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ABSTRACT
Impaired macroautophagy/autophagy has been implicated in experimental and human pancreatitis.
However, the transcriptional control governing the autophagy-lysosomal process in pancreatitis is
largely unknown. We investigated the role and mechanisms of TFEB (transcription factor EB), a master
regulator of lysosomal biogenesis, in the pathogenesis of experimental pancreatitis. We analyzed
autophagic flux, TFEB nuclear translocation, lysosomal biogenesis, inflammation and fibrosis in GFP-LC
3 transgenic mice, acinar cell-specific tfeb knockout (KO) and tfeb and tfe3 double-knockout (DKO) mice
as well as human pancreatitis samples. We found that cerulein activated MTOR (mechanistic target of
rapamycin kinase) and increased the levels of phosphorylated TFEB as well as pancreatic proteasome
activities that led to rapid TFEB degradation. As a result, cerulein decreased the number of lysosomes
resulting in insufficient autophagy in mouse pancreas. Pharmacological inhibition of MTOR or protea-
some partially rescued cerulein-induced TFEB degradation and pancreatic damage. Furthermore, genetic
deletion of tfeb specifically in mouse pancreatic acinar cells increased pancreatic edema, necrotic cell
death, infiltration of inflammatory cells and fibrosis in pancreas after cerulein treatment. tfeb and tfe3
DKO mice also developed spontaneous pancreatitis with increased pancreatic trypsin activities, edema
and infiltration of inflammatory cells. Finally, decreased TFEB nuclear staining was associated with
human pancreatitis. In conclusion, our results indicate a critical role of impaired TFEB-mediated lysoso-
mal biogenesis in promoting the pathogenesis of pancreatitis.

Abbreviations: AC: acinar cell; AMY: amylase; ATP6V1A: ATPase, H+ transporting, lysosomal V1 subunit
A; ATP6V1B2: ATPase, H+ transporting, lysosomal V1 subunit B2; ATP6V1D: ATPase, H+ transporting,
lysosomal V1 subunit D; ATP6V1H: ATPase, H+ transporting, lysosomal V1 subunit H; AV: autophagic
vacuole; CDE: choline-deficient, ethionine-supplemented; CLEAR: coordinated lysosomal expression and
regulation; CQ: chloroquine; EIF4EBP1: eukaryotic translation initiation factor 4E binding protein 1; EM:
electron microscopy; GAPDH: glyceraldehyde-3-phosphate dehydrogenase; GFP: green fluorescent pro-
tein; H & E: hematoxylin and eosin; KO: knockout; LAMP1: lysosomal-associated membrane protein 1;
MAP1LC3/LC3: microtubule associated protein 1 light chain 3; MAPK1/ERK2: mitogen-activated protein
kinase 1; MTORC1: mechanistic target of rapamycin kinase complex 1; ND: normal donor; NEU: neutro-
phil; PPARGC1A/PGC1α: peroxisome proliferator-activated receptor, gamma, coactivator 1 alpha; RIPA:
radio-immunoprecipitation; RPS6: ribosomal protein S6; SQSTM1/p62: sequestosome 1; TFEB: transcrip-
tion factor EB; TM: tamoxifen; WT: wild-type; ZG: zymogen granule
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Introduction

Pancreatitis is an inflammatory disease caused by the damage
of the exocrine acinar cells, which is the most common cause
of hospitalization of gastrointestinal disorders in the United
States. The pathogenesis of pancreatitis remains unclear and
thus no successful treatment for pancreatitis is available [1].
Recent evidence suggests that pancreatitis is prevented by

controlling the homeostasis and quality of zymogen granules
(ZGs) and lysosomes through autophagy [2–4]. Autophagy –
one component of the lysosomal degradation pathway – is
a highly conserved survival and quality control mechanism
that is activated in response to stresses such as the deprivation
of nutrients or growth factors [5,6]. The direct connection
between the autophagy-lysosomal pathway and pancreatitis is
demonstrated by deletion of lysosomal and essential Atg
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(autophagy related) genes, which leads to spontaneous pan-
creatitis [7,8]. In addition, impaired lysosomal function and
decreased pancreatic LAMP1/2 (lysosomal-associated mem-
brane protein 1/2) expression have also been reported in
experimental pancreatitis models [7,9]. However, the tran-
scriptional control governing the autophagy-lysosomal pro-
cess in pancreatitis is largely unknown. Moreover, the exact
step that is impaired in the autophagic process in pancreatitis
also remains poorly understood.

It has been reported that fragile ZGs can be removed by
autophagy to avoid intracellular activation of trypsinogen and
subsequent pancreatitis in cerulein-induced pancreatitis [4].
Dysfunctional and abnormal autolysosomes or lysosomes man-
ifest as large vacuoles, which are common phenotypes in experi-
mental pancreatitis and human pancreatitis [1,2]. Since
lysosomes sit at the last step of autophagy by fusing with autop-
hagosomes, accumulation of dysfunctional lysosomes can lead to
impaired autophagic degradation. Therefore, maintaining the
quantity and quality of lysosomes through lysosomal biogenesis
is critical to maintaining sufficient autophagic degradation for
removal of damaged and fragile ZGs to protect against the
pathogenesis of pancreatitis.

TFEB (transcription factor EB) is a master transcription
regulator of a subset of genes for lysosomal biogenesis and
autophagy [10,11]. TFEB is a basic helix-loop-helix leucine
zipper transcription factor belonging to the coordinated lyso-
somal expression and regulation (CLEAR) gene network [12].
In response to increased autophagic degradation needs, TFEB
coordinates an efficient transcription program to upregulate
genes that are responsible for both early (autophagosome
formation) and late (lysosome biogenesis) phases of autop-
hagy. TFEB is mainly regulated at its posttranslational level
via phosphorylation of specific amino acid residues. MTOR
(mechanistic target of rapamycin kinase) and MAPK1/ERK2
(mitogen-activated protein kinase 1) phosphorylate TFEB at
Ser142 and Ser211 to enhance its binding with the cytosolic
chaperone YWHA/14–3-3 (tyrosine 3-monooxygenase/tryp-
tophan 5-monooxygenase activation protein), resulting in
TFEB sequestration in the cytosol and reduced TFEB tran-
scription activity [12]. Conversely, lysosomal Ca2+ release
activates the phosphatase calcineurin, which dephosphorylates
TFEB at Ser142 and Ser211 and promotes TFEB nuclear
translocation [13].

In the present study, we found that pancreatic levels of
TFEB protein decreased in human pancreatitis and in experi-
mental mouse models of pancreatitis. Decreased TFEB-
mediated lysosomal biogenesis induced by cerulein resulted
in insufficient autophagy and subsequent pancreatic injury.
Genetic deletion of tfeb specifically in mouse pancreatic acinar
cells exacerbated the pathogenesis of experimental pancreatitis
induced by cerulein.

Results

Cerulein induces acute pancreatitis in mice

We first established the acute experimental pancreatitis in mice.
Mice were given cerulein by 7 hourly injections as described
previously [14]. Cerulein significantly increased serum AMY

(amylase) and lipase activities compared with control mice that
received saline (Figure 1(a)). Histological analysis showed mark-
edly increased pancreatic edema, intracellular vacuoles in acinar
cells and increased infiltration of inflammatory cells in cerulein-
treated mouse pancreas (Figure 1(b)). EM studies further
revealed accumulated aberrant endoplasmic reticulum mem-
branes and large autolysosome-like structures that enveloped
with ZGs in acinar cells of cerulein-treated mice (Figure 1(c)),
typical hall markers of pancreatitis. Using GFP-LC3 transgenic
mice, increased colocolization of GFP-LC3 puncta with AMY-
positive ZG was readily detected by confocal microscopy (Figure
1(d)), further confirming with the EM data. These data indicate
that cerulein induces pancreatitis in mice, which is likely asso-
ciated with autophagic removal of ZG.

Cerulein induces insufficient autophagy with decreased
number of acinar cell lysosomes in mouse pancreas

GFP-LC3 transgenic mice were treated with cerulein to deter-
mine autophagic flux in mouse pancreas. As shown in Figure 2
(a), GFP-LC3 displayed a diffuse pattern in the cytosol of
acinar cells in control mice with a few number of puncta that
represented the basal autophagy. Following cerulein treatment,
the number of GFP-LC3 puncta increased significantly due to
their targeting to autophagosomal membranes (Figure 2(a,b)).
Autophagy is a dynamic process and newly synthesized autop-
hagosomes need to fuse with lysosomes to form autolysosomes
where autophagic cargos are degraded to complete the autop-
hagy process (autophagic flux). We found that the number of
lysosomes decreased in acinar cells after cerulein treatment as
judged by LAMP1-positive vesicles/puncta (labelled as red,
Figure 2(a,b)). We further found that the percentage of over-
layed GFP-LC3 puncta with LAMP1 was significantly lower in
cerulein-treated mouse pancreas than that of control mice
(Figure 2(a,b)). These data suggest that there are more accu-
mulated autophagosomes in cerulein-treated pancreatic acinar
cells than that of control mice, which is likely due to the lack of
sufficient number of lysosomes to fuse with autophagosomes.
To further determine the autophagic flux, GFP-LC3 mice were
further treated with chloroquine (CQ) with or without cerulein.
We found that cerulein treatment alone increased the levels of
GFP-LC3-II and endogenous LC3-II with minimal but detect-
able free GFP, the latter is generated from the degradation of
GFP-LC3-II in the autolysosomes [15]. CQ alone also increased
endogenous LC3-II, which reflects the basal autophagy in pan-
creas. However, the combination of CQ with cerulein treatment
had higher levels of GFP-LC3-II and endogenous LC3-II than
either cerulein or CQ alone treatment. Similar results were also
found in C57BL/6J mice after ceruelin and CQ treatment
(Figure S1A). According to the autophagy guidelines [16],
these data suggest that cerulein increases autophagic flux in
pancreas. However, the levels of SQSTM1/p62 (sequestosome
1), a substrate protein of autophagy, markedly increased after
cerulein treatment (Figure 2(c) and Figure S1A), suggesting
that cerulein-induced autophagy is not sufficient to degrade
SQSTM1 in pancreas. Because SQSTM1 is also regulated at the
transcription level, we determined the levels of Sqstm1 mRNA
after cerulein. We found that cerulein treatment significantly
increased gene expression of Sqstm1 but not Lc3b in pancreas
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(Figure S1B). Collectively, based on the increased pancreatic
SQSTM1 and decreased lysosome numbers, cerulein may
induce insufficient autophagy in mouse pancreas, a scenario
similar to what we have recently described in mouse livers after
chronic alcohol exposure [17,18].

Cerulein impaires TFEB-mediated lysosomal biogenesis in
mouse pancreas

Since TFEB is the master regulator for lysosomal biogenesis
and cerulein decreased lysosome numbers in pancreatic acinar
cells, we next determined the cellular localization of TFEB in
acinar cells after cerulein treatment. Both immunohistochem-
ical and immunofluorescence staining of TFEB revealed

decreased nuclear staining of TFEB in cerulein-treated
mouse pancreas acinar cells whereas TFEB showed both cyto-
plasm and nuclei staining in control mouse pancreas acinar
cells (Figure 3(a,b)). We also found increased nuclear staining
of TFEB in pancreas acinar cells in starved mice (Figure S2A),
which validates the specificity of TFEB staining. Starvation
also decreased the levels of phosphorylated TFEB but
increased total TFEB as well as LC3-II levels in pancreas
(Figure S2B). In addition to acinar cells, we found that
TFEB also expressed in pancreatic duct cells in both mouse
and human pancreas (Figure S3A). Consistent with the
immunostaining data, cellular fractionation studies also
revealed that cerulein decreased both cytosolic and nuclear
TFEB levels dramatically to almost undetectable levels
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Figure 1. Cerulein induces pancreatitis in mice. Pancreatitis was induced by 7 hourly intraperitoneal injections of cerulein (50 μg/kg) in male C57BL/6J mice. (a)
Serum AMY and lipase levels were measured. Data shown are mean ± SE (n = 4). **p < 0.01 by Student t test. (b) Representative H&E staining images of mouse
pancreas from cerulein treatment. Right panel was an enlarged photograph from the indicated boxed area. Arrows denote vacuolized acinar cells. Arrow heads
denote infiltrated inflammatory cells. Omega denotes edema. Bar: 50 μm. (c) Representative EM images from saline and cerulein-treated mouse pancreas. N: nucleus.
White arrows: large autolysosomes. Green arrows: zymogen granule. Red arrows: aberrant ER membranes. Bar: 2 µm. (d) Male GFP-LC3 transgenic mice were
administrated with 7 hourly intraperitoneal injections of cerulein (50 μg/kg). Cryo-sections of pancreas were subjected to immunostaining for AMY (red) and nuclei
were stained with Hoechst33342 followed by confocal microscopy. Arrows denote the co-localization of GFP-LC3 (green) and AMY. Bar: 10 µm.
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compared with control mice (Figure 3(c)). Moreover, we
found that the total pancreatic levels of TFEB and
PPARGC1A, ATP6V1A and ATP6V1B2, all encoded by
TFEB-targeted genes, markedly decreased after cerulein treat-
ment
(Figure 3(d)). We further confirmed that cerulein decreased
TFEB proteins in a dose-dependent manner in mouse pan-
creas (Figure S4A). In addition to cerulein-induced pancrea-
titis, we also found that pancreatic TFEB protein decreased in
a choline-deficient ethionine-supplemented (CDE)-diet
induced pancreatitis (Figure S4B) as well as in chronic alcohol
plus binge alcohol-treated mice that induced mild pancreatitis
(data not shown). To further determine whether TFEB tran-
scription activity was impaired by cerulein, we performed
qRT-PCR analysis for the mRNA levels of TFEB target
genes. We found that the mRNA levels of several TFEB target
genes including tfeb, Ppargc1a as well as several known

ATPase H+ transporting V1 subunits significantly decreased
compared to control mice (Figure 3(e)). Collectively, these
data indicate that TFEB-mediated lysosomal biogenesis is
impaired in cerulein-induced pancreatitis in mice.

Cerulein increases proteasome activity and likely
activates MTOR and induces TFEB degradation in mouse
pancreas

To determine the temporal changes of TFEB in pancreas after
cerulein treatment, we performed a time-course study of cer-
ulein treatment. We found that cerulein increased the levels of
phosphorylated TFEB as early as at 1 h, which were further
increased at 3 h and declined at 7 h although the total TFEB
levels dramatically decreased as early as 1 h and remained such
a low level for up to 7 h. Interestingly, the levels of pancreatic
TFE3 also decreased at 1 h but recovered at 3 and 7 h following
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Figure 2. Cerulein decreases acinar cell lysosome numbers and induces insufficient autophagy in mouse pancreas. Male GFP-LC3 transgenic mice were administrated
with 7 hourly intraperitoneal injections of cerulein (50 μg/kg). Cryo-sections of pancreas were subjected to immunostaining for LAMP1 and nuclei were stained with
Hoechst33342. (a) Representative confocal microscopy images of cryo-sections of pancreas are shown. Arrows represent colocalized puncta of GFP-LC3 with LAMP1.
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cerulein treatment, indicating a different protein change
kinetics of TFEB and TFE3 in response to cerulein. The levels
of phosphorylated MAPK1 increased in all the time points in
cerulein-treated mouse pancreas without affecting the total
MAPK1. Activation of MTOR often leads to increased phos-
phorylation of RPS6 and EIF4EBP1, two well-known MTOR
substrate proteins. We found the levels of phosphorylated RPS6
increased as early as 1 h and sustained for up to 7 h but the
total RPS6 decreased at 1 h and recovered at 3 and 7 h in
cerulein-treated mouse pancreas. Similar to the changes of total
RPS6, the total EIF4EBP1 and MTOR also decreased at 1 h and
recovered at 3 and 7 h in cerulein-treated mouse pancreas. To
our surprise, the levels of phosphorylated EIF4EBP1 decreased
in all the time points but the levels of phosphorylated MTOR
decreased at 1 h but increased at 3 h and then declined at 7 h in
cerulein-treated mouse pancreas. The levels of FOXO1 (fork-
head box O1) and MCL1 (myeloid cell leukemia sequence 1),
two well-known proteins that degraded by proteasome, also
decreased at 1 h but recovered at 3 and 7 h in cerulein-treated
mouse pancreas (Figure 4(a)). Moreover, we found that the
proteasome activities increased to almost 200-fold in cerulein-
treated mouse pancreas at 1 h compared with control. While
the proteasome activities declined at 3 and 7 h in cerulein-
treated mouse pancreas, it remained significantly higher than

the control group (Figure 4(b)). Cerulein-induced proteasome
activation was significantly inhibited by the proteasome inhi-
bitor bortezomib (Figure 4(c)). Interestingly, bortezomib
markedly increased the total proteins of RPS6, EIF4EBP1,
FOXO1 and MCL1 and partially recovered TFEB protein that
were degraded by cerulein at 1 h in mouse pancreas (Figure 4
(d)). As a result, bortezomib also significantly inhibited serum
AMY and lipase activities induced by cerulein (Figure 4(e,f)).
We did not find significant changes on the phosphorylation of
AKT and its substrate GSK3B/GSK3β in cerulein-treated
mouse pancreas (Figure S5A and B). Torin 1, a specific
MTOR inhibitor, partially rescued cerulein-induced decreased
TFEB (rescued from 9% to 32% of control TFEB level) and
inhibited cerulein-induced serum AMY and lipase levels
although it only partially decreased cerulein-induced phos-
phorylation of RPS6 by 40% (Figure S6A and B). In contrast,
SCH772984, a specific MAPK inhibitor markedly inhibited
cerulein-induced phosphorylation of MAPK but had only
minimal effects on cerulein-induced decreased TFEB and had
little effects on cerulein-induced serum AMY and lipase levels
(Figure S6C and D). Taken together, these data indicate that
cerulein increases proteasome activities that may lead to
increased proteasome-mediated degradation of various pro-
teins including TFEB in mouse pancreas. Activation of
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MTOR but not MAPK seems play more important roles in
cerulein-induced TFEB degradation and pancreatic damage.

Acinar cell-specific tfeb knockout mice exacerbate
cerulein-induced pancreatitis

To test the role of genetic ablation of tfeb in pancreatitis, we
generated inducible acinar cell-specific tfeb knockout (KO)
mice. As can be seen, immunostaining for TFEB revealed
that acinar cell-specific tfeb KO mice had decreased staining
of TFEB in acinar cells, suggesting an efficient deletion of tfeb
in acinar cells by BAC-Ela-Cre. Interestingly, we still could
detect very strong TFEB staining signals in islets, suggesting
that the deletion of tfeb is not only efficient but also specific in
acinar cells (Figure 5(a)). Deletion of tfeb was also confirmed
by immunoblotting analysis (Figure 5(b)). The pancreatic

levels of SQSTM1 and LC3-II further increased in cerulein-
treated acinar cell-specific tfeb KO mice compared with
matched WT (Tfebf/f) mice (Figure 5(c)). Increased SQSTM1
and LC3-II levels may reflect the impaired autolysosomal
degradation due to the lack of TFEB-mediated lysosomal
biogenesis in tfeb KO mouse pancreatic acinar cells. Indeed,
immunostaining for SQSTM1 also revealed significant accu-
mulation of SQSTM1 in cerulein-treated tfeb KO pancreas
than in WT mice (Figure S7A).

Interestingly, we found that the levels of pancreatic AMY
markedly decreased in cerulein-treated acinar cell-specific tfeb
KO mice (Figure 5(c)). Toluidine blue staining revealed few ZG
in cerulein-treated tfebKOmouse pancreas (Figure 5(d)). Notably,
we found that acinar cell-specific tfeb KOmice had mild pancrea-
tic histological changeswith the samebasal trypsin activities aswell
as serum levels of AMY activities as thematchedWTmice (Figure
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S8A and Figure S9 and Figure 6(a)), suggesting deletion of tfeb
alone in mouse acinar cells does not cause spontaneous pancrea-
titis. H&E staining revealed increased infiltration of inflammatory
cells, number of necrotic cells and vacuolized cells in cerulein
treated mouse pancreas, which were further increased in acinar
cell-specific tfeb KOmice (Figure 6(a,b)). Most acinar cells lacked
the pink color staining of ZG in cerulein-treated acinar cell-
specific tfeb KO mice (Figure 6(a)). EM studies showed that
cerulein increased the formation of large autolysosome structures
and aberrant ER membranes in wild type mice. In contrast, ZGs
were barely seen in acinar cells of cerulein-treated acinar cell-
specific tfeb KO mice, and these acinar cells showed massive
vacuolization and disrupted organelles that are typical features of
necrotic cell death (Figure 6(c)). Sirius red, MPO and TUNEL
staining revealed that increased pancreatic fibrosis, infiltrated
MPO-positive neutrophils and acinar cell death in cerulein-
treated acinar-cell specific tfeb KO mice than their matched wild
type mice (Figure 7(a,b)). Experimental pancreatitis induced by
cerulein generally takes around 7 h after hourly repeated cerulein
injection. However, we found that one single injection of cerulein
for 1 h already induced typical features of pancreatitis including
edema, cell death and infiltration of inflammatory cells as well as
increased pancreatic trypsin activities in tfeb KO mice whereas
only mild edema was found in WT mice (Figure S8A and B).
Intriguingly, the AMY activity in pancreatic tissues significantly
deceased in cerulein-treated tfeb KOmice as early as at 1 h for up
to 7 h but not inWTmice (Figure S9A). The levels of serumAMY
activity increased in a time-dependent manner in cerulein-treated
WTmice but remained unchanged in tfeb KOmice (Figure S9B).
However, the ratio of serum vs pancreatic AMY increased drama-
tically in cerulein-treated tfeb KO mice compared with WT mice
(Figure S9C). Together, these data suggest that deletion of tfeb in
acinar cells exacerbated the pathogenesis of cerulein-induced
experimental pancreatitis.

tfe3 and acinar cell-specific tfeb double-knockout mice
develop spontaneous pancreatitis

To determine whether TFE3 would compensate for the loss of
TFEB and vice versa, we generated tfe3 and acinar cell-specific tfeb
double-knockout (tfeb tfe3 DKO) mice. Histological analysis of
H&E staining showed largely normal with only mild edema in
either tfe3KOmice or acinar cell-specific tfebKOmice. However,
tfeb tfe3 DKO mice showed typical features of pancreatitis with
marked edema, increased infiltration of inflammatory cells and
acinar cell vacuolization as well as increased pancreatic trypsin
activities (Figure 8(a,b)). Immunoblotting analysis confirmed the
deletion of tfe3 and tfeb in mouse pancreas with increased levels of
LC3-II and SQSTM1 in tfeb tfe3DKOmouse pancreas, suggesting
a defect of removal of LC3-II and SQSTM1 likely due to the
impaired TFEB- and TFE3-mediated lysosomal biogenesis
(Figure 8(c)). These results indicate that tfeb tfe3 DKO mice
develop spontaneous pancreatitis, suggesting a possible reciprocal
compensatory role of TFEB and TFE3 in pancreas.

Decreased nuclear TFEB in pancreatic acinar cells is
associated with human pancreatitis

To determine whether impaired TFEB in mouse experimental
pancreatitis that we observed would also occur in human pancrea-
titis, we performed immunohistochemistry staining for TFEB in
pancreatic tissues from normal healthy donors and patients with
chronic pancreatitis that we obtained from the Liver Center of
KUMC and US Biomax. We found that TFEB mainly localized in
the nuclei of acinar cells in normal human pancreatic tissues but
TFEB largely displayed a cytosolic pattern in acinar cells of human
pancreatitis tissues (Figure 9(a,b)). Increased SQSTM1 staining
was also evident in pancreatitis tissues compared with normal
pancreatic tissues (Figure S10A), likely reflecting the insufficient
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lysosome-mediated degradation similar to cerulein-treated mice
(Figure 2(c) and Figure S7). H&E staining revealed increased
infiltrationof inflammatory cells andductal reactions inpancreatic
tissues from pancreatitis patients (Figure 9(c)), confirming the
typical features of chronic pancreatitis. These data suggest that
decreased nuclear TFEB is associated with the human pancreatitis.

Discussion

In the present study, we found that cerulein decreased TFEB
proteins and TFEB-mediated lysosomal biogenesis, resulting
in decreased lysosome numbers and insufficient autophagic
flux in mouse pancreas. Genetic deletion of tfeb specifically in
acinar cells in mice exacerbated cerulein-induced experimen-
tal pancreatitis. Mice with double deletion of tfe3 and acinar

cell tfeb develop spontaneous pancreatitis. Moreover, we
found that decreased nuclear TFEB in acinar cells is associated
with human pancreatitis.

TFEB is a basic helix-loop-helix leucine zipper transcrip-
tion factor, which binds specifically to a 10-bp
(GTCACGTGAC) motif, also called CLEAR motif, found in
the promoter regions of many genes encoding for lysosomal
biogenesis and autophagy [11]. In response to conditions that
have high autophagy demand, TFEB coordinates an efficient
transcription program to upregulate genes involved in lysoso-
mal biogenesis to meet the needs of autophagy. At least three
kinases, including MAPK1, MTORC1 and PRKCβ (protein
kinase Cβ), regulate TFEB functions by phosphorylating
TFEB [12]. MAPK1 phosphorylates TFEB at Ser142 whereas
MTORC1 phosphorylates TFEB at Ser142, Ser211 and Ser122,
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leading to cytosolic retention and proteasomal degradation of
TFEB [11,12,19]. In contrast, PRKCβ induces phosphoryla-
tion of Ser461, Ser466, and Ser468, which stabilizes and acti-
vates TFEB [20]. We found that cerulein increased the levels
of phosphorylated MAPK in all the time points that we
assessed in mouse pancreas. However, pharmacological inhi-
bition of MAPK by SCH772984 had very minimal effects on
cerulein-induced TFEB degradation and pancreatitis despite
SCH772984 markedly inhibited ceruein-induced MAPK acti-
vation. It has been reported that cholecystokinin can activate
MTOR at the early time points (1 h) to promote pancreatic
growth [21]. In the present study, we found that cerulein
increased the levels of phosphorylated RPS6 in all the time
points and increased the levels of phosphorylated MTOR at
3 h, which is consistent with the activation of MTOR as
previously reported [21]. To our surprise, the levels of

phosphorylated EIF4EBP1, another substrate protein that is
generally also phosphorylated by MTOR, decreased dramati-
cally by cerulein. Currently we still do not understand why the
levels of phosphorylated RPS6 and EIF4EBP1 were not con-
sistent in response to cerulein treatment in mouse pancreas. It
is likely that other kinases in addition to MTOR may also
phosphorylate RPS6 and EIF4EBP1. Indeed, MTOR-
independent phosphorylation of EIF4EBP1 has been reported
in colorectal cancer cells [22]. Future studies are needed to
identify the unknown kinase(s) that phosphorylates EIF4EBP1
in pancreas. Nevertheless, Torin 1 rescued cerulein-induced
decrease of TFEB protein and pancreatic damage partially
despite it only inhibited 40% of cerulein-induced MTOR
activation in mouse pancreas. It is likely that a more potent
MTOR inhibitor in the pancreas (if available) may be able to
recover TFEB to a higher level and in turn offer better
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protection against cerulein-induced pancreatitis. Collectively,
these data would support that MTOR but not MAPK activa-
tion plays a more important role in cerulein-induced TFEB
degradation and pancreatitis.

Three observations in our present study support that cer-
ulein-induced decreased pancreatic TFEB protein is most
likely mediated by the proteasomal degradation. First, cerulein
markedly increased proteasome activities in mouse
pancreas. Second, cerulein activated MTOR and increased

the levels of phosphorylated TFEB. Third, inhibition of
MTOR or proteasome partially rescued cerulein-induced
TFEB degradation. Phosphorylated TFEB has been shown to
be ubiquitinated by an E3 ligase STUB1 (STIP1 homology and
U-box containing protein 1) and degraded by proteasome
[23]. Whether cerulein also activated STUB1 and contributed
to TFEB degradation in pancreas needs to be further studied.
Inhibition of proteasome protects against experimental pan-
creatitis has been recently reported, which is generally
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thought that proteasome inhibitors may have anti-
inflammatory effects by blocking NFκB activation [24,25]. In
addition to inhibiting NFκB, our data suggest that activation
of TFEB could be another important mechanism in protection
against pancreatitis by proteasome inhibitors. However, it is
highly likely that other mechanisms could also be involved in
the protection against pancreatitis because many various pro-
teins are accumulated after proteasome inhibition.

The macromolecular 26S proteasome is a multicatalytic
protease complex responsible for the degradation of intracel-
lular ubiquitinated proteins. The proteasome complex is
mainly composed of the 20S core particle and a 19S regulatory
particle. How cerulein rapidly increased the pancreatic pro-
teasome activities is currently unclear. A previous study
showed that genetic activation of MTORC1 by deletion of
TSC1 (tuberous sclerosis complex 1) led to the activation of
the transcription factor NFE2L1/NRF1 (nuclear factor, ery-
throid 2 like 1), which promoted the expression of protea-
some genes [26]. However, cerulein-induced proteasome
activation is very rapid within an hour and it is unlikely that
NFE2L1-mediated transcription would be responsible for the
increased proteasome activity in such a short time. Future
work is needed to determine whether cerulein would promote
the assembly of proteasome components to increase protea-
some activity in acinar cells.

Perhaps another intriguing finding in our present study
was after the remarkable degradation of various proteins
including TFEB at 1 h of cerulein treatment, most proteins
recovered at 3 and 7 h of cerulein treatment except TFEB. The
mechanisms behind these observations are currently unclear.
However, the decrease of cerulein-induced proteasome activa-
tion at 3 and 7 h together with increased phosphorylated
RPS6 that could enhance protein translation, which may
contribute to the recovery of these proteins that were
degraded at 1 h. Since TFEB promotes its own transcription,
the early degradation of TFEB may impair the late phase of
re-synthesize of new TFEB, which may explain why other
proteins recovered at the late phase of cerulein treatment
but not TFEB.

Dysfunctional and abnormal autolysosomes or lysosomes
manifest as large vacuoles that contain undegraded or par-
tially degraded contents is a common feature of pancreatitis in
humans [1,2]. More recently, impaired autophagic flux has
been observed in many experimental models of pancreatitis
[8,27,28]. In addition, several genetic animal models that have
defects in autophagy also show the development of pancrea-
titis in these mice. For instance, pancreas-specific deletion of
atg5 or atg7 using Ptf1a-cre or Pdx-Cre or whole body lamp2
KO mice have impaired autophagy and these mice all develop
spontaneous pancreatitis [7,8,28]. These data clearly support
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a protective role of autophagy against the pathogenesis of
pancreatitis. However, it should be noted that Ptf1-or Pdx-
cre can delete atg5 or atg7 in both endocrine and exocrine
cells in pancreas. To achieve a higher deletion efficiency and
specificity to acinar cells, we generated acinar cell-specific tfeb
KO mice by crossing Tfeb flox/flox mice with BAC-Ela-CreErt
transgenic mice that express Cre-ERT driven by the Cela1
(chymotrypsin-like elastase family, member 1) promoter
region on the bacterial artificial chromosome (BAC) trans-
gene. Unlike the pan-pancreas atg5 and atg7 KO mice and
whole body lamp2 KO mice, acinar cell-specific tfeb KO mice
only have mild changes of pancreas histology and serum AMY
and lipase levels compared with their matched WT mice.
However, acinar cell-specific tfeb KO mice showed more
severe pathology of pancreatitis in response to cerulein treat-
ment compared with the WT mice. These data clearly suggest
that loss of TFEB sensitizes the mice to the insult of cerulein,
and cerulein may activate multiple mechanisms to induce
pancreatitis in addition to impaired TFEB.

One intriguing finding in our present study was that tfeb
KO mice were more susceptible to cerulein-induced pancrea-
titis based on the histological analysis, but tfeb KO mice had
lower pancreatic and blood AMY activities than WT mice
after cerulein treatment. However, cerulein-treated tfeb KO
mice have fewer acinar cells with markedly decreased ZGs
than WT mice. This could explain why the serum levels of
AMY did not increase in cerulein-treated tfeb KO mice.
Nevertheless, increased pancreatic trypsin activities and the
increased ratio of serum AMY vs pancreatic AMY in cerulein-
treated tfeb KO mice support the conclusion that tfeb KO
mice are more susceptible to pancreatitis. TFEB belongs to
the microphthalmia-associated transcription factor (MIT-
TFE) family of transcription factors that have four members:
MITF, TFEB, TFE3 and TFEC [29]. All of the four MIT-TFE
transcription factors bind to consensus DNA sequences in the
promoter region of target genes (CLEAR motif). However,
results from the genetic KO mice of each of these transcrip-
tion factors indicate they may also have distinctive functions
in addition to their overlapping regulation of gene expression
[29]. Our recent data also showed TFE3 could compensate for
the loss of TFEB in regulating lysosomal biogenesis in liver-
specific tfeb KO mice [18]. Therefore, the lack of obvious
phenotype and changes in acinar-specific tfeb KO mice
could also be likely due to the compensatory effects of other
MIT-TFE members at the basal conditions. Indeed, this
notion is further supported by our observation that the tfeb
tfe3 DKO mice developed spontaneous pancreatitis.

Multiple mechanisms may account for the protective
effects offered by autophagy and TFEB activation against the
pathogenesis of pancreatitis. In acinar cells, fragile ZGs can be
removed by autophagy to avoid intracellular activation of
trypsinogen and subsequent pancreatitis, a process termed as
zymophagy [4]. Large autolysosomes that enveloped with ZGs
in cerulein-treated pancreas that we found in EM studies may
support the notion that autophagy may help to attenuate
pancreatic injury by directly removing damaged fragile ZGs.
How zymophagy selectively recognizes and removes fragile
ZGs and whether zymophagy also requires the known autop-
hagy receptor proteins such as SQSTM1, OPTINEURIN etc

remain to be studied. In addition to removal of ZGs, excess
endoplasmic reticulum (ER) can also be removed via autop-
hagy that is termed reticulophagy [30,31]. Acinar cells have
abundant ER to meet the high demand of protein synthesis.
The accumulation of aberrant and whorl-like ER membranes
in cerulein-treated pancreatic acinar cells is likely due to the
impaired TFEB-mediated insufficient autophagy. Whether
reticulophagy would contribute to the pathogenesis of pan-
creatitis needs to be further studied in the future.

Another consequence of impaired autophagy and lysosomal
degradation is the accumulation of SQSTM1 in pancreas.
SQSTM1 is a multiple domain scaffold protein that plays roles in
cell survival, cell death and antioxidant stress response [32–34].
SQSTM1 promotes the activation of NFκB via interacting with
TRAF6, leading to increased production of inflammatory cyto-
kines/chemokines. SQSTM1 accumulation also promotes ER
stress and, furthermore, deletion of sqstm1 attenuates pancreatitis
in pan-pancreas atg7 KO mice [28]. Accumulation of SQSTM1
also leads to the activation of NFE2L2/NRF2 (nuclear factor,
erythroid 2 like 2), a key transcription factor that regulates the
expression of various antioxidant and drug metabolism genes
[33,34]. We previously showed that persistent activation of
NFE2L2 promotes liver injury, fibrosis and tumorigenesis in liver-
specific atg5 KO mice [35]. However, the role of SQSTM1 and
NFE2L2 activation in cerulein-induced pancreatitis and human
pancreatitis are largely unknown. Future work is needed to further
elucidate the role of SQSTM1 and NFE2L2 in experimental and
human pancreatitis.

In conclusion, we found that TFEB-mediated lysosomal bio-
genesis is impaired in cerulein-induced experimental pancreatitis,
which is associated with human pancreatitis. Impaired TFEB is
likely mediated byMTORC1 activation and subsequent proteaso-
mal degradation. Genetic deletion of tfeb in mouse acinar cells
exacerbated cerulein-induced pancreatitis and mice with double
deletion of tfeb and tfe3 develop spontaneous pancreatitis.
Therefore, targeting TFEB-mediated lysosomal biogenesis may
be a beneficial approach for preventing and treating pancreatitis.

Materials and methods

Animal models of pancreatitis

GFP-LC3 transgenic mice were generated by Dr. Noboru
Mizushima (University of Tokyo, Japan) and purchased from
RIKEN (Wako, Japan). Acute cerulein pancreatitis was induced
as described previously [14]; 8–12 week old male C57BL/6J GFP-
LC3 or C57BL/6J WT mice received 7 hourly intraperitoneal
injections of 50 μg/kg cerulein (Sigma Aldrich, C9026). Control
mice received similar injections of saline. For some experiments,
one dose of chloroquine (CQ, 60 mg/kg, i.p.; Sigma Aldrich,
C6628) or Torin 1 (2 mg/kg, i.p.; Tocris Bioscience, 4247) was
given right before the first injection of cerulein. ForMAPK inhibi-
tion experiments, SCH772984 (25 mg/kg, i.p.; Sigma Aldrich,
ADV465749270) was given every other hour for a total of 4
injections right before cerulein injections. For proteasome inhibi-
tion experiments, the mice were pretreated with bortezomib
(1 mg/kg, i.p.; Selleck Chemicals, S1013) overnight followed
a second booster treatment 1 h before one dose of cerulein treat-
ment. All mice were sacrificed 1 h after the last injection of
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cerulein. Pancreas injury was determined by measuring serum
AMY and lipase activities using commercial kits (Pointe
Scientific Inc, A7564 and L7503-40) according to the manufac-
turer’s instructions. All procedures were approved by the
Institutional Animal Care and Use Committee of the University
of Kansas Medical Center.

Choline-deficient, ethionine-supplemented (CDE)
diet-induced pancreatitis

CDE diet pancreatitis was induced as described previously
[36]. Briefly, 5-weeks-old CD-1 mice received CDE diet
every 12 h in 3-g aliquots and food intake was measured. At
every feeding, the CDE diet was supplemented with 0.5%
ethionine. Mice were sacrificed 48 h after the initiation of
the diet.

Generation of pancreatic acinar cell-specific tfeb KO
mice and tfeb tfe3 DKO mice

Tfeb flox/flox (tfebf/f) mice were generated as described pre-
viously [10,37] and crossed with BAC-Ela-CreErT transgenic
mice (The Jackson Laboratory, 025736) to generate tamoxi-
fen-inducible pancreatic acinar cell-specific tfeb KO mice.
Tamoxifen-inducible Cre-ErT was activated by intraperitoneal
injection of 75 mg/kg tamoxifen (Sigma Aldrich, T5648) to
8-weeks-old mice for 5 days. Cre-negative littermates also
received same tamoxifen treatment as above described and
served as controls. Mice were further treated with the cerulein
model.

tfe3 KO mice were generated as described previously [38]
and obtained from Dr. David Fisher (Harvard Medical School,
Boston, MA, USA). tfe3 KO mice were crossed with the BAC-
Ela-Cre+, Tfebf/f mice to generate tfeb tfe3 DKO mice.

Human samples

Consent, corresponding case reports, and sixteen healthy
human donors were facilitated and provided by the KUMC
Liver Center in a de-identified manner. Forty-five de-
identified chronic pancreatitis samples were purchased from
US Biomax Inc (BBS14011).

Preparation of tissue lysate, cellular fractionation and
immunoblot analysis

Frozen pancreatic tissues were sonicated on ice in RIPA buffer
supplemented with protease inhibitor cocktail. Lysates were
centrifuged for 30 minutes at 12,500 g and supernatants were
collected and stored at −80°C. Nuclear and cytoplasmic frac-
tions of pancreas tissue were prepared by using a commercial kit
(Thermo scientific, 78835). Protein (30 μg) was separated by
10 ~ 12% SDS-PAGE gel before transfer to a PVDF membrane.
Membranes were probed using appropriate primary and sec-
ondary antibodies and developed with SuperSignal West Pico
chemiluminescent substrate (Life Technologies, 34080).

Antibodies

The antibodies used for this study were: ACTB (Sigma Aldrich,
A5441), AMY/AMYLASE (Sigma Aldrich, A8273), EIF4EBP1
(Cell Signaling Technology, 9452), FOXO1 (Cell Signaling
Technology, 2880), GAPDH (Cell Signaling Technology, 2118),
GFP (Santa Cruz Biotechnology, sc-9996), LMNA (Cell Signaling
Technology, 2032), LAMP1 (Developmental Studies Hybridoma
Bank, 1D4B), MAPK (Cell Signaling Technology, 9102), MCL1
(Rockland Immunochemicals, 600–401-394), MPO (Biocare
Medical, PP023AA), MTOR (Cell Signaling Technology, 2972),
phos-EIF4EBP1 (Cell Signaling Technology, 9451), phos-MAPK
(Cell Signaling Technology, 9101), phos-MTOR (Cell Signaling
Technology, 2971), phos-TFEB (Millipore, ABE1971), phos- RPS6
(Cell Signaling Technology, 4858), PPARGC1A/PPARGC1α
(Abnova, PAB12061), RPS6 (Cell Signaling Technology, 2217),
SQSTM1 (Abnova, H00008878-M01), TFE3 (Sigma Aldrich,
HPA023881) and TFEB (Bethyl Laboratories, A303-673A).
Antibodies for ATP6V1A and ATP6V1B2 are gifts from
Dr. Dennis Brown (Harvard Medical School). The anti-LC3 anti-
body was generated as previously described [39]. HRP-conjugated
goat anti-mouse (115–035-062), HRP-conjugated goat anti-rabbit
(111–035-045), DyLight 549 goat anti-mouse (115–505-146),
CY3-conjugated goat anti-rabbit (111–165-144) and CY3-
conjugated goat anti-rat (112–165-143) secondary antibodies
were from Jackson ImmunoResearch.

RNA isolation and real-time qPCR

RNA was isolated from mouse pancreas using TRIzol reagent
(Thermo Fisher Scientific, 15596–026) and was reverse-
transcribed into cDNA using RevertAid Reverse Transcriptase
(Thermo Fisher Scientific, EP0442). qPCR was performed using
SYBR Green chemistry (Bio-Rad Laboratories, 1725124). Primer
sequences (5ʹ – 3ʹ) for primers used in qPCR are: Tfeb F:
CCAGAAGCGAGAGCTCACAGAT, Tfeb R: TGTGATTGT
CTTTCTTCTGCCG; Ppargc1α F: ATGTGTCGCCTTCTT
GCTCT, Ppargc1α R: ATCTACTGCCTGGGGACCTT; Atp6v1d
F: GAGCACAGACTGGTCGAAA, Atp6v1d R: AGCTGTC
AGTTCCTTCGTGG; Atp6v1h F: ATGAGTACCGGTTTGCC
TGG, Atp6v1h R: GACTGAATGCCAGGAGCCAT; Rn18s F:
TAGAGGGACAAGTGGCGTTC, Rn18s R: CGATGAGCCAG
TCAGTGT. Lc3b F: CCGAGAAGACCTTCAAGCAG; Lc3b R:
ACACTTCGGAGATGGGAGTG; Sqstm1 F: AGAATGTGGGG
GAGAGTGTG; Sqstm1 R: TCGTCTCCTCCTGAGCAGTT.
Real-time qPCR results were normalized to Rn18s and expressed
as fold over saline group.

Immunostaining and confocal microscopy

Immunostaining for LAMP1 and TFEB was performed on pan-
creatic tissue cryosections. Images were acquired using a Leica
TSC SPE confocal microscope with a 63x objective (Leica,
Mannheim, Germany). Nuclei were counterstained with
Hoechst33342 (Thermo Fisher Scientific, H3570). GFP-LC3- and
LAMP1-positive puncta were quantified by ImageJ (http://imagej.
nih.gov/ij/). Images were first converted to 8-bit format, after
adjusting the threshold, applied ‘Analyze particles’, the positive
puncta had higher intensity than the threshold were counted.
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The number of positive puncta then divided by the nuclei number
to get positive puncta per cell. To assess the intensities of coloca-
lization of two proteins, ImageJ colocalization plug-in software
was used (http://imagej.nih.gov/ij/).

Histology and immunohistochemistry

Paraffin-embedded pancreas sections were stained with hematox-
ylin and eosin (H&E) and immunostaining for MPO and TFEB.
Sirius red staining was conducted with Direct red 80 (Sigma-
Aldrich, 365548). Terminal deoxynucleotidyl transferase dUTP
nick end labeling (TUNEL) staining was performed as we
described previously [40]. Images were taken using a Nikon
Eclipse Ni microscope (Nikon, Tokyo, Japan).

20S proteasome activity

Total 15 μg pancreas lysates were used for 20S proteasome activity
analysis using Suc-LLVY-AMC substrate (Enzo Life Sciences,
BML-P802-0005) as we described previously [41]. Briefly, 15 μg
pancreas lysates were diluted in 5 μl of RIPA buffer and added to
Corning 96-well white flat bottom plate. A total of 95 μl of assay
buffer containing 50 mM Tris (Sigma Aldrich, T1503) pH 7.5,
25 mM KCl (Sigma Aldrich, P9541), 10 mM NaCl (Amresco,
0241), and 1 mM MgCl2 (Sigma Aldrich, M8266) diluted in dH2

O along with Suc-LLVY-AMC substrate (final concentration 65
μM)were added to each well. Proteasome activity was determined
by measuring AMC release using an excitation/emission 380/460
test filter on aTecan plate reader at 1 h.Datawere expressed as fold
of control.

Trypsin activity

Trypsin activity was measured in pancreatic tissue homogenates
by fluorimetric assay as described previously [42]. Briefly, pancreas
tissues were homogenized using a tight Teflon glass homogenizer
in ice-cold buffer containing 5mMMES (Sigma Aldrich, M3671),
pH 6.5, 1 mMMgSO4 (Sigma Aldrich, M7506), 250 mM sucrose
(SigmaAldrich, S7903). The homogenates were added to the assay
buffer containing 50 mMTris-HCl, pH 8.0, 150 mMNaCl, 1 mM
CaCl2 (Sigma Aldrich, C4901), 0.1 mg/mL bovine serum albumin
(Sigma Aldrich, A3803). The reaction was initiated by incubating
with a specific trypsin substrate, Boc-Gln-Ala-Arg-AMC (Enzo
Life Sciences, BML-P237-0005), which is converted to
a fluorescent product by trypsin. The product was excited at
380 nm and emitted at 440 nm using Tecan plate reader and was
followed for 6–10 min. Data were expressed as fold of control.

Toluidine blue staining

Small pancreas specimens were fixed in 2.5% glutaraldehyde
followed with 1%OsO4 for 1 h. After dehydration, the specimens
were embedded in epoxy resin. Thin sections (1 μm) were cut
and stained with 1% toluidine blue buffer. Images were taken
using Nikon Eclipse Ni microscope (Nikon, Tokyo, Japan).

Electron microscopy

Tissues were fixed with 2% glutaraldehyde in 0.1 M phosphate
buffer, pH 7.4 followed by 1% OsO4. After dehydration, thin
sections were stained with uranyl acetate and lead citrate for
observation under a JEM 1016CX electron microscope (JEOL).
Images were acquired digitally.

Statistical analysis

All experimental data were expressed as mean ± SE and subjected
to One-way ANOVA analysis with Bonferroni post hoc test or
Student’s t-test where appropriate. p < 0.05 was considered
significant.
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