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Pancreatic acinar cells possess very high protein synthetic rates as
they need to produce and secrete large amounts of digestive en-
zymes. Acinar cell damage and dysfunction cause malnutrition and
pancreatitis, and inflammation of the exocrine pancreas that pro-
motes development of pancreatic ductal adenocarcinoma (PDAC),
a deadly pancreatic neoplasm. The cellular and molecular mecha-
nisms that maintain acinar cell function and whose dysregulation
can lead to tissue damage and chronic pancreatitis are poorly un-
derstood. It was suggested that autophagy, the principal cellular
degradative pathway, is impaired in pancreatitis, but it is un-
known whether impaired autophagy is a cause or a consequence
of pancreatitis. To address this question, we generated Atg7*P®"
mice that lack the essential autophagy-related protein 7 (ATG7) in
pancreatic epithelial cells. Atg7*P®" mice exhibit severe acinar cell
degeneration, leading to pancreatic inflammation and extensive
fibrosis. Whereas ATG7 loss leads to the expected decrease in
autophagic flux, it also results in endoplasmic reticulum (ER) stress,
accumulation of dysfunctional mitochondria, oxidative stress, ac-
tivation of AMPK, and a marked decrease in protein synthetic
capacity that is accompanied by loss of rough ER. Atg7*P®" mice
also exhibit spontaneous activation of regenerative mechanisms
that initiate acinar-to-ductal metaplasia (ADM), a process that re-
places damaged acinar cells with duct-like structures.

autophagy | ATG7 | pancreatitis | protein synthesis

he pancreatic acinar cell is responsible for production and
secretion of numerous digestive enzymes, including amylase,
lipase, and various proteases. To cope with the high daily de-
mand for these enzymes, the acinar cell possesses one of the
highest protein biosynthetic rates of all cells, together with an
extensive rough endoplasmic reticulum (RER) network (1). Due
to its high protein synthetic rates, the acinar cell is prone to the
accumulation of misfolded proteins and subsequent induction of
ER stress (2, 3). ER stress was suggested to be involved in the
pathogenesis of pancreatitis, a potentially fatal inflammatory
disease of the exocrine pancreas (2, 4). By progressing from acute
(sudden onset; duration <6 mo), to recurrent acute (>1 episode
of acute pancreatitis), and chronic (duration >6 mo) disease (5),
pancreatitis increases the risk of pancreatic ductal adenocarci-
noma (PDAC), the fourth deadliest cancer worldwide, with a
median survival of 6 mo (6). The molecular mechanisms medi-
ating the progression of pancreatitis from acinar cell damage and
inflammation to formation of pancreatic intraepithelial neoplasia
(PanIN) and PDAC are not fully understood. Recent studies
suggest that in addition to ER stress, insufficient autophagy also
contributes to development of pancreatitis (7).
Autophagy is an evolutionarily conserved, catabolic quality
control process that maintains cellular homeostasis by degrading
damaged organelles, misfolded protein aggregates, and foreign
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organisms (8). Autophagy is also important for generation of
amino acids and other building blocks during starvation (9).
There are three classes of autophagy: macroautophagy, micro-
autophagy, and chaperone-mediated autophagy (9). Macro-
autophagy, the major type of autophagy (hereafter referred to
as autophagy), entails formation of double-membrane vesicles
(autophagosomes) that sequester damaged organelles and bio-
molecules and recycle them after transport into lysosomes,
where they are degraded. The rate of autophagy is increased in
response to diverse stress conditions, including nutrient depriva-
tion, viral infection, and genotoxic stress. In this way, autophagy
controls the cross-talk between the intracellular demand for
energy, building blocks, and external stimuli (9). Autophagy is
critically involved in mammalian development, cell survival, and
longevity (10), and its impairment correlates with many patho-
logical conditions (11), including pancreatitis (7). Notably, the
mammalian exocrine pancreas exhibits a higher autophagy rate
(or autophagic flux) than the liver, kidney, heart, or endocrine
pancreas (12), underscoring the likely importance of autophagy
in maintaining acinar cell homeostasis and function. Until recently,
however, the role of autophagy in pancreatitis has been controversial.
On one hand, the genetic inhibition of autophagy [Autophagy Related
5 (Arg5) gene ablation] was found to reduce trypsinogen activation and
attenuate pancreatic damage in mice challenged with the pancreatic
enzyme secretagogue cerulein (13); but selective and protective
autophagy can sequester and degrade potentially deleterious acti-
vated zymogens during early pancreatitis (14). More recent findings
from experimental models (cerulein-induced pancreatitis), and ge-
netically altered mice (Pdx-Cre; Ikka'"", also known as Ikka"™, and
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Pifla-Cre; Atg5™") have demonstrated that insufficient autophagy, at
least in mice, can lead to the onset of pancreatitis (15-17). The
mechanisms by which disruption of autophagy triggers pancreatitis are
poorly understood.

Degradation of long-lived proteins, a major function of auto-
phagy, is impaired during experimental pancreatitis, especially after
administration of cerulein, which causes acinar cell vacuolization
and excessive trypsinogen activation (18). Moreover, autophagic
flux is reduced during pancreatitis due to defective cathepsin-
mediated processing of lysosomal proteases (18). Similarly, pancreas-
specific ablation of inhibitor of IxB kinase (IKK)a results in acinar
damage ranging from vacuole accumulation to chronic pancreatitis

(15). IKKa deficiency impairs the completion of autophagy in
acinar cells, with accumulation of the chaperon and autophagy
substrate ubiquitin-binding protein p62/SQSTM1 as the key
pathogenic mechanism (15). However, ablation of ATGS was
reported to either inhibit (13) or promote (16) pancreatitis. In
addition, inhibition of autophagy can either accelerate the de-
velopment of early malignant lesions in mice lacking the trans-
formation-related protein 53 (p53) (19) or cause the death of
established pancreatic cancer (20). The latter results gave rise
to several ongoing clinical trials (clinicaltrials.gov numbers
NCT01494155, NCT01978184, NCT01506973, NCT01128296, and
NCT01273805) that intend to evaluate the impact of autophagy
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Fig. 1. Atg7P?" mice exhibit pancreatic degeneration, inflammation, and fibrosis. (A) IB analysis of ATG7 in pancreatic lysates of 12-wk-old mice of indicated
genotypes. (B) Gross morphology of pancreata in 12-wk-old Atg7”" and Atg7*P®" mice. (C) H&E staining of pancreatic tissue sections from 4- and 12-wk-old
mice. (Scale bars, 100 um.) (D) Histological analysis (IHC) of pancreatic sections from 12 wk old Atg7"F and Atg7*P®" mice. Sirius Red, TUNEL, and Ki67 staining,
and corresponding quantitation of positive cells per high power (200x) field (HPF). (Scale bars, 100 um.) (E) IB analysis of caspase 8 in pancreatic lysates from
3-wk-old mice. ERK1/2: loading control. (F) qPCR analysis of a-SMA (Acta2), collagen1A(l) (Col1a1) and collagen 3A(l) (Col3a1) mRNAs in 12-wk-old mice of
indicated genotypes. Values in D and F are means + SEM n = 3-4 mice per condition. *P < 0.05, **P < 0.01, ***P < 0.001.
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inhibitors on human pancreatic cancer. However, a recent com-
mentary has raised concerns about the safety of this therapeutic
approach (21). Given all of these questions, we decided to take a
closer look at the impact of autophagy inhibition on pancreatic
health and function by generating mice that lack autophagy-
related protein 7 (ATG7) in pancreatic epithelial cells. These
mice, termed Arg7°"*", exhibit striking acinar cell degeneration,
which is followed by pronounced pancreatic inflammation and
fibrosis. Whereas loss of ATG?7 leads to the expected decrease in
autophagic flux, it also results in ER stress, accumulation of
dysfunctional mitochondria, oxidative stress, and a marked re-
duction in protein synthetic ability.

Results

Loss of Pancreatic ATG7 Results in Acinar Cell Damage and Inflammation.
To investigate the role of autophagy in pancreatic ghysiology
and homeostasis we generated PdxI-Cre; Atg7"" (Atg7°"“") mice,
which lack the essential autophagy gene Atg7 in all pancreatic
epithelial cells (PECs), by crossing Atg7""* mice (22) with PdxI-
Cre mice. Immunoblot (IB) analysis of whole pancreas lysates
confirmed complete loss of ATG7 in pancreata of Atg7*"*" mice
compared with Cre-negative controls (Fig. 14). At 12 wk of age,
Atg7°P" mice exhibited severe pancreatic degeneration as sug-
gested by the whitish, fibrotic appearance of the pancreas (Fig.
1B). Histological analysis of pancreatic tissue from 4- and 12-wk-
old Atg7*P*" mice showed absence of healthy morphology and
dramatic and progressive tissue damage (Fig. 1C), with enhanced
cell death (Fig. 1D) and compensatory proliferation at 12 wk as
shown by the increase in Ki67 and PCNA-positive nuclei in the
remaining amylase positive cells (Fig. 1D and Fig. S14). Cell death
was accompanied by caspase-8 activation (Fig. 1E), suggesting it may
be induced in response to elevated expression of death-promoting
cytokines. Sirius red staining, which detects collagen accumulation,
showed the onset of fibrosis (Fig. 1D), which was confirmed by
up-regulation of a-SMA (Acta2), collagenlA(I) (Collal), and
collagen3A(I) (Col3al) mRNAs (Fig. 1F). Atg7-deficient pancreata
also displayed up-regulation of numerous cytokine, chemokine,
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and immune cell marker genes, such as Tnf, 116, Ccl2, and F4/80
(Fig. S1B).

To identify the type of damaged cells in the Atg7*"*" pancreas,
we analyzed expression of acinar cell markers and observed re-
duced protein and mRNA expression of a-amylase and elastase
(Fig. 2 A and B). This was accompanied by a decrease in amylase
positive cells in Atg7**" pancreata (Fig. 2C), highlighting pro-
nounced acinar cell damage and loss. Intrapancreatic trypsin
activity was elevated at an early (4 wk) but not at a later (12 wk)
time point (Fig. 2D), suggesting that premature, intraacinar,
trypsinogen activation is just one of several factors that con-
tribute to this disease (15, 16). Collectively, these results indicate
that loss of ATG7 triggers pancreatic atrophy, fibrosis, and chronic
pancreatitis.

Loss of Pancreatic ATG7 Impairs Autophagy. ATG?7 is an E1 ligase-
like enzyme that activates microtubule-associated protein 1A/
1B-light chain 3 (LC3)-I and ATG12 during autophagosome
elongation (23). Therefore, its loss should inhibit autophagosome
formation and downstream autophagic protein degradation. In-
deed, measurement of bulk long-lived protein degradation in
Atg7*"“" primary acinar cells in the absence or presence of the
autophagy inhibitor 3-methyladenine (3MA) revealed impaired
autophagic flux, with a baseline value that was neither further
decreased by 3MA treatment, nor induced after stimulation with
the ER stress inducer tunicamycin (Fig. 34). In addition, Atg7***"
primary acinar cells and pancreata exhibited accumulation of
the autophagy substrate and chaperone p62 (Fig. 3 B and C and
Fig. S2 A and B) and the unmodified form of LC3 (LC3B-I),
although the presence of phosphatidylethanolamine (PE) con-
jugated LC3 (LC3B-II) (Fig. 3B) indicates residual noncanonical
authophagy (24). Whereas expression of key autophagy-related
genes was unaffected by Azg7 ablation (Fig. S2C), p62 mRNA was
considerably elevated in Atg7***" pancreata (Fig. 3D). The increase
in p62 mRNA could be due to either activation of a positive feed-
back loop involving the nuclear factor erythoroid 2 (NRF2) (25)
or activation of NF-xB by inflammatory cytokines (26).

B D Atg7F/F
e Wl Atg74van
<
pd
X 1.0
S
)
2
= *
< 0.5+ *
[h4
0.0~
g @
¥ &
&
1.00
D Atg7F/F
- ¥ Wl Atg724pan
< .% 0.754
g
>a
o -
.gé 0.50
B o
<E
£ 0.254
0.00-
4w 12w

Fig. 2. Loss of pancreatic ATG7 results in acinar cell damage. (A-C) Analysis of acinar cell markers in 12-wk-old Atg7F’F and Atg7A”"” mice by IB (A), qPCR (B),
IHC (C, Top), or IF (C, Bottom). Results in B are means + SEM n = 3-4 mice per condition. *P < 0.05. [Scale bars in C, 50 um (IHC) and 100 pm (IF).] (D) Trypsin
activity in pancreata of 4- and 12-wk-old Atg7"F and Atg7*P®" mice. Results are means + SEM n = 6 (4 w), n = 3 (12 w). *P = 0.06.
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Fig. 3. Impaired autophagy and p62 accumulation in Atg7*P®" pancreata. (A) Autophagic flux in Atg7"F and Atg7°P®" primary acinar cells treated or not with
the ER stress-inducer tunicamycin (10 pg/mL, 4 h) in the absence (not treated, NT) or presence of the autophagy inhibitor 3-MA (10 mM), and MG132 (100 nM).
Results are means + SEM of triplicates. n = 3-4 mice per condition. *P < 0.05. (B) IB analysis of LC3B and p62 in pancreatic lysates from 12-wk-old mice. (C) p62
IHC of pancreatic sections from 12-wk-old mice of the indicated genotype. (Scale bars, 100 pm.) (D) gPCR analysis of p62 mRNA. Results are means + SEM of

triplicates. n = 3-4 mice per condition. *P < 0.05.

Loss of ATG7 Results in ER Stress and Mitochondrial Dysfunction.
Impaired autophagy can contribute to ER stress by inhibiting
degradation of misfolded proteins (15), which undergo ubig-
uitination and are bound by p62 (27). Indeed, we detected pro-
nounced aggregates/inclusion bodies containing p62 in Atg747*"
pancreata (Fig. 44). Fittingly, electron microscopy (EM) revealed
extensively distended and dilated ER with nearly complete loss of
associated ribosomes in Atg7*”*" pancreata, which was quantified
by stereological analysis (Fig. 4B). Furthermore, ER stress activates
a complex signaling network in Afg7*"*" pancreata, the unfolded
protein response (UPR), to restore homeostasis (28). Indeed, im-
munoblot analysis revealed increased amounts of cleaved ATF6a
p50, phosphorylated PKR-like ER kinase (PERK), and translation
initiation factor 2o (eIF2a; Fig. 4C and Fig. S34), all of which
decrease translation initiation. The proteolytic cleavage and acti-
vation of ATF6 were confirmed by increased mRNA and protein
expression of GRP78/Bip and GRP94 (Fig. 4 C and D). Increased
expression of C/EBP-homologous protein (CHOP) which is con-
trolled by the PERK-eIF2a -ATF4 pathway, was also seen (Fig. 4
C and D and Fig. S34). Moreover, Aig7""*" pancreata also showed
increased XBP1 mRNA splicing, indicating IRElx activation (Fig.
4D) (28).

ER stress can promote mitochondrial damage (29), and autophagy/
mitophagy is responsible for removal and recycling of damaged
or aged mitochondria (30). Congruently, EM analysis revealed
accumulation of fused, electron-dense, and abnormally looking
mitochondria, containing fewer and swollen cristae in Atg7°7*"
pancreata (Fig. 54). These morphological alterations, which
were absent in Atg™F tissue, correlated with increased protein
and mRNA expression of parkin, a protein responsible for dec-
orating defective mitochondria with polyubiquitin chains, and
mitofusin 1 (Mfnl), a GTPase that regulates mitochondrial fu-
sion (Fig. 5B and Fig. S3B) (30). Damaged mitochondria and ER
stress result in accumulation of reactive oxygen species (ROS).
This was confirmed by enhanced staining of Atg7***" pancreata

Antonucci et al.

with dihydroethidium (DHE), which is oxidized by superoxide
anions (Fig. S3C). Mitochondrial DNA amounts were decreased
(Fig. S3D), further supporting the presence of extensive mito-
chondrial damage. Atg7*"" pancreata contained high amounts
of Ucp2 mRNA (Fig. S3B), encoding a mitochondrial protein lo-
cated on the inner mitochondrial membrane, involved in adaptive
response to mitochondria-derived ROS and oxidative damage (31).

Activation of Protective and Counteractive Responses. Disruption of
autophagy, accumulation of p62, and buildup of ROS also lead
to activation of counteractive protective responses. First and
foremost, both ROS accumulation and elevated p62 expression
result in activation of nuclear factor erythoroid 2 (NRF2), which
stimulates the expression of genes encoding antioxidant enzymes
(32). As expected, NRF2 was up-regulated in both Atg74*"
pancreata and primary acinar cells and its up-regulation correlated
with elevated expression of numerous NRF2 target genes (Fig. 5 C
and D and Fig. S3E).

Immunoblot analysis also revealed accumulation of Bcl-XL
and Bcl2, two antiapoptotic proteins that prevent and attenuate
apoptosis and necrosis in pancreatitis, and X-linked inhibitor of
apoptosis protein (XIAP), which negatively regulates caspase ac-
tivation (Fig. SE). Oxidative stress and mitochondrial damage lead
to p53 activation (33). Congruently, p53 protein and p53 target
genes were elevated in Atg7***" pancreata (Fig. S3 F and G).

Reduced ATP production due to mitochondrial damage should
lead to activation of AMP-sensitive protein kinase (AMPK), which
can stimulate mitochondrial biogenesis and lead to mTORC1
inhibition (34). Indeed, AMPK phosphorylation was markedly
elevated in Atg7*"*" tissue (Fig. SF and Fig. S3H). Fittingly,
phosphorylation of the mTORCI substrate 4E-BP1 was reduced
along with phosphorylation of ribosomal protein S6, the sub-
strate of p70S6K, another direct mTORCI target (Fig. 5G and
Fig. S3I). Reduced mTORCI activity correlated with a decrease
in the rate of protein synthesis in Atg7*"*" acinar cells (Fig. SH).
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Loss of ATG7 results in ER stress. (A) IF analysis of p62-containing protein aggregates in Atg7”" and Atg*?®" pancreata. (Scale bars, 20 ym.) (B) EM

images showing dilated ER (arrow) and accumulation of smooth ER, quantified by stereological analysis in 12-wk-old Atg7”F and Atg72P®" mice. [Scale bars,
2 um (Left) and 250 nm (Right).] Results are means + SEM n = 7-8 micrographs per condition (one mouse for each condition). ***P < 0.001. (C and D) Expression
of ER stress markers in pancreata of 12-wk-old Atg7"”" and Atg7P®" mice. (C) IB analysis of indicated proteins. Loading control: Actin (Top), ERK1/2 (Bottom).
(D) Analysis of the indicated mRNAs by qPCR. Results are means + SEM n = 4 mice per condition. *P < 0.05.

Inhibition of protein synthesis may be responsible for the nearly
complete absence of RER in ATG7-deficient pancreata.

Pancreatic injury also triggers a counteractive regenerative
response that restores digestive enzyme-producing acinar cells.
This response entails the proliferation of residual acinar tissue
and acinar to ductal metaplasia (ADM), a process in which acinar
cells dedifferentiate to become ductal progenitors, which even-
tually restore acinar tissue mass and function (35, 36). Awg7**"
12-wk-old pancreata exhibited up-regulation of several pancre-
atic progenitor and ductal markers, including Ptf1, Sox9, CK19,
and Pdx1, as well as the Notch target genes Hes! and Nestin (Fig.
64). Protein expression of Sox9 and Hesl was also elevated (Fig.
6B), as well as the mRNA expression of matrix metalloproteinase
7 (Mmp7; Fig. 64), a metalloproteinase involved in Notch activation
(37). Histological analysis confirmed the presence of structures
consistent with ADM in Afg7*7*" pancreata, which were absent
in Atg7"'" pancreata (Fig. 6C).

Role of p62 and Oxidative Stress in Pancreatic Pathology. Because
p62 is a key pathogenic mediator in another genetic model of
chronic pancreatitis (15), we examined its role as a possible me-
diator of the ATG7-deficient phenotype. The 12-wk-old double
knockout mice, deficient in both ATG7 and p62 (PdxI™; Atg7"";
p62""F), still exhibited pancreatic damage, inflammation, and ADM
formation. Only a partial rescue of the Azg7*”*" phenotype was
observed, with a significant increase in acinar gene expression
(Amy2A4; Fig. S4A, Left), and reduced expression of NRF2 target
genes like Gstml1 and Nqol (Fig. S44, Right). However, expression
of fibrogenic, progenitor and ductal markers remained unchanged,
and genes involved in UPR, with the exception of the down-reg-
ulation of XBP1 splicing, remained elevated (Fig. S4B). Immuno-
blot analysis revealed the persistence of elevated p53, CHOP, and

E6170 | www.pnas.org/cgi/doi/10.1073/pnas.1519384112

phosphorylated PERK and eiF2a (Fig. S4 C and D), indicating that
ER stress, DNA damage, and inhibition of protein synthesis still
occur in the absence of p62.

Given the extensive oxidative stress in Atg7A"“" mice, We ex-
amined whether antioxidants can ameliorate some of the pa-
thology. We fed 2-mo-old mice with chow containing butylated
hydroxyanisole (BHA) or normal chow for 4 wk. BHA is a widely
used antioxidant and preservative in food and medicines. His-
tological analysis of pancreatic tissue from Atg7*7*" mice fed with
BHA-containing diet showed partial restoration of healthy
morphology and less tissue damage than in A#g7*7*" mice fed
normal chow (Fig. 6D). The reduction in tissue damage was also
highlighted by up-regulation of the acinar marker Amy2a (Fig.
6F). In vitro treatment of primary acinar cells derived from
Atg7*"™ and Atg7""" mice was also protective and increased
Amy2a expression (Fig. S54). Moreover, in vivo BHA treatment
reduced fibrosis, as demonstrated by diminished expression of
collagen1A(I) (Collal) and collagen3A(I) (Col3al) (Fig. 6F),
but failed to attenuate the inflammatory response, characterized
by up-regulation of cytokine and chemokine gene transcription
(Fig. S5B). Although ER stress and oxidative stress are linked
(28), BHA treatment did not prevent p62 accumulation (Fig.
S5C) and up-regulation of ER stress markers (Fig. S5 C and D).
Phosphorylated eiF2a remained elevated and mTORCI re-
mained inhibited as indicated by persistence of lower amounts of
phospho-S6 (Fig. S5C).

Discussion

The results described above indicate that ATG7-dependent
autophagy is absolutely essential in both genders for mainte-
nance of normal pancreatic acinar cell Ehysiology and homeo-
stasis. Unlike previously described Tkka™”** and Arg5*"*" mice,
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Fig. 5. ATG?7 ablation results in accumulation of aberrant mitochondria, oxidative stress, and activation of protective and counteractive responses. (4) EM images
showing accumulation of abnormally looking mitochondria (arrow) in 12-wk-old mice. [Scale bars, 2 pm (Left), 250 nm (Top Right), and 500 nm (Bottom Right).]
Healthy vs. damaged mitochondria were quantified by stereological analysis. Results are means + SEM n = 7-8 micrographs per condition (one mouse for each
condition). ***P < 0.001. (B) Mfn1 and Parkin expression in pancreata of above mice. Protein amounts were determined by densitometry and normalized to actin
(Bottom). (C) Protein expression of NRF2 and NQO1 in primary acinar cell (NRF2), and total prancreata samples (NQO1) of 12-wk-old Atg7” and Atg7*P®" mice. (D)
Expression of the indicated pancreatic mRNAs was determined by qPCR. Results are means + SEM of triplicates. n = 3 mice per condition. *P < 0.05, **P < 0.01 vs.
Atg7™. (E) IB analysis of antiapoptotic proteins. (F) IB analysis of total and phosphorylated AMPKa« in 12-wk-old pancreata. (G) IB analysis of phosphorylated mTORC1
targets in pancreatic lysates. (H) Protein synthesis in primary acinar cells of Atg72P®" and Atg7™ mice, quantified as the ratio of [*H]-leucine incorporated into TCA
insoluble material between control and cycloheximide (30 pg/mL) treated cells. *P < 0.05 vs. Atg7™". Results are means + SEM of triplicates. n = 3 mice per condition.

which exhibit autophagy defects that can be ameliorated by the
loss of p62 (15, 16), the more severe pancreatitis and acinar
tissue atrophy in Atg7*"“" mice cannot be rescued by additional
p62 ablation. These findings also stand in marked contrast to
those reported in an earlier study in which A1g5 was ablated using
Cre recombinase driven by the elastase promoter (13). In that
study, no pancreatic injury was observed and the ATGS de-
ficiency was even claimed to ameliorate cerulein-induced pan-
creatic injury (13), a rather odd finding because cerulein-induced
pancreatic injury entails inhibition of autophagic protein degra-
dation (18). Notably, a more recent study demonstrated that

Antonucci et al.

Ptfla-Cre—-mediated Atg5 ablation does result in the development
of pancreatitis (16), albeit not as severe as the pathology seen in
Atg7*"“" mice. Although the basis for these differences is not
entirely clear, our results strongly suggest that ongoing auto-
phagy is needed for the continuous recycling of misfolded pro-
teins, which spontaneously appear in acinar cells due to their
very high protein synthesis rate. Notably, the UPR is also linked
to an autophagy-related, proteasome-independent mechanism of
protein degradation, known as endoplasmic reticulum-associated
degradation, ERAD (2). Therefore, ATG7-dependent autophagy
controls the health and survival of acinar cells, by maintaining
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functional ERAD as well as supporting elevated protein syn-  also supplies the protein synthetic machinery with amino acids
thesis. ATG7-dependent autophagy leads to clearance of in- released upon lysosomal proteolysis of misfolded proteins and
clusion bodies containing misfolded proteins bound to p62 and  damaged organelles. Afg7 ablation results in accumulation of inclusion
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bodies and extensive ER stress, one of whose consequences is
inhibition of translation initiation through PERK-mediated phos-
phorylation of eIlF2a (38). Both PERK activation and eIF2o phos-
phorylation are elevated in Atg7*P™* pancreata. We envision the UPR
response, which leads to inhibition of mRNA translation and con-
sequent decrease in ER protein load, as the last opportunity for the
stressed acinar cell to fight against chronic damage and restore cel-
lular homeostasis. However, despite UPR activation, the impair-
ment of autophagy-related ERAD prevents the restoration of
homeostasis, resulting in other rather severe sequelae, including
the perturbation of Ca** homeostasis (39), which promotes mi-
tochondrial damage. Damaged mitochondria are cleared via
mitophagy, and therefore the ATG7 deficiency leads to extensive
accumulation of damaged mitochondria in A#g7*"" acinar cells,
and a compensatory response that attempts to stimulate mitophagy
by increasing parkin and mitofusin 1. Mitochondrial damage results
in insufficient production of ATP, leading to the activation of AMPK
and inhibition of mTORCI, thereby causing further inhibition of
protein synthesis due to accumulation of nonphosphorylated 4E-BP1
(33). Although AMPK activation may result in stimulation of mito-
chondrial biogenesis, this is insufficient for preventing the decrease in
mitochondrial DNA in A1g7*"*" cells. Damaged mitochondria, to-
gether with aggregated proteins and a chronic ER stress, further
enhance ROS accumulation leading to activation of p53 and up-
regulation of proapoptotic and antiproliferative genes (33), as
well as NRF2 activation (32).

Despite activation of NRF2 and elevated expression of several
antioxidant enzymes, the overall metabolic balance in the ATG7-
deficient acinar cells is in favor of ROS accumulation and
oxidative stress. We tried to ameliorate oxidative stress phar-
macologically by feeding Atg7*7** mice with BHA-containing
diet with only partial success. Although BHA feeding prevented
loss of acinar cells due to ADM and reduced the extent of fi-
brosis, it did not prevent ER stress and the inhibition of protein
synthesis. Together, ER stress, mitochondrial damage, ATP de-
pletion and oxidative stress promote the death of untreated
ATGT7-deficient acinar cells, leading to tissue injury and in-
flammation. Death-promoting cytokines, such as TNF, produced
by infiltrating inflammatory cells induce caspase-8 activation in
cells with inhibited protein synthesis and further accelerate the
death of ATG7-deficient acinar cells. It remains to be determined,
however, whether ATG7 deficiency or defects in other essential
autophagy mediators underlie some forms of human pancreatitis,
or whether the vicious cascade triggered by the ATG7 deficiency
represents an extreme version of the pathogenic process triggered
by environmental factors, such as alcohol or obesity, which in-
terfere with the initiation or completion of normal autophagy (7).

Materials and Methods

Mice and Treatments. Atg7”" and p627F mice (22, 40, 41) were intercrossed
with B6.FVB-Tg(Ipf1-cre)1Tuv/Nci Pdx7<"® mice (42) to obtain the compound
mutants: Pdx1<"¢; Atg7™" (Atg7°Pa"), Pdx1<"¢; Atg7™F; p62fF (Atg7*Pan;
p62°P3"). All mice were maintained in filter-topped cages with free access to
autoclaved food and water, and experiments were performed in accordance
to University of California, San Diego and NIH guidelines and regulations.
Cre-negative mice served as controls. Because ATG7 ablation causes the
same phenotype in both in males and females, we included both genders in
our study, and all experiments were conducted on age- and gender-matched
littermates. When indicated, 2-mo-old mice were fed with BHA containing
(0.7%) (LabDiet, 5053) or normal chow for 4 wk.

Immunoblot Analysis. Immunoblot analysis was performed on tissue lysates as
described and probed with the antibodies listed in SI Materials and Methods.
Densitometric analysis was performed using ImageJ software.

Histology, Inmunohistochemistry, Inmunofluorescence, and DHE Staining.

Pancreata were dissected and fixed in 10% neutral-buffered formalin and em-
bedded in paraffin. Five-um sections were prepared and stained with hema-
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toxylin and eosin (H&E) or Sirius red. IHC and DHE were performed as
described in S/ Materials and Methods.

In situ TUNEL staining was performed using the DeadEnd Colorimetric
TUNEL System Kit (Promega). Sirius red-positive area was quantified using
Image) software. TUNEL- and Ki67-positive cells were counted in at least
three random fields (200x) on each slide. All of the quantification results are
depicted in the bar graphs next to each panel.

Images were captured on an upright light/fluorescent Imager A2 micro-
scope (Zeiss) equipped with an AxioCam camera.

RNA Extraction and Quantitative PCR. Total RNA was extracted from pancreata
using RNAeasy kit (Qiagen) following manufacturer’s instruction. cDNA was
synthesized using iScript cDNA Synthesis kit (Bio-Rad) and gPCR was per-
formed on a CFX-96 Real-Time PCR Detection System (Bio-Rad). Gene ex-
pression was calculated as described in S/ Materials and Methods.

Autophagic Flux. Autophagic flux was performed as described (15) (SI Ma-
terials and Methods).

Enzyme Assays. Trypsin activity was measured in pancreatic homogenates as
described (15). See S/ Materials and Methods for details.

Transmission Electron Microscopy. Mice were fixed via cardiac perfusion at
37 °C with 2% paraformaldehyde (freshly made), 2.5% glutaraldehyde in
pH 7.4, 0.1 M sodium cacodylate buffer with 0.03% calcium chloride. Pancreata
were washed five times with ice-cold buffer consisting of 0.1 M sodium
cacodylate, 0.03% calcium chloride, and postfixed with ice-cold 1% OsO,,
0.8% KFe(CN)3, 0.03% CaCl, in 0.1 M sodium cacodylate for 1 h on ice, washed
three times with ice-cold distilled water, stained with 2% uranyl acetate at
4 °C for 1 h, dehydrated with graded ethanol solutions, and embedded in
Durcupan ACM resin (Fluka). Ultrathin 80-nm-thick sections were made using
a Leica Ultracut UCT ultramicrotome and Diatome 45° diamond knife. Sections
were poststained with Sato lead before imaging with a FEI Spirit trans-
mission electron microscope operated at 120 kV. Mosaics were collected
at 11,000 x g with a Teitz TemCam F224 2k by 2k CCD camera to allow
entire cells to be view with their corresponding RER and mitochondria
population. Quantification of RER and mitochondrial volume over total
cell volume measured as number fraction in EM images was performed
using stereology software (IMOD version 4.7, University of Colorado).

mtDNA Quantification. Mitochondrial DNA (mtDNA) to nuclear DNA (nDNA)
ratio was determined by qPCR analysis of the difference in threshold amplifi-
cation (AACt method) (43). Primers are listed in S/ Materials and Methods.

Measurement of Pancreatic Acinar Cell Protein Synthesis. Pancreatic acinar cell
suspension is prepared as described above, by collagenase digestion, and
preincubate in leucine-free DMEM for 2 h supplemented with 50 pM of the
proteasome inhibitor MG132, and 30 pg/mL cycloheximide. The cells were
labeled with 1 pCi [3H]-leucine (PerkinElmer) for 1 h and washed by centri-
fugation to remove unincorporated radioactivity and released amino acids.
At the end of the incubation, cells were washed twice with PBS. The cells
were lysed and proteins were precipitated in ice-cold 10% TCA (Sigma-
Aldrich), and then dissolved at 37 °Cin 0.2 M NaOH for 2 h. Radioactivity was
measured by liquid scintillation counting. Background samples contain
NaOH to control for chemiluminiscence. Protein concentration from the TCA
precipitated samples was determined using BioRad protein detection reagent.

Statistical Analysis. Data are expressed as means + SEM. A two-tailed Stu-
dent’s t test was used for comparing two groups and results were considered
significant at P < 0.05.
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