Dpan mice with pancreas-specific ATG5 ablation. To
generate the latter, we crossed Atg5flox/- mice (generated by
M.O.47) with Pdx1-Cre driver mice to generate Atg5-
flox/-;Pdx1-Cre mice (termed Atg5Dpan) in which the Atg5
gene is specifically ablated in pancreatic epithelial cells.
Control mice were littermates with WT alleles. All animal
experiments were approved by the Institutional Animal
Care and Use Committee of VA Greater Los Angeles
Healthcare System.

Human acinar cells were analyzed on pancreatic slices48

from portions of normal human pancreata obtained from
pre-terminal donors that were not used for transplantation
and diverted to research or from normal portions of
pancreatic cancer operations. Pancreas was cut into 3 � 3 �
3 mm pieces and embedded with 37�C low melting 3.8%
agarose gel in extracellular solution containing (mmol/L)
125 NaCl, 2.5 KCl, 1 MgCl2, 2 CaCl2, 1.25 NaH2PO4, 26
NaHCO3, 2 sodium pyruvate, 0.25 ascorbic acid, 3 myo-
inositol, 6 lactic acid, and 7 glucose, and placed on ice to
solidify the gel. The gelled tissue blocks were sliced with
Vibratome into 120-mm-thick slices; slices were washed
with the extracllular solution, placed in growth factor- and
serum-free Waymouth’s MB 752/1 medium containing 5.5
mmol/L glucose and 0.1 mg/mL soybean trypsin inhibitor,
and treated with supramaximal (100 nmol/L) CCK for
ex vivo pancreatitis. All the experiments with human
pancreas slices were approved by Institutional Review
Boards of the University of Toronto and Toronto General
Hospital (H.Y.G.).
Formalin Fixed Human Pancreas Specimens
Formalin fixed paraffin-embedded samples of human

normal pancreas and pancreatitis from non-cancer patients
were provided de-identified by the Pancreas Tissue Bank of
the UCLA Department of Pathology (D.D.), according to a
protocol approved by the UCLA Institutional Review Board.
Normal pancreas and pancreatitis samples were procured
from surgical resection specimens where malignant disease
was absent or unlikely to be a confounding variable (ie,
Whipple for ampullary or duodenal adenoma, well-
circumscribed neuroendocrine mass, benign cystic lesions,
or other non-malignant presentations). All analyzed samples
of normal pancreas and pancreatitis were taken >1 cm
away from any associated lesion. Because of the inhomo-
geneous nature of pancreas damage due to necrosis and
fibrosis seen at various stages of disease, only samples with
large acinar component (evaluated by D.D.) were used in the
study.

Adenoviral Transductions
Mouse pancreatic acinar cells were transduced with

adenoviruses (2–5 � 109 pfu/mL) bearing GFP-Rab9 WT
and GFP-Rab9 DN (dominant negative mutant S21N). The
advantage of using S21N mutation is that it only inactivates
Rab9, whereas Rab9 shRNA may affect the expression of
other Rabs. To produce recombinant adenovirus over-
expressing Rab9 WT or Rab9 DN, the plasmids encoding
Rab9 WT (Addgene, Watertown, ME; 12663) and Rab9 DN
(Addgene, 12664) were subcloned into the pShuttle-CMV
vector (Agilent Technologies, Santa Clara, CA; 240007) and
transferred into the pAdEasy adenoviral vector by using the
AdEasy XL adenoviral vector system (Agilent Technologies,
240010). For transduction with recombinant shRNA
adenoviral vectors (3–4 � 1010 pfu/mL) encoding GFP-
MmAtg4B shRNA (Vector Biolabs, Malvern, PA; shADV-
253222) or “scrambled” (control) GFP-shRNA (Vector
Biolabs, 1122), acinar cells were incubated for 38–40 hours
at 37�C. Purification and concentration of adenoviruses
were performed at the UCLA Integrated Molecular Tech-
nologies Core. In these “prolonged-culture” experiments,5

acinar cells were cultured on collagen IV coated plates
(BD Biosciences, Franklin Lakes, NJ; 354428) in Dulbecco
modified Eagle medium (Thermo Fisher Scientific, Waltham,
MA; 11995) containing 10% fetal bovine serum (Thermo
Fisher Scientific, 10437028), 5 ng/mL EGF (Sigma-Aldrich,
St Louis, MO; SRP3196), 200 mg/mL soybean trypsin in-
hibitor (Worthington Biochemicals, Lakewood, NJ;
LS003571), 100 U/mL penicillin and 100 mg/mL strepto-
mycin (Thermo Fisher Scientific, 10378016).

Preparation of Tissue and Cell Lysates and
Membrane and Cytosolic Fractions

Tissue or cell samples were homogenized on ice in RIPA
buffer supplemented with 1 mmol/L phenylmethylsulfonyl
fluoride and protease inhibitors’ cocktail (Roche, Basel,
Switzerland). Protein concentration in the supernatants was
determined by Bradford assay (Bio-Rad Laboratories, Her-
cules, CA). To obtain cytosolic and membrane fractions,
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pancreatic tissue was homogenized in a buffer containing 25
mmol/L Tris-HCl (pH 7.4), 150 mmol/L NaCl, 1 mmol/L
MgCl2, and protease inhibitor cocktail. Postnuclear super-
natant was centrifuged for 2 hours at 150,000g, and both
the pellet (membrane fraction) and supernatant (cytosolic
fraction) were collected. The quality of the fractions was
evaluated by IB analysis for specific protein markers, for
example, the absence of the mitochondrial protein COX IV in
cytosolic fraction.

IB Analysis
Proteins were separated by sodium dodecyl

sulfate–polyacrylamide gel electrophoresis and electropho-
retically transferred to nitrocellulose membranes. Nonspe-
cific binding was blocked by 1-hour incubation of the
membranes in 5% (w/v) nonfat dry milk or 5% bovine
serum albumin in Tris-buffered saline (pH 7.5). The blots
were then incubated for 2 hours or overnight with primary
antibodies in the antibody buffer containing 1% (w/v)
nonfat dry milk in 0.05% (v/v) Tween 20 in Tris-buffered
saline, washed, and finally incubated for 1 hour with a
peroxidase-labeled secondary antibody. The blots were
developed for visualization using an enhanced chem-
iluminescence detection kit (Pierce). Band intensities in the
IBs were quantified by densitometry using the FluorChem
HD2 imaging system (Alpha Innotech/ProteinSimple, San
Leandro, CA).

Gel-Filtration Chromatography
The assay was performed as previously.32 Pancreatic

tissue cytosolic fractions were loaded onto a Superdex S200
column using the SMART system (Amersham Biosciences,
Amersham, UK). The column was equilibrated in a buffer
containing (mmol/L) 50 Tris/HCl (pH 7.5), 100 NaCl, 8
MgCl2, 2 EDTA, and 1 dithiothreitol, supplemented with 10
mmol/L GDP, at a flow rate of 50 mL/min. The samples were
injected, and the material eluting between 1.2 mL and 3.3
mL was collected in 42 50-mL fractions. Ten-mL aliquots of
the fractions were subjected to sodium dodecyl
sulfate–polyacrylamide gel electrophoresis (on 4%–20%
gel), transferred to nitrocellulose membranes, and Rab9 and
RabGDIa/b proteins identified by IB. All the IBs (Figure 3
for the full, uncropped IBs) were developed together.
Fractions 1–5 and 39–42 had no proteins recognized by the
antibodies; therefore, these fractions are not shown in the
figures.

Measurement of Protease Activities
Caspase-3-like and trypsin activities were measured in

pancreatic tissue homogenates using fluorogenic substrates
specific for caspase-3 (Z-VAD-fmk; Cayman, Ann Arbor, MI)
and trypsin (Boc-Gln-Ala-Arg- AMC; Bachem, Bubendorf,
Switzerland), as described.5–7,25,26,44,45

IF and immunohistochemical analyses were performed
as described.5–7,25,26,44 Pancreatic tissue sections incubated
with primary antibodies overnight at 4�C, followed by
incubation with secondary antibodies conjugated with FITC
or Texas Red. Nonspecific binding was blocked with 5%
rabbit or goat serum. IF images were acquired with a Zeiss
(Oberkochen, Germany) LSM 710 confocal microscope
using �63 objective.

For immunohistochemical detection of macrophages,
endogenous peroxidase was blocked with 3% hydrogen
peroxide, followed by incubation of pancreatic tissue sec-
tions with primary antibody against F4/80 and visualization
with streptavidin-biotin immunoenzymatic antigen detec-
tion system (Vector Laboratories).

Analysis of necrosis, vacuolization, and inflammatory cell
infiltration in the pancreas was performed on H&E-stained
pancreatic tissue on the basis of morphologic criteria as
described.5–7,25,26,44–46 Serum amylase and lipase were
measured in a Hitachi 707 analyzer.

Acinar cell necrosis in ex vivo CCK-AP was quantified by
propidium iodide uptake, as described.44 Briefly, cells were
loaded with propidium iodide (2 mg/mL medium) for 10
minutes, washed with phosphate-buffered saline to remove
excess propidium iodide, and visualized with confocal mi-
croscopy, and the percentage of propidium iodide–positive
cells was quantified.
Antibodies and Reagents
Antibodies against the following proteins were pur-

chased from Cell Signaling Technology, Danvers, MA: LC3B
(catalog #2775), SQSTM1/p62 (5114), ATG4B (5299),
ATG12-5 (4180), Beclin1 (3495), ATG7 (2631), Rab9
(5118), CHOP (5554), p44/42 MAPK (ERK1/2; 9102),
GRP78 (BiP; 3177), and F4/80 (70076). Antibodies against
the following proteins were purchased from Abcam, Cam-
bridge, UK: Rab5 (catalog #ab18211), Rab9 (ab2810),
TGN38 (ab16059). Antibodies against the following proteins
were purchased from Santa Cruz Biotechnology, Dallas, TX:
ubiquitin (catalog sc-8017), LDH (sc-33781), TOM20 (sc-
11415), CatD (sc-6487), trypsinogen (sc-67388), and GFP
(sc-9996). Antibodies against other proteins were pur-
chased from the following companies: a-amylase (Sigma-
Aldrich; A8273), Rab7 (Sigma-Aldrich; R8779), Rab4 (BD
Biosciences; 610888), Rab11 (Proteintech, Rosemont, IL;
20229-1-AP), phospho-IRE1 (Novus Biologicals, Littleton,
CO; NB100-2323), COX IV (Thermo Fisher Scientific;
A21348).

CCK-8 was from Research Plus (Farmingdale, NJ), and
CER was from Bachem. All other reagents were from Sigma-
Aldrich.

Statistical analysis of the results was performed with
Prizm8 (GraphPad Software, San Diego, CA) using 2-tailed
Student t test for comparison between 2 groups and 1-
way analysis of variance (ANOVA) with Tukey or Holm-
Sidak post hoc test for comparison between multiple
groups. Values are expressed as mean ± standard error of
the mean (SEM); P < .05 was considered significant.

All authors had access to the study data and had
reviewed and approved the final manuscript.
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