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ABSTRACT

The pathogenesis of pancreatitis has been linked to disruption of organelle homeostasis including
macroautophagy/autophagy dysfunction and endoplasmic reticulum (ER) stress. However, the direct
impact of aberrant organelle function on pancreatitis initiation and progression is largely unknown.
Recently an ER membrane protein, VMP1 (vacuole membrane protein 1), has been reported to play a
crucial role in autophagosome formation. Notably, we found that VMP1 is downregulated in both
human chronic pancreatitis (CP) and experimental mouse acute pancreatitis (AP). Pancreatic acinar
cell-specific vmp1 deletion promotes inflammation, acinar-to-ductal metaplasia, and fibrosis in mice,
sharing histological similarities with human CP. Mechanistically, loss of pancreatic VMP1 leads to
defective autophagic degradation and ER stress as well as activation of the NFE2L2/Nrf2 pathway.
Genetic ablation of NFE2L2 attenuated pancreatitis in VMP1-deficient mice. Our data highlight the
importance of VMP1 in modulating an integrated organelle stress response and its functional role in
maintaining pancreas homeostasis in the context of CP.

Abbreviations: AMY: amylase; ADM: acinar-to-ductal metaplasia; AP: acute pancreatitis; CASP3:
caspase 3; CP: chronic pancreatitis; DDIT3/CHOP: DNA damage inducible transcript 3; DKO, double
knockout; ER: endoplasmic reticulum; GCLC: glutamate-cysteine ligase catalytic subunit; GCLM:
glutamate-cysteine ligase modifier subunit; HSPA5/BIP: heat shock protein family A (Hsp70) member
5; KO: knockout; KRT19/CK19: keratin 19; MAP1LC3/LC3: microtubule associated protein 1 light chain
3; MPO: myeloperoxidase; NFE2L2/NRF2: nuclear factor, erythroid 2 like 2; ND: normal donor; NQO1:
NAD(P)H quinone dehydrogenase 1; PCNA: proliferating cell nuclear antigen; RIPA: radio-
immunoprecipitation; SQSTM1/p62: sequestosome 1; SOX9: SRY-box transcription factor 9; TAP:
trypsinogen activation peptide; TFEB: transcription factor EB; TUNEL: terminal deoxynucleotidyl
transferase dUTP nick end labeling; UB: ubiquitin; VMP1: vacuole membrane protein 1; XBP1: X-box
binding protein 1; YAP1, Yes1 associated transcriptional regulator; ZG: zymogen granule.
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Introduction
regulatory proteins ATG5 or ATG7 [7-9], and we recently

Acute pancreatitis (AP) is the most common cause of hospi-
talization of gastrointestinal disorders in the United States,
and the overall mortality in AP patients is approximately 5%
[1]. AP can progress to chronic pancreatitis (CP), which is
characterized by chronic abdominal pain, maldigestion, and
increased risk for pancreatic cancer [2]. However, no effective
treatments are available for this disease due to the incomplete
understanding of the mechanisms that lead to the pathogen-
esis of AP and CP.

Macroautophagy (hereafter referred to as autophagy) is
a lysosomal degradation pathway that maintains cellular
homeostasis and survival [3,4], including pancreatic acinar
cells, and disruption of this pathway is a key pathogenic
event in the development of pancreatitis [5,6]. It has been
shown that pan-pancreas ablation of the autophagy

demonstrated that mice with acinar-cell specific double
deletion of TFEB (transcription factor EB) and TFE3
develop spontaneous pancreatitis [10]. Moreover, acinar-
cell specific tfeb KO mice or atgs KO mice are more
susceptible to cerulein or alcohol-induced pancreatitis
[10,11]. Although it is now generally agreed that the pro-
gression of AP is associated with impaired autophagy or
inhibition of lysosomal function, the role of autophagy in
the pathogenesis of AP is complex. For example, unlike
the pan-pancreas atg5 KO mice, acinar cell-specific atg5
KO mice only developed mild pancreatitis [7]. Therefore,
the role of autophagy in the pathogenesis of AP requires
further define.

Impaired autophagy often leads to the accumulation of
SQSTM1/p62, an autophagy substrate protein and an
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important receptor protein for multiple cellular signaling
pathways including NFKB/NFkb, NFE2L2/Nrf2 (nuclear fac-
tor, erythroid 2 like 2), and MTOR (mechanistic target of
rapamycin kinase). It is worth noting that Pan-pancreas atg5
deletion elevates pancreatic SQSTM1 proteins, production of
reactive oxygen species, and activation of NFE2L2, which
were also confirmed in human CP samples [7]. Previous
studies in the liver demonstrated that SQSTMI-mediated
NFE2L2 activation is detrimental that causes hepatomegaly,
liver inflammation, fibrosis, and adenoma, which are reversed
by further ablation of NFE2L2 in liver-specific atg5 or atg7
KO mice [12,13]. However, the role of NFE2L2 activation in
impaired autophagy-mediated pancreatitis is unknown.
VMP1 (vacuole membrane protein 1), as an endoplasmic
reticulum (ER) resident membrane protein, was originally
identified in acute pancreatitis by promoting acinar cell
vacuole formation [14,15]. Subsequent studies reveal that
VMPI is essential for autophagosome formation, phagophore
expansion and closure, and lipid droplet formation, and acts
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as a crucial host factor for SARS-CoV-2 and pan-coronavirus
infection [16-18]. However, whether loss of acinar cell VMP1
would affect pancreatitis has not been studied.

In the present study, we found that pancreatic levels of VMP1
decreased in experimental mouse pancreatitis models. While the
expression levels of VMP1 in human CP are heterogeneous, the
expression of VMP1 was negatively associated with the pathogenesis
of CP. At the cellular level, we further showed that loss of VMP1-
mediated NFE2L2 activation promoted AP progression toward CP-
like pancreatitis likely by exacerbating acinar cell ER stress.

Results

Decreased VMP1 expression is associated with human
chronic pancreatitis and experimental pancreatitis in
mice

To determine the pathophysiological relevance of VMPI1 in
the context of pancreatitis, we first examined VMP1 expres-
sion in pancreatic tissues from healthy donors and patients
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Figure 1. VMP1 staining in human pancreatitis samples. (A) Representative images of H&E staining of human normal and pancreatitis samples. Bar: 100 pm. (B)
Individual histology score of H&E staining was graded. Data are mean + SE (n = 13-52). **p < 0.01; Student t-test analysis. (C) Representative images of Sirius red
staining and IHC staining for MPO and KRT19 in human normal donor (ND) and CP tissues. Bar: 100 um. (D) Representative images of VMP1 IHC staining in human
mild and severe CP tissues. Bar: 100 pm. (E) Correlation of VMP1 staining score with fibrosis, inflammation, and ADM scores.
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with CP. H&E staining results revealed increased fibrosis area,
inflammatory cell infiltration, acinar-to-ductal metaplasia
(ADM) in human CP samples (Figure 1A,B), which were
further confirmed by Sirius red, MPO, and KRT19 staining
(Figure 1C). By further examining the immunohistochemistry
(IHC) staining of VMP1 from 45 chronic pancreatitis micro-
array samples, we found that VMP1 showed some heteroge-
neous staining but the overall VMP1 staining score (intensity)
was negatively correlated with fibrosis, inflammation, and
ADM (Figures 1D,E and SlI), suggesting an association of
worsening CP phenotypes with decreased pancreatic VMP1
level. Importantly, we found decreased VMP1 expression at
both protein and mRNA levels in either cerulein or alcohol-
induced experimental pancreatitis in mice (Figure 2A-C).
Moreover, cerulein treatment increased both SQSTMI1 and
LC3-II levels whereas alcohol feeding increased LC3-II but
did not affect SQSTMI1 levels in mouse pancreas, consistent
with our previous reports that cerulein or alcohol impairs or
induces “insufficient autophagy” in mouse pancreas [10,11].
H&E staining results revealed massive edema and increased
infiltrated immune cells in either cerulein-treated or alcohol-
fed mouse pancreas (Figure 2D).

Loss of acinar cell vmp1 in mice leads to spontaneous
pancreatitis

To further determine the role of VMP1 in the pathogenesis of
pancreatitis, we generated inducible acinar cell-specific vimpl
KO mice by crossing Vmp17°¥1°* 70 mijce with Tg(Celal-cre
/ERT)/BAC-Ela-CreErT transgenic mice. H&E staining of
pancreatic tissues revealed massive loss of the exocrine acinar
cells with increased infiltrated inflammatory cells and ADM in
vmpl KO mice (Figure 3A,B), which are similar to human CP
(Figure 1A). In addition, both male and female vmpI KO mice
had increased cell death, fibrosis, and infiltration of macro-
phages and neutrophils (Figure 3C/F), which is in line with
increased transcripts of fibrotic genes and inflammation-
related genes (Figure 3G-H). IHC staining and immunoblot
analysis revealed increased KRT19 (keratin 19), SOX9 (SRY-
box transcription factor 9), YAP1 (Yesl associated transcrip-
tional regulator), and PCNA (proliferating cell nuclear anti-
gen) levels in vmpl KO mice compared with Vmpl WT mice
(Figure 3I-M). Interestingly, KRT19-, SOX9-, and YAPI-
positive staining are predominantly in ductular cells (Figure
3I-K). Trypsinogen activation is critical and sufficient for the
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Figure 2. Decreased VMP1 expression in experimental AP mouse models. (A) Immunoblotting analysis using total lysates from pancreatic tissues. (B) Pancreatic
mRNA was extracted followed by qPCR analysis. Results were normalized to Rn18s and expressed as fold change compared to control group. Data shown are mean +
SE (n = 3-5). *p < 0,05; **p < 0,01; Student t-test analysis. (C) Representative images of H&E staining from either cerulein or ethanol-induced AP mouse pancreatic

tissues are shown. Bar: 100 pym.
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Figure 3. Loss of acinar cell VMP1 induces spontaneous pancreatitis reminiscent of chronic pancreatitis. Two-months old male and female Tg(Cela7-cre/ERT)/BAC-Ela-
Cre™; Vmplf/f (Vmp1 WT) and Tg(Celal-cre/ERT)/BAC-Ela-cre+; vmplf/f (vmp1 KO) mice were injected with tamoxifen (75 mg/kg) once a day for consecutive 3 days,
and these mice were sacrificed 5 days after the last injection of tamoxifen. (A) Representative images of H&E staining are shown. Bar: 100 um. (B) Individual histology
score of H&E staining was graded. M: male; F: female. Data are mean + SE (n = 5-11). **p < 0.01; Student t-test analysis. Representative images of (C) TUNEL, (D)
Sirius red, (E) ADGRE1/F4/80, and (F) MPO staining are shown. Bar: 100 pm. Pancreatic mRNA was extracted followed by gPCR analysis for fibrotic genes (G) and
inflammation genes (H). Results were normalized to Rp/713a and expressed as fold change compared to Vmp1 WT group. Data shown are mean + SE (n = 6-11).
**p < 0,01; Student t-test analysis. Representative images of (I) KRT19, (J) SOX9, (K) YAP1, and (L) PCNA IHC staining are shown. Scale bars: 100 pym. (M)
Immunoblotting analysis using total lysates from pancreatic tissues followed by densitometry analysis. Data are normalized to WT and are mean + SE (n = 3-4).

pathogenesis of pancreatitis. We next performed immunos-
taining using a trypsinogen activation peptide (TAP) antibody
for activated trypsinogen and LAMPI for lysosomes. We
found that vmpl KO mice showed significantly increased
number of TAP positive puncta compared to vmpl WT
mice. However, the numbers of TAP-LAMP1 overlap puncta
were similar in both vmpl KO and WT mice, resulting in
decreased TAP-LAMP1 colocalization rate in vmpl KO mice
(Figure S2A). These data suggest that in the absence of VMP1,
trypsinogen activation mainly occurs in non-lysosomal but
not lysosomal compartments, which may initiate acinar cell
damage and pancreatitis. Consistent with the TAP staining
data, trypsin activities were also significantly increased in
vmpl KO mice compared with the matched WT mice
(Figure S2B-C). Collectively, these data indicate that deletion
of Vmpl in acinar cells results in elevated pancreatic trypsi-
nogen activation, acinar cell death, inflammation, fibrosis,
compensatory proliferation, and ADM reminiscent of the
features of human CP.

Loss of acinar cell vmp1 in mice impairs acinar cell
autophagy and induces ER stress

As VMP1 is critical for autophagosome closure and autopha-
gic flux [17], we next tested whether vmpl deficiency would
block autophagic degradation in the pancreas. Results from
the immunoblot analysis and IHC staining revealed markedly
decreased VMP1 protein levels but increased levels of LC3-II
as well as SQSTM1 and ubiquitinated proteins in vimpl KO
mice (Figure 4A-D), indicating impaired autophagic flux in
vmpl KO mouse pancreas. Moreover, acinar cell-specific
vmpl KO mice also had marked accumulation of pancreatic
RETREG1/FAM134B (an ER-phagy receptor protein) and
CKAP4/CLIMP-63 (an ER sheet protein) (Figure 4A), sug-
gesting possible defective reticulophagy. Accumulation of ubi-
quitinated misfolded proteins due to defective autophagy can
often lead to ER stress [19]. Indeed, the levels of several ER
stress markers including XBP1s, DDIT3/CHOP as well as
cleaved CASP3 (caspase 3) increased markedly while the levels
of ER chaperone protein HSPAS5 (heat shock protein family A
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Figure 4. Loss of acinar cell VMP1 impairs autophagic degradation and induces ER stress. Inmunoblotting analysis using total lysates from pancreatic tissues for
autophagy markers (A). Representative images of IHC staining of (B) VMP1, (C) SQSTM1, and (D) ubiquitin (UB) from 2-months-old WT and vmp1 KO mouse pancreatic
tissues. Bars: 100 pm. Immunoblotting analysis for ER stress (E) markers. (F) Pancreatic mRNA was extracted followed by gPCR analysis. Results were normalized to
Rpl13a and expressed as fold change compared to Vmp1 WT group. M: male; F: female. Data shown are mean + SE (n = 4-10). **p < 0,01; Student t-test analysis. (G)
Representative EM images of pancreatic tissues from WT and Vmp1 KO mice are shown. Bars: 500 nm. Arrowheads: dilated ER.

(Hsp70) member 5) decreased compared with WT mice
(Figure 4E). Results from qPCR analysis also revealed signifi-
cantly increased mRNA levels of Hspa5, Ddit3, and Dnajb9 in
vmpl KO mouse pancreas (Figure 4F). Dilated ER and
nuclear membrane were also readily detected in vmpl KO
mouse pancreatic acinar cells in EM analysis (Figure 4G).
Collectively, these data indicate the vmpl deficiency in acinar
cells impairs autophagic flux resulting in ER stress and cell
death with some features of clinical CP.

Increased pancreatic NFE2L2 activation in acinar-cell
specific vmp1 KO mice

Loss of autophagy can activate NFE2L2 via the non-canonical
SQSTMI1-KEAP1- NFE212 pathway [20,21]. We found the
mRNA levels of Nfe2I2 as well as NFE2L2 target genes including
Gcle, Ngol (NAD(P)H quinone dehydrogenase 1),and Sqstm1 all
significantly increased in vmpl KO mouse pancreas (Figure 5A).
Immunoblot analysis and IHC staining also showed increased
NQO1 and GCLM (glutamate-cysteine ligase modifier subunit)
protein levels in vmpl KO pancreas (Figure 5B,C), indicating
increased NFE2L2 activation in vmpl KO mouse pancreas.
Increased pancreatic SQSTM1 and NQOI staining were also

observed in human CP (Figure 5D), suggesting possible defective
autophagy and NFE2L2 activation in human CP. Moreover,
dilated ER was also readily detected in CP specimens (Figure
5E), implicating possible ER stress in human CP. These data
indicate that human CP is also associated with defective autopha-
gy with increased NFE2L2 activation, similar to vmpl KO mice.

Increased NFE2L2 activation promotes pancreatitis in
acinar-cell specific vmp1 KO mice

NFE2L2 activation plays complex role in tissue injury and
carcinogenesis, and NFE2L2 activation could be either pro-
tective or detrimental in a context-dependent manner
[22,23]. To further determine whether pancreatic pathogen-
esis of vmpl KO mice is NFE2L2 dependent, we generated
vmpl, nfe2l2 double KO (DKO) mice. Histological and IHC
analyses showed largely improved pancreatic edema, fibro-
sis, inflammation, ADM, ADGRE1/F4/80, MPO, KRT19,
SOX9, and YAPI staining in vmpl, nfe2l2 DKO mice com-
pared with vmpl KO mice (Figure 6A-C). Most of these
results were further validated by qPCR (Figure 6D) and
immunoblot analysis (Figure 6E). Moreover, the levels of
several increased ER stress markers including Hspa5,
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Figure 5. Increased NFE2L2 activation in pancreatic acinar-cell specific vmp1 KO mice and increased SQSTM1 and ER stress in human CP. Two-months old Tg(Celal-
cre/ERT)/BAC-Ela-Cre™; Vmp?f/f (Vmp1 WT) and Tg(Celal-cre/ERT)/BAC-Ela-cre*; vmplf/f (vmp1 KO) mice were injected with tamoxifen (75 mg/kg) once a day for
consecutive 3 days, and these mice were sacrificed 5 days after the last injection of tamoxifen. (A) mRNA was extracted from pancreatic tissues followed by qPCR
analysis. Results were normalized to Rpl/713a and expressed as fold change compared to VMP1 WT group. Data shown are mean + SE (n = 3-4). *p < 0,05; **p < 0,01;
Student t-test analysis. (B) Immunoblotting analysis using total lysates from pancreatic tissues. (C) Representative images of immunohistochemistry staining of NQO1
from 2-months old WT and Vmp1 KO mouse pancreatic tissues. (D) Representative images of IHC staining for SQSTM1 and NQO?1. Bar: 100 um. (E) Representative EM

images of human ND and CP tissues are shown. Bar: 2 pm.

Ddit3, Dnajb9 in vmpl KO mice were significantly improved
in vmpl, nfe2l2 DKO mice (Figure 7A,B). Caspase-3 activ-
ities and TUNEL positive cells also dramatically decreased in
vmpl, nfe2l2 DKO mice compared with vmpl KO mice
(Figure 7C,D). These data indicate that persistent NFE2L2
activation promotes ER stress and acinar cell death, which
exacerbates acinar cell injury and pancreatitis in vmpl KO
mice.

Discussion

Our study highlights a critical role of VMP1 in maintaining
pancreatic acinar cell homeostasis likely via the autophagy-
mediated quality control. Accumulation of large vacuoles in
acinar cells is one of the hall markers in human and experi-
mental pancreatitis. The nature of these large vacuoles has
been confirmed to be enlarged autolysosomes, which is likely
due to defective autophagy or lysosomal dysfunction
[7,10,24,25]. As a quality control mechanism, autophagy
removes damaged/excess organelles and misfolded proteins
to ensure cellular homeostasis. Moreover, as acinar cells are

very active for protein translation and have very abundant ER,
it is not surprising that loss of autophagy may lead to ER
stress and subsequent cell death to trigger pancreatitis as we
observed in vmpl KO mice, which is also similar to pan-
pancreas deletion of Atg7 or Atg5 in mice [7,9].

However, a striking finding of this study is the early onset
of CP-like phenotypes initiated just eight days after the dele-
tion of VMP1 in pancreatic acinar cells, which is much severe
than other autophagy-related gene KO mice (atg5, atg7, or
lamp2 KO, tfeb KO). It should be noted while CP was
observed in atg5, atg7 or lamp2 KO mice, these mice were
either pan-pancreas KO (Ptfla-Cre for atg5 and PdxI-Cre for
atg7) or systemic deletion of Lamp2. It is also unclear whether
the impaired autophagy in endocrine cells would also impact
the CP phenotypes in these mice. Therefore, it is likely that
VMPI may have other functions in the pancreas besides
autophagy in regulating pancreatitis. To these aspects,
VMPI1 has been reported in regulating ER contact with
other membranes through regulating the calcium pump
ATP2A/SERCA and ER contact proteins VAPA and VAPB
[26-28]. Moreover, VMPI is also required for the secretion of



1578 (&) S. WANG ET AL.

A wT nfe2i2 KO vmp1KO
\ ,_ Oy

7B

¥

B

-
=

Sirius Red ()

ADGRE1

MPO

KRT19
1

m

nfe2l2 vmp1 vmp1,nfe2i2
wpa WT KO KO  pko

A3 — — ——— e e wr — | KRT19

55 [ AEER IR v = S0 WY W S W] SOX9

2=[F= = w== — |YAP1
72=f
43=
26=

Ponceau S

vmp1,nfe2/2, DK
r==

_______________ o
] 1
o 8
>
‘_g‘ % ek
$41.1 %
T —: O: M -
0 ————————
D< Coltal Cen2 Fibrosis Inflam ADM
S 404 20 ik
[
£ 30 15 WT ® nfe2/2 KO
| _aza 20 10 1 vmp1 KO *® vmp1,nfe2/2 DKO
S 1 5
— © 0= - 0 - &,
5 < Acta2 Tgfb
Z 41 5k 80 4 *
k4 XX _
£ 3 60
g, ¥ 40
SafEd ¥ o 3
« 0 S 0l
< Cd68 Adgre1
= 100 4 PR s
né 80 1 604
60 1
g 401
£ 40
5 i 20 }
£ ot (lee. o
CCI4** Tnf -
< 30 - 107
P
[4 87
£ 201 61
@ 1
2 10 b4 41
K £ 21 #
S olre T a-L.—i—.—.—

Figure 6. Deletion of nfe2/2 attenuates vmp1 deficiency-induced pancreatitis. Two-months-old Tg(Cela7-cre/ERT)/BAC-Ela-Cre~; Vmplf’ f (Vmp1 WT), Tg(Celal-cre/ERT)/
BAC-Ela-cre™; vmp 1" (vmp1 KO), Tg(Celal-cre/ERT)/BAC-Ela-cre™; Vmp1”* nfe2i2 KO (nfe212 KO), Tg(Celal-cre/ERT)/BAC-Ela-cre™; vmp1”" nfe212 KO (vmp1, nfe2/2 DKO)
mice were injected with tamoxifen (75 mg/kg) once a day for consecutive 3 days, and these mice were sacrificed 5 days after the last injection of tamoxifen. (A)
Representative images of H&E staining of Vmp1 WT, nfe2/2 KO, vmp1 KO, and vmp1, nfe2/2 DKO mice are shown. Bar: 100 um. (B) Histology score was quantified. Data
shown are mean + SE (n = 8-13). **p < 0,01; One-way ANOVA analysis. (C) Representative images of Sirius red, ADGRE1/F4/80, MPO, KRT19, SOX9, and YAP1 staining
are shown. Bar: 100 um. (D) Pancreatic mRNA was extracted followed by qPCR analysis. Results were normalized to Rp/13a and expressed as fold change compared to
Vmp1 WT group. Data shown are mean + SE (n = 10-17). **p < 0,01; One-way ANOVA analysis. (E) Immunoblotting analysis using total pancreatic lysates from

indicated genotypes of mice.

soluble proteins or specific proteins that are transported via
the ER-to-Golgi trafficking pathway to maintain organelle
homeostasis in Drosophila and Dictyostelium [29,30]. Indeed,
we found that VMP1 plays an important role in ER function
and ER homeostasis as loss of VMP1 led to increased ER
stress. Under the physiological postprandial stimulation, ZGs
that are stored with digestive proenzymes are released from
the apical plasma membrane of acinar cells, all of these pro-
cesses demand a proper ER function. Future studies are
needed to investigate whether VMP1 would affect the secre-
tion of ZGs and contribute to pancreatitis. More recently, it is
reported that VMP1 is critical for lipoprotein/VLDL secretion
in zebrafish intestine and liver as well as mouse intestine [31].
More recently, it is reported that VMP1 and TMEM41B
(another ER membrane protein) have phospholipid scram-
blase activity and regulate the cellular distribution of choles-
terol and phosphatidylserine as well as lipid droplet formation
[32,33]. However, we did not observe lipid droplet accumula-
tion in vmpl KO mouse pancreas acinar cells. It is likely that
the regulation of lipoprotein and lipid homeostasis by VMP1
is cell-type dependent, which plays more important role in
hepatocytes and enterocytes but not in acinar cells (the main
function of which is to synthesis digestive enzymes).

Perhaps another important question remains to be
answered is how VMP1 decreased in pancreatitis. We recently
reported that cerulein and alcohol feeding decrease pancreatic
TFEB resulting in impaired TFEB-mediated lysosomal bio-
genesis and insufficient autophagy [10,11]. Interestingly, it
was recently reported that VMP1 is one of the TFEB target
genes as TFEB directly binds with the VMPI promoter [34].
Therefore, it is likely decreased VMP1 in cerulein and alco-
hol-induced pancreatitis could be mediated by impaired
TFEB-mediated transcription of VMPI. Future studies are
needed to further investigate the possible TFEB-VMP1 axis
in the pathogenesis of pancreatitis. It should be noted that
early reports showed that overexpression of VMP1 leads to
acinar cell vacuolization [14,15]. In the pancreatitis human
tissue array studies, we found that the expression of VMPI in
pancreatitis is heterogenous with more than 40% of pancrea-
titis had lower VMP1 and 20% pancreatitis had higher VMP1
expression. Although decreased VMPI1 expression is highly
correlated with pancreatitis, it seems that VMP1 expression
could be increased in a small subset of patients. The mechan-
isms on why VMP1 increased in the small subset of patients
are unknown, which may be due to different etiology of
pancreatitis. It is likely that the homeostasis of VMP1 in
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Figure 7. Deletion of nfe2/2 amellorates vmp1 deficiency-induced ER stress and cell death. Two-months-old Tg(Cela7-cre/ERT)/BAC-Ela-Cre~; Vmplf/f Vm'pl WT), Tg
(Celal-cre/ERT)/BAC-Ela-cre™; vmp1 (vmpl KO), Tg(Celal-cre/ERT)/BAC-Ela-cre™, Vmplf/f nfe2l2 KO (nfe2l2 KO), Tg(Celal-cre/ERT)/BAC-Ela- -cre™; vmplf/ nfe2l2 KO
(vmp1 nfe2l2 DKO) mice were injected with tamoxifen (75 mg/kg) once a day for consecutive 3 days, and these mice were sacrificed 5 days after the last injection of
tamoxifen. (A) Immunoblotting analysis using total pancreatic lysates from indicated genotypes of mice. (B) CASP3 activities were determined using total pancreatic
lysates from indicated genotypes of mice. Data shown are mean + SE (n = 5-13). **p < 0.01; One-way ANOVA analysis. (C) Representative images of TUNEL staining
are shown. Scale bar: 100 um.

tissues is critical to maintain pancreas functions, and disrup- event in different tissues. We found that the levels of LC3-1I
tion of the homeostasis may lead to pancreatitis. were slightly lower in DKO mice compared with vinpl KO

Defective autophagy can lead to SQSTM1-mediated non- mice. In contrast, increased levels of pancreatic SQSTMI in
canonical NFE2L2 activation, which upregulates gene expres- vmpl KO mice were markedly attenuated in DKO mice. The
sions for antioxidants and detoxifying genes [21]. decreased pancreatic SQSTMI in DKO mice could be due to
Paradoxically, persistent NFE2L2 activation also contributes decreased NFE2L2-mediated transcription of Sqstml gene as
to tissue injury at least in the liver in autophagy-deficient mice it has been reported that Sqstml is a NFE2L2 target gene.
[13,21]. Thus, while NFE2L2 activation may be protective Increased ER stress in vmpl KO mice was likely due to
under increased oxidative stress conditions, it can be detri- increased anabolic protein synthesis (as a result of increased
mental in conditions with compromised autophagy. NFE2L2-mediated gene transcription) and decreased catabolic
Furthermore, defective autophagy increases the accumulation protein degradation (VMP1-mediated autophagy). In DKO
of misfolded proteins resulting in ER stress, which is wor- mice, deletion of Nfe2l2 may lead to the decreased protein
sened by NFE2L2 activation-mediated new gene transcription synthesis (input) and thus improved ER stress in these DKO
and protein synthesis [13]. Our observation that deletion of mice. Sgstml deletion ameliorates pancreatitis in chuk/
NFE2L2 attenuated ER stress and CP-like pathologies in vmpl  ikka***" and atg5***" mice [7,35], although NFE2L2 activa-
KO mice is therefore consistent with the results observed tion was not determined in these studies, we postulate that the
from the liver, suggesting the detrimental role of NFE2L2 beneficial effects of deletion of SgstmI against pancreatitis are
activation in autophagy defective mice could be a general likely due to the loss of SQSTM1-mediated NFE2L2 activation
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in chuk/ikka*?®" and atg5“P*" mice. Notably, decreased VMP1
and increased SQSTMland NQO1 expression were also
observed in human CP samples, accentuating the clinical
relevance of VMP1 in pancreatitis. Our findings may also
implicate pharmacological targeting NFE2L2 as a promising
strategy for treating pancreatitis resulting from impaired
autophagy.

Materials and methods

Generation of pancreatic acinar cell-specific vmp1 KO
and vmp1 nfe2l/2 DKO mice

Vmplf/f mice were purchased from The European Mouse
Mutant Archive (EM:05506) and crossed with Tg(Celal-cre
/ERT)/BAC-Ela-CreErT transgenic mice (The Jackson
Laboratory, 025736). Tamoxifen-inducible Cre-ERT was acti-
vated by intraperitoneal injection of 75 mg/kg tamoxifen
(Sigma Aldrich, T5648) to 8 weeks old mice for consecutive
3 days. Cre-negative littermates also received the same tamox-
ifen treatment as above described and served as WT controls.
Mice were further maintained with chow diet (Envigo Teklad,
8604) for 5 days. nfe2l2 KO mice were purchased from The
Jackson Laboratory (017009) and were crossed with Tg(Celal-
cre/ERT)/BAC-Ela-CreErT", Vmplf/f mice to generate vmpl
nfe2l2 DKO mice.

Animal models of pancreatitis

Acute cerulein pancreatitis was induced as described pre-
viously [10]. Briefly, 8- to 12-week-old male C57BL/6 ] mice
(obtained from The Jackson Laboratory) received 7 hourly
intraperitoneal injections of 50 pg/kg cerulein (Sigma
Aldrich, C9026). Control mice received similar injections of
saline. All mice were sacrificed 1 h after the last injection of
cerulein.

Alcoholic acute pancreatitis was induced in male C57Bl/6 ]
mice using the recently established chronic feeding with acute
binge mouse model as we reported recently [11].

All procedures were approved by the Institutional Animal Care
and Use Committee of the University of Kansas Medical Center.

Antibodies

The antibodies used for this study were: Cleaved-CASP3
/caspse-3 (Cell Signaling Technology, 9661), DDIT3/CHOP
(Santa Cruz Biotechnology, sc-793), GAPDH (Cell Signaling
Technology, 2118), HSPA5/BIP (Sigma Aldrich, G9043),
KRT19/CK19 (Developmental Studies Hybridoma Bank,
AB_2133570), MPO (Biocare Medical, PP 023 AA), NQOI1
(Abcam, Ab28947), SQSTM1/p62 (Abnova, H00008878-M01)
, SOX9 (Millipore, AB5535), UBIQUITIN (Santa Cruz
Biotechnology, sc-8017), VMP1 (Cell Signaling Technology,
12,929), XBP1s (Biolegend, 658,802), YAP1 (Cell Signaling
Technology, 14074). The anti-MAP1LC3/LC3 antibody was
generated as previously described [36]. GCLM antibody was
kindly provided by Dr. Terry Kavanagh (University of
Washington, Seattle, WA). The TAP antibody was kindly
provided by Dr. Fred Gorelick from Yale University. 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) second-
ary antibodies were from Jackson ImmunoResearch.

Histology and immunohistochemistry

Paraffin-embedded pancreas sections were stained with hema-
toxylin and eosin (H&E) and immunostaining for ADGRE1/
F4/80, KRT19/CK19, MPO, NQO1, SQSTM1/p62, SOX9, UB,
VMP1 and YAPI. Sirius red staining was conducted with
Direct red 80 (Sigma Aldrich, 365,548). Terminal deoxynu-
cleotidyl transferase dUTP nick end labeling (TUNEL) stain-
ing was performed as we described previously [10,37] and
nuclei were counterstained with methyl green (Vector
Laboratories, H-3402). Images were taken using Nikon
Eclipse Ni microscope (Nikon, Tokyo, Japan).

RNA isolation and real time quantitative polymerase
chain reaction

RNA was isolated from mouse pancreas using TRIzol reagent
(Thermo Fisher Scientific, 15,596-026) and was reverse tran-
scribed into cDNA using RevertAid Reverse Transcriptase

(Thermo Fisher Scientific, EP0442). qPCR was performed
using SYBR Green chemistry (Bio-Rad Laboratories,
1,725,124). Primer sequences (5 — 3') for primers used in
qPCR are:

Acta2/asma F: CCACCGCAAATGCTTCTAAGT; Acta2/
aSMA R: GGCAGGAATGATTTGGAAAGG;

ccl3 F: TGAGAGTCTTGGAGGCAGCGA; Ccl3 R:
TGTGGCTACTTGGCAGCAAACA;

ccld  F. AACACCATGAAGCTCTGCGT; Cc4 R:
AGAAACAGCAGGAAGTGGGA;

cd68  F: TGCGGCTCCCTGTGTGT; Cde8 R

TCTTCCTCTGTTCCTTGGGCTAT;

collal F: TGTGTTCCCTACTCAGCCGTCT; Collal R:
CATCGGTCATGCTCTCTCCAA;

cen2/ctgf F: CTGCCAGTGGAGTTCAAATGC; Cen2/Crgf
R: TCATTGTCCCCAGGACAGTTG;

ddit3 F: CAGGAGGTCCTGTCCTCAGA; Ddit3 R:
CTCCTGCTCCTTCTCCTTCA;

dnajb9 F: CCCCAGTGTCAAACTGTACCAG; Dnajb9 R:
AGCGTTTCCAATTTTCCATAAATT;

adgrel/F4/80 F:  CTTTGGCTATGGGCTTCCAGTC;
Adgrel/F4/80 R: GCAAGGAGGACAGAGTTTATCGTG;

gllc F:  AACACAGACCCAACCCAGAG; Gdec R
CCGCATCTTCTGGAAATGTT;
hspa5 F: AGTGGTGGCCACTAATGGAG; Hspa5 R:
CAATCCTTGCTTGATGCTGA;
ly6g F: TGCGTTGCTCTGGAGATAGA; Ly6g R:
CAGAGTAGTGGGGCAGATGG;

nfe2l2 F: CGAGATATACGCAGGAGAGGTAAGA; Nfe2i2
R: GCTCGACAATGTTCTCCAGCTT;

ngol F: CAGATCCTGGAAGGATGGAA; Nqgol R:
TCTGGTTGTCAGCTGGAATG;

sgstml F: AGAATGTGGGGGAGAGTGTG; Sgstml R:
TCGTCTCCTCCTGAGCAGTT;



tgfbl F: TGCTAATGGTGGACCGCAA; Tgfbl R:
CACTGCTTCCCGAATGTCTGA;

tnf/tnfa F: CGTCAGCCGATTTGCTATCT; Tnf/Tnfa R:
CGGACTCCGCAAAGTCTAAG. Real-time qPCR results
were normalized to Rnl8s or Rpli13a and expressed as fold
over control group.

CASP3 activity

CASP3 activity was measured by measuring amino-4-trifluor-
omethyl courmarin (AFC) release as described previously
[38]. Briefly, 15 pg pancreas lysates were added to a white 96-
well flat bottom plate. Two uM Ac-DEVD-AFC (Enzo Life
Sciences, ALX-260-032-0005) was added to each well along
with assay buffer (20 mM PIPES, 100 mM NaCl, 10 mM
dithiothreitol, 1 mM EDTA, 0.1% [w:v] CHAPS [Amresco,
0465], 10% [w:v] sucrose, pH 7.2) in a final volume of 200 pl.
The change in fluorescence (excitation/emission 405/500) was
monitored by a Tecan spectrometer. The signals representa-
tive of caspase activities were corrected for background.

Immunostaining and confocal microscopy

The trypsinogen activation peptide antibody for activated
trypsinogen (TAP) was kindly provided by Dr. Fred
Gorelick from Yale University and described previously [11].
Immunostaining for LAMP1 and TAP was performed on
pancreatic tissue cryosections. Images were acquired using a
Leica TSC SPE confocal microscope with a 63x objective
(Leica, Mannheim, Germany). Nuclei were counterstained
with Hoechst33342 (H3570; Thermo Fisher Scientific).

Human samples and VMP1 score calculation

Consent, corresponding case reports, thirteen healthy
human donors and 7 chronic pancreatitis samples were
facilitated and provided by the KUMC Liver Center in a de-
identified manner with an institution approved protocol.
Forty-five de-identified chronic pancreatitis samples were
purchased from US Biomax Inc (BBS14011). VMP1 score
was calculated using a bias-free Image] plugin called “IHC
Profiler” described previously with minor modifications
[39]. Briefly, IHC images were loaded to Image] software
and “IHC profiler-Cytoplasmic Stained Image-H DAB” were
checked to apply color deconvolution and computerized
pixel profiling analyses. The staining is divided into 4
zones as high positive (0-60), positive (61-120), low positive
(121-180) and negative (181-235) based on the pixel inten-
sity ranges from 0-255, wherein 0 represents the darkest
shade of color and 255 represent the lightest. The stroma
or fatty areas normally have 235-255 pixel values, which is
excluded from zone consideration. For severe chronic pan-
creatitis samples with more than 25% stromal or fatty area,
only the cellular area was analyzed, while for mild chronic
pancreatitis samples with less than 25% stromal or fatty area,
the whole area was analyzed. The final staining score is
calculated using the formula: Staining score = High
Positive% * 4 + Positive% * 3 + Low Positive% * 2
+ Negative% * 1.
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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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