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1. Endoplasmic Reticulum Stress
and the Unfolded Protein Response

The endoplasmic reticulum (ER) plays a pivotal
role in cellular homeostasis as it is the site of
translation, folding and covalent modification of
proteins either destined for secretion or expressed
on the surface of other organelles and the plasma
membrane. The cytoplasmic surface of the ER
membrane is also the primary site of triglyceride,
phospholipid and sterol synthesis and therefore, is
a hub of membrane synthesis and cellular
metabolism. Many studies have established the
ER as a major site of intracellular Ca** storage
essential for hormone/neurotransmitter signaling.
More recent work has also begun to identify
unexpected functions of the ER in diverse cellular
processes including mitochondrial  fission,
endosomal dynamics and autophagy.

Quiality control mechanisms for protein folding in
the ER were first demonstrated by the
identification of glucose-regulated proteins (GRP)
78 (a.k.a. BiP) and 94 (a.k.a.
HSP90B1/endoplasmin) that reside in the ER
lumen (34). Whereas GRP have significant
homology to heat-shock chaperone proteins,
glucose starvation, sulfhydryl reducing agents,
inhibitors  of  glycosylation, and calcium
ionophores, rather than heat stress, induce GRP

expression. A seminal study demonstrated that
enhanced expression of misfolded proteins in the
ER induced GRP mMRNA expression, thereby
establishing the presence of a signaling network
from the ER to the nucleus (28). The concept of
an unfolded protein response (UPR) opened the
door to a multitude of studies over the last 27
years uncovering molecular components and
mechanisms of the UPR. This has provided
important insight into the pathophysiological
consequences of ER stress in various disorders
from neurodegenerative to metabolic diseases.
Perhaps not surprisingly given the high protein
secretory capacity and vastly expanded ER in the
pancreatic acinar cell, studies support that the
UPR is critical to maintaining acinar cell
homeostasis. This review will focus on what is
known of the UPR in acinar cell function as well
as recent evidence underscoring its importance in
the development and progression of pancreatitis.

2. The UPR is Comprised of Distinct
Functional Components

The UPR is activated when the concentration of
unfolded or misfolded proteins present in the ER
overwhelms the capacity of ER-resident proteins,
including  molecular chaperones, disulfide
isomerases, oxidoreductases, acetylases and
glycosylases, to respond to that stress.
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Figure 1. Principal components of the UPR/ER-stress response. ATF6, IRE1 and PERK are all ER
transmembrane proteins capable of sensing the level of unfolded or misfolded proteins in the ER lumen. The
precise mechanism(s) for activating each pathway is unclear and likely involves the displacement of molecular
chaperones e.g. BiP from the luminal domain of the protein. ATF6: Upon activation, ATF6 traffics from the ER to
the Golgi via COPII-directed clathrin coated vesicles. In the Golgi, ATF6 is sequentially cleaved by the site-1 and
site-2 proteases freeing the N-terminal transcription factor domain (cCATF6) to translocate to the nucleus and
promote transcription of UPR target genes. IRE1: Activation of IRE1 kinase activity is mediated by trans-
autophosphorylation causing IRE1 to oligomerize in the ER membrane. Phosphorylated IRE1 exhibits
endoribonuclease activity that excises a portion of the XBP1 mRNA forming a spliced mRNA that generates the
transcription factor sXBP1. sXBP1 translocates to the nucleus and directs the expression of a nhumber of ER-
regulators necessary for protein folding, lipid metabolism, vesicular trafficking and acinar secretory function.
PERK: Kinase activation and autophosphorylation of PERK phosphorylates the cytosolic eukaryotic translation
initiation factor elF2a thereby inhibiting global secretory protein translation. As a consequence, translation of
select mMRNAs including ATF4 is redirected to an upstream open reading frame giving rise to alternative protein
products. ATF4 acts as a transcriptional activator or repressor, and directs the synthesis of CHOP, also a
transcription factor, that plays a key role in mediating cell death, inflammation and metabolic stress.

Figure 1 illustrates many of the features
discussed in this and subsequent sections. Three
major pathways of the UPR have been identified;
the inositol-requiring enzyme-1 (IRE1), activating
transcription factor 6 (ATF6), and protein kinase
RNA (PKR)-like ER kinase (PERK) pathways.
These transmembrane proteins can sense the
level of stress in the ER lumen, and transduce
signals to the cytoplasm; complex sensing
mechanisms involve the binding of either unfolded
proteins themselves, or chaperones, e.g., BiP that
modulate their oligomerization and other
individual functional responses.

This work is subject to an International

The level and duration of ER stresses dictate the
extent to which each UPR pathway becomes
activated. Acutely, new protein synthesis is
attenuated to limit the protein load entering the
ER. At later times, nuclear signaling induces gene
expression to promote protein folding as well as
degradation of misfolded proteins. Under extreme
conditions of ER stress intensity and duration,
UPR responses mitigating ER stress are
supplanted by those promoting cell death.
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The IRE1 and XBP1/spliced XBP1 (sXBP1)
Pathway

IRE1 was originally identified in yeast as a gene
required to enhance the expression of KAR2
(known as Binding immunoglobulin Protein (BiP)
or 78 kDa glucose-regulated protein (GRP-78) in
mammalian cells) during ER stress (12, 47). The
name inositol-requiring enzyme-1 was coined
based on its role in inositol prototropy in yeast
(48). There are two isoforms, IREla and IRE1(,
the latter of which is prominent in intestinal
epithelia and its function is unclear. This review
will focus on IRE1q, i.e., IREL. IRE1 is a type 1
transmembrane protein with an N-terminal domain
in the ER lumen that binds to BiP and a C-
terminal serine/threonine protein kinase domain
oriented to the cytoplasm. Displacement of the
molecular chaperone BiP from the N-terminus
and/or a direct interaction with unfolded proteins
has been proposed to activate IRE1 kinase
activity. Although kinase activity is required for
signaling, the only known substrate characterized
is IRE1 itself, which upon trans-
autophosphorylation causes IRE1 to oligomerize
in the ER membrane (12, 47, 65). Phosphorylated
IRE1 induces an endoribonuclease activity in its
C-terminus that excises a portion of the mRNA
encoding the transcription factor homologous to
ATF/CREBL1 (HAC) in yeast (44) or X-box binding
protein-1 (XBP1) in mammals (10, 78). Spliced
XBP1 induces the expression of a number of ER
proteins to mitigate ER stress (see below). With
high levels of, or prolonged ER stress, IRE1 also
participates in a process termed “regulated IRE1-
dependent decay” (RIDD) of ER membrane-
bound and cytosolic mMRNAs as well as IRE1l
MRNA to reduce protein synthesis (25, 26). More
recently, IRE1 was also reported to cleave
microRNAs that control the level of caspase-2
thereby promoting apoptosis (69). It is proposed
that IRE1l-mediated XBP1 splicihng has a
prosurvival output, whereas RIDD has a
proapoptotic output (44). A final consideration is
that IRE1 may serve as a link between ER stress
and stress kinase activation. IRE1 recruits an
adapter protein, TRAF2, to the ER membrane to

initiate a signaling cascade that culminates in
activation of Jun N-terminal Kinase (JNK) (70).
Although JNK is a stress kinase that can induce
apoptosis, the significance of this activation during
physiological ER stress is unclear.

Activated IRE1 mediates the splicing of an intron
in XBP1 mRNA that causes a frame-shift during
translation, resulting in a new carboxyl terminal
domain in the spliced XBP1 (sXBP1) protein.
Unspliced XBP1 (MW 29-33 kDa) has a nuclear
exclusion signal and rapidly degrades but can act
as a negative modulator of the UPR when
accumulated in  mammalian cells (79).
Conversely, sXBP1 (54-60 kDa) contains a
nuclear localization signal and basic leucine-
zipper (BZIP) domain that binds to the cis-acting
ER stress response element (ERSE) and
functions as a potent transcription factor. Genetic
profiing and analyses revealed that sXBP1
controls the expression of genes related to the
UPR including chaperone induction, up-regulation
of ER-associated degradation (ERAD) machinery,
membrane biogenesis, and ER quality control (33,
62, 64). In mammals, sXBP1 also activates the
expression of cell type-specific targets linked to
cell differentiation, signaling, and DNA damage (1,
33). In pancreatic acinar cells sXBP1 has been
shown to be essential to maintain a differentiated
secretory phenotype (32). This role of sSXBP1 was
demonstrated using pharmacologic inhibitors of
IRE1 endonuclease activity in the acinar cell line,
AR42J (13). Thus, IRE1 inhibition substantially
diminished the spontaneous amylase secretion by
these cells. We also find that the inhibition of the
formation of sXBP1 attenuates the synthesis of
certain digestive enzymes by acinar cells, as well
as secretagogue-induced secretion. (unpublished
data) That the efficacy of these approaches relies
on inhibition of splicing reaction indicates that the
spliced form of XBP1l plays a major role in
biosynthesis and secretion in professional
secretory cells. Nevertheless, unspliced XBP1 too
may yet prove to act in unsuspected ways to alter
acinar cell physiology. Interestingly, the unspliced

form was reported to regulate the stability of
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sXBP1, and more recently a role was also
proposed for unspliced XBP1 to regulate
autophagy via control of the stability of another
transcription factor, Foxol (72).

The PERK/ATF4 pathway

The protein kinase RNA (PKR)-like ER kinase
(PERK) is a type 1 transmembrane protein that,
like IRE1, undergoes Kkinase activation in
response to accumulation of misfolded proteins in
the ER lumen. Autophosphorylated PERK in turn
phosphorylates the cytosolic eukaryotic
translation initiation factor elF2a at Ser51 causing
its inactivation. Inactivation of elF2a, a small G-
protein, involves blocking its interaction with a
guanine nucleotide exchange factor thereby
locking it in a GDP bound state. This greatly
reduces protein translation and acutely attenuates
secretory protein load (23). Besides PERK, other
kinases including general control
nonderepressible 2 (GCN2), protein kinase RNA-
activated (PKR) and heme-regulated inhibitor
(HRI) can promote phosphorylation of elF2a at
Ser51 in response to cellular stresses such as
amino acid deprivation, viral infection and heme
deficiency.

In addition to inhibiting general protein translation,
PERK activation also increases the translation of
MRNAs that contain upstream open reading
frames within their 5UTR including the
transcription factor ATF4 (22). Under stress
conditions and elF2a inhibition, translation is
redirected to the upstream open reading frame
giving rise to an alternative protein product. Only
translation from the upstream open reading frame
gives rise to a stable form of ATF4. ATF4 is a
BZIP transcription factor of the cAMP response
element binding protein family that forms
homomeric and heteromeric dimers with various
proteins and can act as a transcriptional activator
or repressor. Analysis of transcripts from ATF4
knockout cells support that it regulates a number
of genes that are important for secretory cell
function (17). However, the best characterized
ATF4 gene targets include CHOP (transcriptional

factor C/EBP homologous protein), GADD34
(growth arrest and DNA damage-inducible 34),
and activating transcription factor 3 (ATF3).
CHOP was reported to play a major role in
promoting apoptosis by inducing the expression of
pro-apoptotic proteins including Bim , and more
recently, DR5 and repressing the expression of
anti-apoptotic proteins, e.g. Bcl2 , as reviewed in
(36, 45, 49, 54, 68). An alternate theory put
formard by some investigators emphasizes
enhanced expression and function of translational
machinery to de-energize the cell by consuming
excessive amounts of metabolic intermediates,
rather than differential induction of pro- and
suppression of anti-apoptotic proteins, as a major
role of CHOP (43, 73). Irrespective of the precise
pathway, CHOP induction correlates with cell
death and knockout models have established its
role as a detrimental signal, including in the
exocrine pancreas.

A theme in the regulatory control of UPR is
feedback within and/or between the different
branches. CHOP (and ATF4) reportedly induces
expression of GADD34, a regulatory subunit of
protein phosphatase 1. Thus, GADD34 enables a
stress-inducible phosphatase that
dephosphorylates elF2a producing negative
feedback to inactivate its own induction (since
eif2a Ser51 phosphorylation mediates CHOP
expression). Although GADD34 can help to
restore protein translation, it also promotes the
expression of pro-apoptotic proteins, as
evidenced by knockout as well as pharmacologic
approaches (73). ATF3 is also a BZIP
transcription factor of the cAMP response element
binding protein family. Expression of ATF3 can be
induced by a number of stresses in addition to the
UPR and has been shown to have both positive
and negative effects on cell survival and disease
progression (21). Recently ATF3 was shown to
interact with an acetyltransferase, Tat-interactive
protein 60 (Tip60) that acetylates the major DNA
damage kinase Ataxia telangiectasia mutated
(ATM) to promote genomic stability during cell
stress (14).



The ATF6 pathway

Two ubiquitously expressed isoforms, ATF6a and
ATF6B are found in mammalian cells. Although
they share significant homology, ER localization
and processing, studies in cultured mouse
embryonic fibroblasts from double knockout mice
indicate ATF6a and not ATF6B is required for
transcriptional induction of genes (2). Activated
ATF6 mediates expansion of the ER and induces
the expression of chaperones, foldases, and
components of the ERAD pathway (2, 8). ATF6 is
a type Il ER transmembrane protein which like
IRE1 and PERK has a C-terminal luminal domain
but differs in that it has a BZIP transcription factor
domain in the N-terminal cytoplasmic domain.
During ER stress, and potentially via the loss of
BiP binding, ATF6 emerges from the ER on COPII
coated vesicles and traffics to the Golgi where it is
sequentially cleaved by the site-1 and site-2
proteases (S1P and S2P) (60). Once released,
the N-terminal transcription factor domain (CATF6)
translocates to the nucleus and activates
transcription of UPR target genes (24, 77).

3. ER Stress, UPR and Functional
Cross-Talk in Pancreatitis Models

Synthesis and packaging of proteins for transport
is the singular key task of the acinar cell of the
exocrine pancreas. Accordingly, the ER of the
acinar cell is highly developed; and all of the
components of the UPR as described above have
been identified in the acinar cell. The importance
of the UPR to exocrine pancreatic function was
demonstrated by ablating the XBP1 gene in mice,
expressing an XBP1 transgene in liver to rescue
them from embryonic lethality (32). These mice
have normal morphology of all organs except the
exocrine pancreas and salivary glands and die
shortly after birth due to poor ER development
and digestive enzyme synthesis in the acinar cells
resulting in severe exocrine insufficiency (32). We
have confirmed these results by a mouse with
acinar cell specific conditional knock down of
XBP1 (unpublished data). XBP1 deficiency leads
to extensive acinar cell loss and severe pathology

in the remaining acinar cells, as evidenced by a
poorly developed ER network and secretory
system, reduced expression of ER chaperones,
marked reduction in zymogen granules and
digestive enzymes, and accumulation of
autophagic vacuoles.

The activation of UPR pathways has been
demonstrated in several models of experimental
pancreatitis (5, 16, 27, 29-31, 35, 41, 42, 59, 61,
67, 75, 76, 81). In the arginine-induced and high-
dose cholecystokinin (CCK) models there was
phosphorylation of PERK and its downstream
target elF2a, ATF4 translocation into the nucleus
and increased CHOP expression accompanied by
upregulation of BiP and sXBP1 (29, 31). Under
these conditions, there was development of
pancreatitis with inflammation and trypsin
activation. On the other hand, secretagogues that
do not cause pancreatitis, such as bombesin and
the CCK analogue JMV-180, caused only
increases in BiP and sXBPl1 (30, 41). The
chemical chaperones, tauroursodeoxycholic acid
and 4-phenyl butyric acid reduced these markers
of ER stress associated with a reduction in the
severity of pancreatitis (41, 61). Finally, altering
the expression of BiP has an effect on the severity
of pancreatitis (76). UPR pathways are involved
not only in acute pancreatitis models but also in
chronic pancreatitis models (59).

Our understanding of the role of specific
components of the UPR system in physiology and
disease remains incomplete. Nevertheless, there
are key findings that provide a framework for
further investigations. One key finding is that
genetic deletion of CHOP results in less severe
experimental  pancreatitis, suggesting that
activation of the PERK-elF2a pathway leading to
increased CHOP expression is important for the
development of the pathologic pancreatitis
response (67). Indeed, Chop-/- mice exhibited
less pancreatic inflammation and histological
damage than wild type when challenged with
cerulein and LPS (67).



We showed that the expression of sXBP1
increases in the pancreas of alcohol-fed animals.
Further, we observed in these alcohol fed animals
that pathologic changes of pancreatitis occur with
genetic inhibition of the sXBP1l response to
alcohol feeding (37, 38, 50). With inhibition of the
sXBP1 response, there was activation of the
PERK/elF2a/ATF4/CHOP pathway associated
with the development of pancreatitis. That is, we
found that depriving the acinar cell from using the
IRE1-sXBP1 to adapt to ER stress is associated
with sustained activation of the
PERK/elF2a/ATF4/CHOP pathway and
development of pancreatic pathology (37). From
these findings we postulate that the IRE1/sXBP1
pathway is activated with mild to moderate ER
stressors such as alcohol abuse; and that
pancreas pathology develops when this ER
“adaptive” response fails to reestablish ER
homeostasis, reinforcing activation of the
PERK/elF2a/ATF4/CHOP pathways, inflammation
and cell death. These findings also align with our
concept that UPR mediates necessary adaptive
responses to stressors to maintain normal
function of the exocrine pancreas (illustrated in
the above case with alcohol); and that cellular
failure and pancreatitis ensue when the stressors
exceed the adaptive capacity of the cell; or the
adaptive response fails to deploy. We anticipate
that completion of ongoing proteomic analysis of
ER from XBP1 deficient mice will clarify which key
proteins are altered, as well as how the
deficiencies are pathologically exacerbated by risk
factors such as ethanol consumption.

The findings and hypothesis listed above are
consistent with results in other systems showing
that CHOP promotes inflammation by regulating
cytokine production, inflammatory and cell
survival (19, 40). Our studies representing
pathologic ER stress mechanisms arising in the
exocrine pancreas also complement those
attributed to beta cell malfunction in the endocrine
pancreas that reportedly contribute to diabetic
pathology (73). Indeed, the Ilinks between
endocrine and exocrine dysfunction have been

insufficiently elucidated despite many years of
study; there is increasing awareness that each of
these compartments participates reciprocally in
the regulation of pancreas damage and disease.

ER stress, ERAD and Autophagy

ER stress is also linked with activation of ERAD
(endoplasmic reticulum associated degradation)
and induction of autophagic gene expression,
mechanisms to eliminate misfolded proteins and
dysfunctional ER (9, 80). These misfolded
proteins are degraded by the proteasome in
conjunction with autophagy to disassemble
proteins and recycle their amino acids. Misfolded
proteins within the ER are recognized and
targeted for ERAD by mechanisms utilizing ER
chaperones and quality control systems. Several
ERAD regulators are regulated by sXBP1 and
both cells and mice deficient in sXBP1 exhibit
impaired ERAD and activation of autophagy (37,
38). We reported that Xbp+/- mice fed alcohol
diets exhibited reduced pancreatic EDEM1, a key
ERAD protein. This decrease was associated with
marked vacuolization suggesting that a failure of
the adaptive IRE1-sXBP1 pathway inhibits ERAD
and promotes disordered autophagy (37, 38, 50).

The PERK-elF2a arm of the UPR induces
autophagy through downstream targets including
ATF4 and CHOP. Autophagy regulators required
for induction and autophagosome formation,
including REDD1, ATGS3, ATG5, ATG7 and LC3B,
as well as p62 are transcriptionally up regulated
by ATF4 and CHOP (4, 57). These findings
highlight the linkage between ER stress and
induction of autophagy, two important contributors
to the pathology of pancreatitis.

The Roles of ER Ca®*, Oxidative Stress

and Other Factors in ER stress/UPR

The ER is one of the major storage sites for Ca*
used to generate cytosolic signals to trigger
diverse events including secretion and mitosis in
all mammalian cells (7). The role of inositol lipid
turnover in Ca** release from ER was originally

demonstrated in pancreatic acinar cells (66).
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Extensive studies established the roles of both
intracellular and extracellular Ca** in regulated
secretion of zymogens from acinar cells (18).
Localized Ca*" spikes are required for optimal
secretagogue-induced amylase release, while
global cytosolic Ca®" elevations in the acinar cell
have been associated with supraphysiological
inhibition of secretion and aberrant conversion of
trypsinogen to active trypsin. Whereas these
events represent widely accepted root causes of
initial damage to acinar cells, NF-kB activation
and an inflammatory response are also required
for full pancreatitis development (58). Ca** stored
within ER has important functions in protein
biosynthesis and folding. Membrane-bound
(calnexin) or lumenal (calreticulin) lectins, are
major Ca?*-binding proteins within ER (74). These
“glycosensor” proteins recycle cargo until its core
glycosylation meets a quality standard for
packaging and export from the ER en route to the
Golgi. Ca®" also regulates the ATPase activity of
BiP that, in turn regulates its interactions including
with unfolded proteins (6).

Whether Ca** affects the ER stress sensor
functions through regulation of specific BiP
interaction sites or independently, depletion of
Ca®* from ER is well established as a major
inducer of ER stress. Thapsigargin (TG), an

EtOH

CCK, carbachol
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\ sXBP1
i Oxidized
sXBP1- secretion . )
mediated : Impaired mmfoldgd =B
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P oxidized ER \
\ proteins  |naired ER- —» necrosis
mitochondrial
co-operation

irreversible Ca®** pump inhibitor, potently induces
cellular ~ XBP1 splicing, as  well as
PERK/eif2a/CHOP and ATF6  pathways.
Administration of TG to cells elicits cell type-
specific effects ranging from cell growth arrest to
apoptosis. The ER stress associated with TG
treatment is caused by perturbation of multiple
functions, including protein synthesis, folding and
formation of cargo-laden transport vesicles. To
counterbalance this plethora of defects, XBP1s
governs several measures that reduce the load of
misfolded proteins, either through chaperone-
assisted cycles of redox-dependent refolding, or
removal via ERAD.

ER Ca? depletion and redox alterations are
causally linked. Increases in misfolded proteins
upregulate the activity and/or gene expression of
the folding oxidoreductase, ERO-1L that
generates H,O, as it restores the balance of
oxidized to reduced protein disulfide isomerases.
In ongoing studies, we are examining effects of
ethanol to perturb the redox status of key proteins
of the folding and quality control apparatus as well
as the various cargo molecules (zymogens) in
transit to the secretory pathway. The scheme
shown in Fig. 2 illustrates aspects of our working
hypothesis for these studies.

Figure 2. Scheme depicting UPR activation and regulation of ER stress responses. Working hypothesis for
adaptation versus pathological outcomes to insults triggering redox perturbations in acinar cells in the presence or
absence of the protein unfolded response regulator, spliced XBP1 (sXBP1).



Importantly, the ER stores a major part, but not all
of the cellular Ca** used for signaling. Endo-
lysosomal “acidic” organelles have also
increasingly been implicated in physiological
events (18, 51). In particular, specialized Ca*-
ATPases (SERCA3), and release channels (two
pore channels and Mcoln1l/TRPML1) have been
associated with the storage and release events,
which have been linked to lysosomal functions
and autophagy in other cell types (46, 71).
Pharmacologic agents that have helped to identify
these stores in pancreatic acinar cells include
glycyl-L-phenylalanine-beta-naphthylamide
(GPN), bafilomycin and nigericin. Recently it was
reported that all these agents release Ca®* from
both ER and endo-lysosomal Ca®* stores. Much
evidence points to cooperative domains,
especially the membranes of distinct organelles,
such as mitochondrial, lysosomal or plasma
membrane in apposition to ER. Whereas the most
essential among these has not been identified, it
seems clear that the multiple Ca?* stores of ER
and other membrane-bound organelles operate
interdependently  (56). Recent studies of
membrane contact sites uncovered specific
complexes, e.g., EGFR-PTP1B, Rab7-VAP (via
ORP1L or RILP), and STARD3-VAP that tether
segments of ER with endosomes, and Nvjlp-
Vac8p that mediates nuclear-vacuole tethering (3,
15, 52, 55).

Reversible Transcriptional Regulation of
Acinar Cell Secretory Differentiation:
Compensatory Regrowth after Damage
versus Tumorigenesis

A highly specialized transcription factor of the
helix-loop-helix (HLH) family, termed BHLHALS5 or
MIST1, was shown to dramatically alter the fate of
the ER and secretory pathways. The expression
of MIST1 is reportedly regulated by XBP1s (1).
Konieczny and others established that proper
pancreatic acinar cell organization and secretory
function were MIST1 dependent by a knockout
approach (53). Subsequently, Mistl-/- mice
proved an interesting model to study the role of
Ca®* signaling in the acinar cell. The altered

balance of ER versus secretory compartments
revealed their roles in Ca** transients and global
cytosolic elevations (39). Further studies probing
the roles of distinct transcriptional pathways in
altering the identity of acinar cells continue to
reveal the unexpected phenotypic plasticity of this
extraordinary cell type.

Mounting evidence indicates that acinar cells can
give rise to tumors as well as to regenerative self-
duplication, both of which occur through an initial
loss of acinar cell properties and transition to a
dedifferentiated phenotype. In this process, acinar
genes such as carboxypeptidase 1 (CPA1l) and
pancreatic amylase (Amy2) are lost and
expression of some genes important for
embryonic development or conferring stem like
properties, including Sox-9, Pdx1, Ptf-1 and
intermediates of the Wnt/B-catenin signaling
pathway are recapitulated. Dedifferentiation is
permissive for proliferation, and in regeneration
after damage, is followed by restoration of the
acinar phenotype. In contrast, further phenotypic
transition, i.e., acinar-to-ductal metaplasia (ADM)
formation may occur, in parallel with or leading to
pancreatic intraepithelial neoplasia (PanIN)
lesions. PanIN represent definitive precursor
lesions for pancreatic ductal adenocarcinoma
(PDAC), whereas ADM are only tentatively
established as such. Which of these (regrowth or
tumorigenic) pathways is followed depends in part
on environmental factors, including the presence
or absence of an inflammatory milieu.

Interestingly, the Map Kkinases, extracellular
signal-regulated kinase 1/2 (ERK1/2) and the
BZIP transcription factor c-jun, are required for
dedifferentiation (11, 20). Much evidence also
supports a role for ERK-dependent signaling as a
critical effector through which KRas activity
promotes PanIN and PDAC formation. MIST1
expression restrains these activities of KRas and
promotes maintenance of the acinar phenotype.
Specifically, removing MIST1 was a permissive
event for formation of ADM (63). Mechanisms
whereby Ca?*, redox and UPR pathways impact

This work is subject to an International Creative Commons Attribution 4.0 license.



MIST1 or other transcription factors to modulate
phenotypic plasticity remain relatively unexplored.
Elucidation of these pathways enable harnessing
the replicative potential of dedifferentiated cells
and reengineering acinar and/or endocrine cells
“in reverse” to achieve novel forms of stem cell
therapy.

4. Summary

ER stress and oxidative stress are interlocked
stresses regulated by Ca** and interchanged via
intimate membrane contacts in the pancreatic
acinar cell. Distinct UPR pathways work to
maintain the acinar secretory phenotype and
restrain oncogenic signaling (sXBP1, MIST1) and
others (CHOP) are proapoptotic. Multiple
investigations support the view of sXBP1
mediated signaling as an adaptive branch of UPR
that protects/maintains the functional phenotype

of the pancreatic acinar cell. Prolonged ER stress
impairs homeostatic processes such as
endo/lysosomal function and autophagy (see Fig.
2). Collectively, such disturbances in the
harmonious function of the acinar cell lead to
pathologic outcomes. In particular, the energetic
imbalance and oxidative stress that accompany
excessive unfolded ER proteins and impaired ER-
mitochondrial cooperation promote necrosis, a
form of cell death associated with inflammatory
responses. Impaired autophagy may also favor
cell death by promoting apoptosis or necrosis.
Acinar cell dedifferentiation permits proliferative,
stem-like properties concomitant with loss of the
acinar phenotype, and may give rise to
tumorigenic intermediates. However,
dedifferentiation must also be contemplated to
achieve stem cell therapy, since adult tissues are
non-proliferative.
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