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Plasticity and Dedifferentiation within the Pancreas:
Development, Homeostasis, and Disease

Sapna Puril:2, Alexandra E. Folias1:2, and Matthias Hebrok1"

1Diabetes Center, Department of Medicine, University of California, San Francisco, San
Francisco, CA 94143, USA

Abstract

Cellular identity is established by genetic, epigenetic, and environmental factors that regulate
organogenesis and tissue homeostasis. Although some flexibility in fate potential is beneficial to
overall organ health, dramatic changes in cellular identity can have disastrous consequences.
Emerging data within the field of pancreas biology are revising current beliefs about how cellular
identity is shaped by developmental and environmental cues under homeostasis and stress
conditions. Here, we discuss the changes occurring in cellular states upon fate modulation and
address how our understanding of the nature of this fluidity is shaping therapeutic approaches to
pancreatic disorders such as diabetes and cancer.

Introduction

In most tissues, a mature cell performing a specialized function represents a terminally
differentiated cell that is restricted in potential, i.e., that may possess the capacity to
replicate and expand the pool of like cells, but lacks the correct configuration of factors to
produce a different cell type. On the other side of the spectrum, undifferentiated (or
multipotent) stem cells are poised to respond to appropriate cues and differentiate into many
different cell types. These cues include key transcription factors that exert a pivotal
influence over cell lineage trajectory, epigenetic factors that affect the genetic framework
and expression profile of the cell, and environmental factors, such as inflammation and
changes in cellular metabolism that can trigger phenotypic changes. The progression from a
stem/progenitor to a differentiated state was previously considered unidirectional; however,
it is now evident that fate in differentiated cells is flexible (Cohen and Melton, 2011; Graf,
2011; Cherry and Daley, 2012). Defining pliability of cell fate or identity, therefore, has
been a focus of regeneration research. Specifically in the pancreas, evidence has
accumulated that most terminally differentiated cell types can change fate into other
pancreatic cells, supporting the notion of cellular plasticity in differentiated cells. Gain in
fate plasticity may be a strategic defense mechanism that allows differentiated pancreatic
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cells to rest and avoid injury or death caused by sustained stress. Here we evaluate emerging
data and offer insight on the connection between different cellular states and perturbations
and how the degree and type of insult presented to a cell may be an important determinant in
whether a normally regulated defense mechanism can become a liability.

The pancreas, derived from the endodermal lineage, is composed of functionally distinct
compartments that all originate from a common pool of progenitors. Exocrine acinar cells
secrete digestive enzymes that are supplied to the gut through an elaborate ductal tree, and
endocrine cells regulate blood glucose through secretion of hormones, including insulin and
glucagon from B and a cells, respectively. Remarkably, such diverse functional capacities
emerge from a common progenitor, prompting researchers to identify regulators of cellular
identity within the pancreas during development and the mechanisms governing fate
flexibility after differentiation is completed. Fate plasticity in the context of pancreatic cells
can be defined as the ability of differentiated cells (exocrine and endocrine) to lose features
that define the functional, mature state of the cells and to adopt features of other cell types
within the same organ lineage. Most likely, such changes occur in a gradual way, with
progressive loss of hallmark differentiation characteristics and increasing ability to express
genes that mark alternate cell types. Accumulating examples that we will discuss in this
Perspective have demonstrated that mature pancreatic cells can lose their terminally
differentiated and defining functional characteristics to become dedifferentiated. This state
may be transient and reversible; however, prolonged stress may convert such
dedifferentiation toward different types of pancreatic diseases as a result of cellular
transformation or functional senescence.

Understanding the triggers that encourage cellular transitions has also uncovered events of
transdifferentiation, when a mature pancreatic cell can be converted into a pancreatic cell
type of another lineage. This process may occur directly with no intermediary transition
stage under cases of genetic reprogramming or forced expression of influential transcription
factors or through intermediate stages as the mature cell progressively dedifferentiates to a
multipotent-progenitor-like stage and then redifferentiates toward another cell lineage in
cases of tissue injury. This Perspective will first discuss the genetic control of cellular fate
within the pancreas and then the epigenetic regulation that affects identity. Next, a summary
of artificial manipulations that have uncovered important roles for genetic factors in
establishing cellular identity will be discussed, after which will follow a discussion of the
normal response of cells to distinct stressors, such as injury. Finally, the Perspective will
consider the pathological consequences of changes in cellular fate in the context of
pancreatic diseases including diabetes and cancer. The distinct changes that occur in the
pancreatic cells and the interconversion between fates are depicted in Figure 1 and Table 1
and will be referred to throughout the perspective.

Flexibility of Cellular Fate Is Uncovered through Manipulation of Developmental Programs

Cellular identities are created by sets of genetic, environmental, and epigenetic factors that
define gene expression profiles uniquely associated with each cell fate and lineage (Huang,
2009; Cherry and Daley, 2012). Control over segregated gene expression is largely
attributed to the tightly regulated expression patterns of transcription factors (Huang, 2009).
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Within the pancreas, an elegant transcriptional cascade has been identified that exerts such
control on cellular identity (Wilson et al., 2003). During pancreatic development, a concert
of transcriptional regulators leads to the specification of the exocrine (acinar and duct) and
endocrine (a, B, 0, epsilon, and PP) cell types while the cell transitions between different
progenitor states (Figure 2). Many of the same regulators continue to modulate gene
expression and cell fate in the adult organ long after differentiation states have been
established (Arda et al., 2013). Researchers have thus turned to these factors to modulate
cellular fate within the pancreas.

Pancreatic and duodenal homeobox 1 (Pdx1) is one such example, with a critical role in
establishing cellular fate in the pancreas. It has been known for some time that Pdx1 is
required for pancreas formation, as all compartments are derived from progenitor cells that
express Pdx1 during early embryonic development (Gu et al., 2002). The absence of Pdx1 in
both humans and mice results in pancreatic agenesis and a failure to generate duct, exocrine,
or endocrine cell types (Jonsson et al., 1994; Offield et al., 1996; Stoffers et al., 1997b),
indicating that Pdx1 is a master regulator for pancreas specification. A tremendous body of
work has emerged to identify the exact activities of Pdx1 in the endocrine compartment and
specifically in the insulin-producing B cell. High Pdx1 levels are maintained in a fully
functional, mature  cell, and genetic deletion of Pdx1 in mouse models has clearly shown a
requirement of this factor in maintenance of  cell fate and function (Ahlgren et al., 1998;
Gannon et al., 2008; Gao et al., 2014). Loss of Pdx1 translates to a reduced capacity of the
cell to secrete insulin in response to elevated glucose, resulting in severe hyperglycemia. In
humans, mutations in PDX1 have been linked to Maturity Onset Diabetes of the Young
(MODY) (Stoffers et al., 1997a). One way Pdx1 exerts this effect is through binding directly
to the insulin promoter, along with other transcriptional coactivators, to activate insulin
transcription (lype et al., 2005). It is therefore expected that a loss of Pdx1 leads to perturbed
transcription of the insulin gene. Significantly, recent data demonstrate that Pdx1 actively
represses genes that are associated with the a cell fate, providing new insights into how this
factor impacts the maintenance of cellular identity (Gao et al., 2014). If Pdx1 is genetically
deleted in adult f cells, mice suffer from severe hyperglycemia due to the loss of mature
properties of  cells and the adoption of a transcriptional profile, ultrastructure, and
physiological signature that more closely resembles that of an a cell. Interestingly, forced
expression of Pdx1 in a cells did not convert these cells into f§ cells, but rather diverted these
cells into a stable population of endocrine cells lacking any hormone expression (Yang et
al., 2011). Thus, once the a cell program has been established, it appears that Pdx1
expression is unable to modify it toward the § cell fate. These analyses highlight the time-
and context-dependent impact transcription factors can exert on cellular identity.

Endocrine fate specification within the embryonic pancreatic epithelium occurs by
sequential activation and repression of specific genes. An example of such an interaction is
evident by the inhibitory circuit of aristaless-related homeobox (Arx) and paired box gene 4
(Pax4), which play opposing roles during cellular differentiation. Arx promotes a cell and
PP cell fates while Pax4 is involved in p/0 cell differentiation (Collombat et al., 2003, 2005).
Ectopic expression in mouse models has revealed the complex interplay of these factors in
establishing cell fate.
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Expression of Arx in a cells led to the appearance of a cell characteristics (Collombat et al.,
2007), whereas forced expression of Pax4 converted embryonic a cells into f like cells with
abnormal physiological responses (Collombat et al., 2009). Interestingly, deletion of Arx in
a cells leads to loss of characteristics that define the a cell and appearance of  cell markers
(Courtney et al., 2013; Wilcox et al., 2013), further supporting the notion that transcription
factors simultaneously promote desirable fates while suppressing other fates within the same
cell.

Due to the close developmental relationships shared by endocrine cells, many examples
exist of fate conversion between the different endocrine cell types in addition to the ones
described above. Specification of the endocrine lineage occurs through the combined action
of numerous transcription factors (Pdx1, Nkx6.1, Nkx2.2, Sox9, Hnf6, Ngn3, Arx, Pax4,
and others), and mature cell fate is maintained by a host of factors, including Pdx1, Nkx6.1,
Paxg, Isl1, MafA, MafB, and NeuroD (Habener et al., 2005; Benitez et al., 2012; Mansouri,
2012). Deletion of Nkx6.1, an endocrine progenitor marker that is restricted to p cells during
adulthood, can convert early-life § cells to somatostatin-expressing & cells (Schaffer et al.,
2013). Deletion of Pax6, a factor important in endocrine differentiation, causes adult islet
cells to convert into ghrelin-expressing epsilon cells that are normally absent or low in
postnatal islets (Hart et al., 2013). Concomitant deletion of Arx and Nkx2.2 perturbs fate
specification by favoring the somatostatin/ghrelin fate at the expense of the o and B cells
(Kordowich et al., 2011; Mastracci et al., 2011). Such genetic manipulations shed light on
the requirement for several factors at various steps during fate spec-ification and after a
differentiated state is established, and they point to the possibility of changing cell fate via
approaches that manipulate the expression of transcriptional regulators.

Similar to that of the endocrine fate regulators, the identity of exocrine acinar cells also
depends on a transcriptional cascade including Ptfla, Mist1, and Nr5a2, among others. Ptfla
is expressed in progenitors that give rise to acinar cells and is maintained in differentiated
cells (Kawaguchi et al., 2002; Lin et al., 2004; Beres et al., 2006; Holmstrom et al., 2011).
The dosage of Ptfla may play a role in determining fate outcome, because reduced activity
of this transcription factor leads to expression of insulin in adult acinar cells (Hesselson et
al., 2011). The observation that Ptfla expression is not conducive to endocrine specification
is suggested by an inhibitory interaction between Ptfla and the proendocrine factor Nkx6.1
(Schaffer et al., 2010). Overexpression of Ptfla in pancreatic progenitors represses Nkx6.1
expression and blocks endocrine differentiation. Thus, Ptfla both promotes acinar cells and
suppresses the endocrine program. Another factor important for maintenance of acinar
identify and function is Mistl (Direnzo et al., 2012). Mist1 knockout mice display the
appearance of duct-like structures, and lineage tracing suggests that acinar cells convert to
presumptive ducts upon loss of Mistl (Pin et al., 2001). Similarly, Nr5a2 is also required for
maintenance of acinar identity, and loss of Nr5a2 converts acinar cells to a duct-like state
(von Figura et al., 2014b). Given the close physical relationship between acinar and ductal
cells, it might not be surprising that perturbing the mature state of the acinar compartment
leads to a conversion toward the ductal fate. The ready adoption of a duct-like fate by acinar
cells is of great significance for understanding the mechanisms underlying the development
of pancreatic ductal adenocarcinoma (PDA), and this will be discussed in detail later. Acinar
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cells also demonstrate the propensity to express markers of other lineages under specific
conditions. Deletion of c-Myc in acinar cells during embryogenesis leads to conversion of
the acinar lineage into adipocytes, as shown by lineage tracing (Bonal et al., 2009),
suggesting a role for c-Myc in acinar differentiation.

Many attempts have been made to convert acinar cells into the endocrine lineage and
specifically into j cells. In a landmark study, Melton and colleagues demonstrated activation
of the B3 cell program upon ectopic expression of proendocrine genes Pdx1, MafA, and Ngn3
in acinar cells (Zhou et al., 2008). This conversion resulted in changes to cellular gene
expression, as well as morphological and functional changes, without the presence of an
observable transient intermediate serving as endocrine progenitor (Zhou et al., 2008). The
important role of Ngn3 in suppressing exocrine fate and promoting endocrine fate was
further proposed in a follow-up study with similar in vivo experiments (Li et al., 2014).
Infecting acinar cells with the same three transcription factors led to the formation of 9, a, or
B cells, depending on the combination of factors employed. The authors concluded that
proendocrine regulators exert effects in a temporal manner that first suppresses acinar fate
and then establish an endocrine state (typified by the expression of the panendocrine gene
Pax6) with subsequent induction of other endocrine genes. As discussed above, the common
theme to emerge from such manipulations is that transcription factors serve activating and
repressive functions concomitantly.

Less is known about the transcriptional regulation that maintains the ductal lineage within
the exocrine pancreas. The ductal tree is composed of epithelial cells that express a distinct
set of transcriptional regulators, including Sox9, Hnf6, and Hnflb (Haumaitre et al., 2005;
Pierreux et al., 2006; Zhang et al., 2009; Kopp et al., 2011; Delous et al., 2012; Manfroid et
al., 2012). In the absence of a better description of the mature state of ducts cells, it is
currently unclear what level of plasticity is expected from these differentiated cells.
Overexpression of Ngn3 in duct cells isolated from human islets led to upregulated
expression of some 3 cell genes, but also neural genes, suggesting that ectopic expression of
Ngn3 is not sufficient for conversion of duct cells into bona fide f§ cells (Kopp et al., 2011;
Swales et al., 2012). A recent paper shows that loss of a protein that participates in the
recognition motif of a ubiquitin ligase in pancreatic ductal cells leads to activation of the
endocrine program, as evidenced by an upregulation of Ngn3 and its downstream effectors
(Sancho et al., 2014). Genetic deletion of Fbw?7 leads to the stabilization of Ngn3 (normally
a short-lived protein), and ductal cells adopt characteristics of B, a, and d cells. Furthermore,
ectopic expression of a stabilized form of Ngn3 (phospho mutant Ngn3-AA) in murine duct
cells promotes transdifferentiation toward the 8 cell phenotype with low efficiency. While
Ngn3-AA-expressing cells activate § cell markers, the response to glucose-stimulated
insulin secretion is not extensive, further supporting the notion that factors other than Ngn3
are required for full conversion of duct cells into 8 cells (Sancho et al., 2014). The
conversion frequency is low (~1%), suggesting that not all cells that are depleted of Fbw7
are equally amenable to such redirection of fate. Nevertheless, these data implicate Fbw7 as
being critical for maintenance of ductal identity and provide another example of a regulator
that is important in switching fates within the pancreas.
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Centroacinar cells lie at the interface of acinar and terminal duct cells and have been
considered candidates for pancreatic progenitor cells (Rovira et al., 2010; Cleveland et al.,
2012). Furthermore, the gene expression profile of the centroacinar cell is poorly
characterized aside from the expression of Sox9, a transcription factor required for
endocrine specification (Seymour et al., 2007), and Hes1, an effector of the Notch pathway
(Kopinke et al., 2012). Despite efforts to irreversibly mark centroacinar cells for lineage
tracing, the contribution of this cell type to any other lineage in vivo remains controversial
(Kopinke et al., 2011).

Epigenetic Regulation of Transcriptional Regulators Controls Cellular Identity

While transcription factors are most commonly involved in determining cellular identity,
epigenetic regulation introduces additional layers of temporal and spatial control that can
modify genomic information. Recent evidence suggests that the histone methylation
signature of a cell can be an indicator of how easily the cell can be coaxed toward a different
lineage. Global analysis of human islet cells revealed that many genes that are part of the 3
cell signature were bivalently marked in differentiated a cells (Bramswig et al., 2013). Such
bivalency is best described in pluripotent cells, where developmental genes are silenced and
yet poised for activation. Bivalency is conferred by concomitant trimethylation of histone
H3 lysine 4 (H3K4, considered an active mark at the transcriptional start site and activated
by the Trithorax complex) and histone H3 lysine 27 (H3K27, which transcriptionally
represses through recruitment of the Polycomb group of proteins). Loss of either mark can
activate or repress gene expression, allowing adoption of more than one developmental
program in response to appropriate cues (Bernstein et al., 2006). These findings hint that the
a cell may be amenable to expressing p cell-specific genes under the appropriate conditions.
Treatment with a histone methyltransferase inhibitor led to coexpression of a and 3 cell
genes in human islet cells (Bramswig et al., 2013), indicating that forced epigenetic
manipulation can alter gene expression in vitro. Furthermore, transdifferentiation between
endocrine cells subsequent to changes in genomic methylation has been observed in vivo.
One example is through modulation of the methylation state of the Arx locus in
differentiated  cells (Dhawan et al., 2011). A repressor complex that includes the
homeodomain transcription factors Nkx2.2, Nkx6.1, a corepressor Groucho-3 (Grg3), and
the de novo DNA methyltransferase Dnmt3a is recruited to the Arx locus to prevent
expression during  cell replication (Papizan et al., 2011). Deletion of the DNA
methyltransferase 1 (Dnmtl), which is responsible for maintaining DNA methylation upon
replication, converts {3 cells into glucagon+ cells by derepressing the Arx promoter. Thus,
transcriptional regulators and epigenetic modifiers collaborate to suppress the expression of
Arxin the B cell, and loss of this regulation diverts p cell fate toward a cells.

Fate choice can also be modulated by acetylation and deacetylation of histones that in turn
impacts gene expression. Both histone acetyltransferases and histone deacetylases (HDACS)
play key roles in adoption of the appropriate pancreatic fate from progenitors during
embryonic development (Haumaitre et al., 2008; Lenoir et al., 2011; Xu et al., 2011).
Identification of small molecules that can specifically target histone modifiers permits us to
test the role of these regulators in isolated cells. While treatment of the glucagon-producing
a cell line aTC1 with HDAC inhibitors upregulated insulin expression, treatment of the 3
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cell line PTC3 with these compounds led to either upregulation or downregulation of genes
involved in insulin secretion, suggesting a complex regulation (Kubicek et al., 2012).
Importantly, the study revealed that different classes of inhibitors could target distinct
subsets of genes. Hydroxamic acids that inhibit HDAC1, HDAC2, HDAC3, HDACS, and
HDACS caused downregulation of a host of  cell regulatory genes (including Pdx1, Pax4,
NeuroD, Nkx6.1, and Nkx2.2) as well as insulin, while orthoamino anilides, inhibiting
HDACL1, HDAC?2 and HDACS3, had no effect on these genes, but caused upregulation of
MafB and Arx, resulting in increased glucagon expression in the § cell line. Thus, specific
acetyltransferases allow modulation of endocrine cell fates, and the identification of
compounds that target specific epigenetic pathways could be beneficial for fate
modification.

An additional layer of epigenetic control is provided by micro-RNAs, small noncoding
RNAs that silence gene expression through sequence-specific inhibition or degradation.
Pancreas organogenesis relies on microRNA production (Lynn et al., 2007), and several
microRNASs, including miR-375, are implicated in jp cell function and gene expression (Poy
et al., 2004, 2009; Kaspi et al., 2014) as well as exocrine tissue homeostasis (Prevot et al.,
2013). In acinar cells, microRNAs repress expression of factors that may promote adoption
of ductal fates (Prevot et al., 2013). Similarly, microRNAs in the § cell regulate expression
of genes such as Mct1, which inhibits glucose-stimulated insulin secretion (Pullen et al.,
2011). Further work will delineate how repression of undesirable fates by microRNAs
contributes to maintenance of cellular identity and how manipulation of these small RNAs
can allow cellular adoption of alternative fates.

Resting versus Dedifferentiated Cells: When Is Dedifferentiation Part of the Normal
Cellular Phenotype?

The previous notion of terminal differentiation as a fixed state has been revised due to
substantial evidence on the alterations in fully matured cells in response to certain stresses.
Most attempts at changing cell fate involve overriding the regulatory mechanisms that are
normally in place to control cell identity through artificial means. Thus, the following
question arises: can this inherent plasticity be part of a cell's normal response to stress, or is
it only identifiable under conditions of artificial genomic or epigenomic manipulation? Is
there a narrow range of fate modification that a cell can tolerate as part of the normal
physiological response? Are there distinct points of no return during changes in cellular
differentiation, after which a switch back to the previous state becomes impossible? Much
work lies ahead in order to fully uncover what buffering mechanisms are in place to allow a
cell to maintain identity. Although increasing evidence suggests that cells do respond to
challenges by transitioning to novel phenotypes, it remains to be determined whether the
new differentiation state is equivalent to a cell that is formed during normal organogenesis
or if it represents a new cell type.

A common cellular response to specific injuries or manipulations is the stimulation of
cellular dedifferentiation (Figure 1). Currently, dedifferentiation is defined as a loss of the
hallmark characteristic state that identifies a terminally differentiated cell. Cells may lose
their normal mature state and become pliable to fate change, either inherently or through
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external stimulation. Alternatively, cells may dedifferentiate and cease to function but
persist in an undefined or resting state while the insult persists. In the first instance,
dedifferentiation is a transition step before the adoption of a novel identity, characterized by
reemergence of factors that promote redirection of fate. In the second case, dedifferentiation
could be viewed as an adaptive response to a stressful stimulus, such that the cell ceases
normal activity to prohibit progression toward cellular dysfunction, culminating, in extreme
cases, in cell death. This phenomenon may be viewed as a transient “resting” state for a cell
to regroup and allow the insult to subside. Examples of both of these scenarios are suggested
within the pancreas.

A substantial amount of evidence has demonstrated the ease with which pancreatic acinar
cells dedifferentiate into cells resembling a duct-like phenotype in response to stresses such
as injury or inflammation. Acinar cells undergo morphological changes, with a reduction in
the expression of mature acinar markers concomitant with increased expression of factors
normally expressed during embryonic development. Because the dedifferentiated cells
exhibit qualities reminiscent of both a duct cell and a progenitor cell present during
pancreatic development (including the expression of Sox9, Hnf6, Hes1, Pdx1, and Nestin),
the term duct-like cell has been used to describe this population (Song et al., 1999;
Jacquemin et al., 2003; Miyamoto et al., 2003; Jensen et al., 2005; Seymour et al., 2008;
Morris et al., 2010a; Shi et al., 2013). The duct-like cells are not true progenitors, however,
because they lack expression of other markers, including Hnflb and Nkx6.1 (Jensen et al.,
2005; Solar et al., 2009; Schaffer et al., 2010; Prévot et al., 2012).

A common notion is that acinar dedifferentiation may create a facultative progenitor cell
capable of repopulating different types of pancreatic cells. During early development of the
pancreas, multipotent progenitor cells residing at the tips of epithelial branches divide and
leave behind progeny that differentiate into duct and endocrine cells that form the trunk of
the branches (Figure 2A). The multipotent progenitors at the tips will eventually
differentiate into acinar cells, suggesting that acinar cells are the most direct progeny of
embryonic multipotent progenitor cells (Figure 2A) (Zhou et al., 2007; Solar et al., 2009).
While controversy exists over whether an adult pancreatic stem cell exists, dedifferentiation
of acinar cells into multipotent progenitor cells offers an attractive model for cell
replacement in the adult pancreas. Indeed, acinar to duct-like dedifferentiation is observed
under different models of pancreatic injury, including partial duct ligation (PDL) and
chemically induced pancreatitis, perhaps suggestive of pancreatic cells adopting a more
progenitor-like state that can help repopulate the organ after injury. For example, when the
cholecystokinin (CCK) analog caerulein is used to pharmacologically stimulate acinar cells
to secrete continuous and excessive amounts of digestive enzymes, acinar cells respond by
shutting down expression of digestive enzymes and initiating expression of progenitor/stress
factors (Jensen et al., 2005; Siveke et al., 2008; Morris et al., 2010a). The extent and degree
of dedifferentiation is dependent upon the duration of injury, suggesting that this is a
protective response that reduces the harmful effects of digestive enzymes on acinar cells and
simultaneously generates a cell with progenitor-like qualities to repopulate the damaged
pancreas. Notably, regeneration depends on interaction with immune cells that serve as
critical regulators of acinar cell redifferentiation (Folias et al., 2014).
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In another study of severe injury to the exocrine compartment, cells expressing endocrine
progenitor markers localized to the ductal lining, suggesting that either a new progenitor cell
is forming through the ductal lineage or acinar dedifferentiation may be enhanced in
situations of intense pressure (Xu et al., 2008). Reprogramming of the ductal lineage to an
endocrine fate has been controversial, because lineage tracing demonstrates that although
Ngn3 is induced in duct cells upon PDL, the levels are insufficient to induce endocrine and 3
cell formation (Kopp et al., 2011). Ngn3 is an unstable protein, and one possibility for the
failure of ductal cellular reprogramming could be rapid degradation of Ngn3. As noted
above, Fbw7 was dramatically reduced upon induction of pancreatic injury, such as PDL,
which might suggest that the extent of the damage (which would correlate with the reduction
in Fbw7 and the consequent stabilization of Ngn3) may determine the ability of cells to
undergo fate change (Sancho et al., 2014). A recent study wherein acinar cells were
transiently labeled in adult mice prior to injury by PDL demonstrated that while most acinar
cells died, some cells located at the tips acquired the molecular signature of embryonic
multipotent progenitor cells present at the end of pancreatic branches (Pan et al., 2013).
Multipotency was confirmed in these progenitors when they gave rise to exocrine acinar and
duct cells, as well as cells of the endocrine pancreas (Figure 2B). This study supports the
idea that adult acinar cells retain the potential to revert into progenitor-like cells with self-
renewal and multipotent capacities. What remains unclear is whether all acinar cells have
this capacity or whether the niche environment of the cell might limit or create increased
multipotentiality. It is also important to consider the type of insult, because different models
of injury provide divergent outcomes (Desai et al., 2007).

Dedifferentiation in the context of a diseased state has been observed in the endocrine
compartment as well, although the physiological stressors are distinct from those in the
exocrine system. In the presence of metabolic stress due to persistent hyperglycemia and
insulin resistance, {3 cells are forced to function at supranormal levels. Such glucotoxicity
leads to loss of cellular function and cell death (Butler et al., 2003; Poitout and Robertson
2008). However, different types of stresses, either genetic or metabolic, have all converged
on a new look at dedifferentiation in the 3 cell as a potential cause for disease, and
dedifferentiation has been recently introduced as an alternative fate to cell death in the
context of type Il diabetes (Figure 3). For example, B cell-specific deletion of the
transcription factor Foxol during states of metabolic stress (including aging and pregnancy)
results in reduced f cell mass that causes diabetes (Talchai et al., 2012). Intriguingly,
lineage-tracing studies showed that 3 cells do not undergo apoptosis but dedifferentiate into
cells that have lost the canonical  cell marker expression. These dedifferentiated  cells
appeared to express stem cell markers, including Oct4, and could occasionally
redifferentiate into other hormone-producing cell types (Talchai et al., 2012). Similar
findings were reported in a mouse model of § cell inexcitability, wherein ectopic expression
of a gain-of-function mutation in the KATP channel led to dedifferentiation in  cells (Wang
etal., 2014). In both studies, progenitor markers, defined as genes normally absent from
mature 3 cells but present in pancreas progenitors, were observed in the dedifferentiated 8
cells, while adoption of non-f cell fates by the de-differentiated cells was not observed upon
sustained activation of the KATP channel. Thus, depending on the exact nature of the
stressor, distinct outcomes are reached. The onset of dedifferentiation also had significantly
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different temporal requirements in each study. In the Talchai et al. study, diabetes onset was
well into adulthood, and it presented with a progressive deterioration of  cell function,
reminiscent of how the disease develops in humans. The dedifferentiation seen in the
activated KATP context occurs rapidly, in that hyperglycemia is observed within 20 days
after administration of tamoxifen. Thus, different perturbations may impact the timing and
extent of B cell dedifferentiation. Similarly, oxidative stress modifies the cellular state,
causing reduced activity of important transcription factors as a result of displacement from
the nucleus (Guo et al., 2013). PDX1 and a small subset of key islet-enriched transcription
factors were reduced in f cells from islets isolated from type Il diabetic patients (Guo et al.,
2013) and in rodents with chronic hyperglycemia (Harmon et al., 1999; Jonas et al., 1999).
Interestingly, progenitor factors (NEUROGENIN 3, NANOG, POU5F1, and MYCL1)
found in previous rodent studies were not detected in islets from humans with type Il
diabetes, suggesting that there may be species-specific differences in the stress response of
islets (Guo et al., 2013). This study underscores the importance of subcellular localization of
transcription factors, because gene expression levels would be less informative in such a
scenario. Inappropriate activation of the embryonic Hedgehog signaling pathway in adult
cells also induces dedifferentiation and compromised cellular function, including
reactivation of the progenitor markers Hes1 and Sox9 (Landsman et al., 2011). While
transdifferentiation into other pancreatic cell types was not observed, a remarkable finding
was that silencing of the Gli2 transgene responsible for sustained Hedgehog signaling
activity allowed cells to redifferentiate into functional 3 cells (Landsman et al., 2011). These
findings support the notion of reversibility of a dedifferentiated state upon cessation of the
original stressor.

Lastly, alterations in the metabolic state of the cell can cause modifications in cellular
identity. This is evident upon erroneous activation of the hypoxia response pathway that
leads to 3 cell dedifferentiation, with concomitant activation of a subset of embryonic
markers (Puri et al., 2013). In the majority of the studies,  cells appeared to persist in a
dedifferentiated state, with only a fraction of the dedifferentiated cells demonstrating the
ability to adopt alternative fates. Such prolonged dedifferentiation may be viewed as a
mechanism that allows the cell to reduce the need to continuously produce insulin and thus
achieve a resting state that at least temporarily might stave off cell death signaling. Evidence
that such a state is reversible comes from the observation that introduction of exogenous
insulin lowered the physiological hyperglycemia in KATP mutant animals and appeared to
reverse the § cell dedifferentiation phenotype (Wang et al., 2014). A pressing question is
whether such redifferentiation occurs under other stress conditions as well. It is likely that
the extent of (3 cell dedifferentiation will determine how reversible this condition would be.
In other words, impaired 3 cell functionality that might be observed during the early stages
of human prediabetes or diabetes might be reversible if the underlying stressor that causes 8
cell dedifferentiation is removed. A detailed understanding of this process is an avenue
worth pursuing, as it could have significant implications toward our understanding of the
development and management of diabetes.

Collectively, manipulations within both the endocrine and exocrine compartments suggest
that distinct pressures cause cells to first transition into a “resting” state (Figure 1), with
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down-regulation of factors that are creating stress, such as those promoting production of
digestive enzymes in the acinar cell and insulin in the 8 cell. This initial decrease in
expression of factors critical to the overall function of the cell may represent a transition
period that occurs before dedifferentiation, wherein cells maintain normal cellular
morphology and defining characteristics. If the pressure is too great or persistent enough,
this resting state progresses further to an overt dedifferentiated state wherein the cell
undergoes more dramatic changes in the expression of defining factors, as well as changes in
morphological and functional features (Figure 1 and Figure 2B). It is reasonable to consider
that both the resting and dedifferentiated states of a cell are transient and that the cell can be
restored to normal if the pressures are relieved in time (Landsman et al., 2011). While
reversibility of fate in dedifferentiated  cells is still a new concept, this idea is clearly
evident in models wherein pancreatic acinar cells are able to regenerate after
dedifferentiation in response to caerulein treatment (Jensen et al., 2005). However, it is
important to consider that persistent and/or intense pressure can cause erosion of normal
phenotypic and functional characteristics to a point where the cell undergoes permanent
changes in cellular fate.

Is Dedifferentiation a Gateway for Transdifferentiation?

An interesting phenomenon in progressive dedifferentiation is the process of trans-
differentiation (Figure 1). We define transdifferentiation or cellular reprogramming as the
conversion of one specialized cell into a different cell lineage (Figure 1). Different methods,
both naturally occurring and experimental manipulations, have resulted in the
transdifferentiation of pancreatic cells in both the endocrine and exocrine compartments.
This process of cellular reprogramming might occur via distinct routes (Figure 1). For
example, intermediary transdifferentiation requires that a mature cell first dedifferentiate
into a progenitor cell that can then give rise to a cell of a different origin
(Transdifferentiation 1, Figure 1). A second scenario that is documented in the field is the
conversion of cell fates without an observable or detectable intermediate step; this is termed
direct reprograming (or Transdifferentiation 2, Figure 1).

An example of intermediary transdifferentiation can be seen when acinar cells
dedifferentiate into a duct-like cell with exocrine and endocrine potential. So far, evidence
suggests that pancreatic cells only give rise to other pancreatic lineages and not other tissues
or germ layers. Even though the appearance of stem cell markers Oct4 and Nanog has been
reported in dedifferentiated {3 cells (Talchai et al., 2012), there is no evidence that these cells
can give rise to nonendocrine lineages despite the expression of pluripotency markers. It is
conceivable that a dedifferentiated cell might retrace the normal developmental path toward
a different, albeit closely related, cell type once it has reached the progenitor state.

Direct reprogramming of the exocrine pancreas into an endocrine population using
exogenous factors demonstrates that cells can be prompted to directly transdifferentiate
(Zhou et al., 2008; Li et al., 2014). Recent reports further demonstrated both in vitro
(Baeyens et al., 2005, 2006, 2009) and in vivo (Baeyens et al., 2014) that acinar cells can be
reprogrammed into P like cells in response to cytokine treatment with epidermal growth
factor (EGF) and ciliary neurotrophic factor (CNTF). Notably, treatment with EGF and

Cell Stem Cell. Author manuscript; available in PMC 2016 January 08.



1duosnue Joyiny vd-HIN 1duosnue Joyiny vd-HIN

1duosnuely Joyny vd-HIN

Puri et al.

Page 12

CNTF led to reprogramming of acinar cells in hyperglycemic diabetic mice by generating a
functional a cell mass sufficient to restore and maintain normoglycemia in an indirect
process dependent on Ngn3 and signaling through Stat3 (Baeyens et al., 2014). The authors
do not report a dedifferentiation step in the process of converting the acinar cells into
endocrine progenitors, furthering the notion that acinar cells directly (without transitioning
through a dedifferentiation state) switch fate into the  cell lineage. While these studies
provide evidence that cells originating from the acinar lineage can be reprogrammed into
cells capable of regulating glycemia to a certain extent, it remains unclear whether acinar-
derived cells achieve a state identical to that of normal islet § cells.

As previously discussed, the endocrine pancreas also appears to have a significant ability to
switch fates between different islet cell types. Ablation of p cells prompted the adjacent
glucagon-expressing a cells and somatostatin-expressing 0 cells to spontaneously acquire
features of insulin-producing f cells (Thorel et al., 2010; Chera et al., 2014). Furthermore,
conversion of B cells into a like cells after loss of Pdx1 showed no evidence for an endocrine
progenitor state (described as the lack of expression of Arx or Ngn3), suggesting a direct
conversion through a hybrid state in which cells display properties of both a and p cells
(Gao et al., 2014). Reaggregation of dispersed human islets led to spontaneous conversion of
B cells into a cells in an Arx-dependent manner, although the glucagon-expressing cells
continue to express Pdx1 and Nkx6.1 (Spijker et al., 2013). This cell may resemble the
multihormone-positive cell that can be generated from human embryonic stem cells during
directed differentiation, wherein inappropriate cues can lead to simultaneous activation of §
cell and a cell-specific genes (Rezania et al., 2011). Conversion of f cells into other
endocrine cells subsequent to dedifferentiation has also been demonstrated (Talchai et al.,
2012; Puri et al., 2013). Such fate conversion between endocrine cells is likely facilitated by
the substantial similarity in genome-wide chromatin structure between the different
endocrine cells. Thus, suppression of  cell identity might eliminate factors that normally
repress non-f3 endocrine cell identities. Overall the idea that the identity of endocrine cells is
fragile and can be disrupted in cases of metabolic stress has led to the theory that 3 cell
dedifferentiation, rather than f cell death, is an underappreciated cause of 3 cell failure in
diabetes (in type Il and possibly type | diabetes). If this is the case, reversal of this process
might be achievable by pushing dedifferentiated f cells or transdifferentiated endocrine cells
back to their original functional mature state (Landsman et al., 2011).

Importantly, full transdifferentiation is currently difficult to establish because we are still
trying to establish parameters to evaluate the extent of conversion. In general, it is not clear
whether morphology, gene expression, epigenetic landscape, ultrastructure, or function of a
transdifferentiated cell are identical to that of a cell formed during normal development. The
most critical factors that need to be resolved to fully evaluate transdifferentiated cells are the
extent of their maturity and the stability of the newly acquired characteristics. While
examples clearly exist that describe direct reprograming without the requirement of an
intermediate transition stage, future work will help resolve how these changes in cellular
phenotypes differ from those of intermediary reprogramming or development.
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Hijacking Flexibility for Irreversibility: The Path to Cancer

Pathological conditions that encourage fluidity in cellular plasticity and the reemergence of
progenitor factors in both the endocrine and exocrine compartment can also render these
cells susceptible to oncogenic transformation. In the absence of tumorigenic pressures, it is
believed that partially differentiated cells prefer to revert back toward a more stable state of
terminal differentiation. In the case of cellular transformation involving active oncogenes,
the continuous change suggests that neoplastic cells have lost fate constraints and can adopt
a permanently dedifferentiated state that promotes cancer formation.

A clear example of such plasticity being misdirected toward disease is in the etiology of
pancreatic adenocarcinoma (PDA). Current data support the notion that PDA can arise from
distinct neoplastic lesions, including pancreatic intraepithelial neoplasia (PanIN), mucinous
cystic neoplasm (MCN), and intraductal papillary mucinous neoplasia (IPMN) (Feldmann et
al., 2007; Matthaei et al., 2011). Determining the cellular source of PDA has been
challenging in humans because the histological appearances and morphological features
used to classify neoplasia and tumors do not necessarily predict the cell of origin.
Nevertheless, an impressive body of research using animal models has been devoted to
identifying mutations and characterizing the precursor lesions that lead to formation of PDA
within the pancreas. Recent evidence points to both acinar and duct cells as potential sources
of precancerous lesions (Carriéere et al., 2007; Guerra et al., 2007; De La O et al., 2008;
Habbe et al., 2008; Morris et al., 2010a; Kopp et al., 2012; Pylayeva-Gupta et al., 2012; Shi
and Hruban 2012; von Figura et al., 2014a). Acinar cells undergo dedifferentiation into a
duct-like state under certain types of injury, as described previously. Activated Kras
(KrasG12D) has the ability to hijack the dedifferentiated cellular state to initiate formation
of PanIN lesions in mouse models (Morris et al., 2010b; Kopp et al., 2012). Lineage tracing
studies have demonstrated that KrasG12D can induce PanIN formation by destabilizing the
acinar cell phenotype and initiating the transition of acinar cells into a duct-like state, an
important event in tumor progression (Habbe et al., 2008; Kopp et al., 2012). Furthermore,
the ductal factor Sox9 synergizes with Kras to accelerate acinar reprogramming, indicating
that progression through a duct-like state may be a critical determinant of Kras-induced
PanIN formation (Kopp et al., 2012).

Duct cells have also been suggested as a cellular source of origin for PDA. Specific deletion
of the epigenetic regulator Brgl, an essential member of SWI/SNF complexes, renders duct
cells sensitive to oncogenic Kras-driven neoplastic transformation, supporting the idea that
duct cells can contribute to the formation of IPMN lesions (von Figura et al., 2014a). It
remains unclear whether duct cells undergo a similar dedifferentiation step observed in
acinar cells during or prior to Kras-driven transformation. It is also unknown whether
dedifferentiation of both mature acinar cells and mature ductal cells can result in a similar
dedifferentiated duct-like progenitor cell in both cases. Hypothetically, dedifferentiation of
both cell types might lead to the formation of a similar intermediate progenitor cell, with the
context-dependent genetic and environmental factors shaping the aggressiveness and nature
of PDA development. Alternatively, acinar and duct-derived cancers retain information
regarding their origin, suggesting profound differences despite similar morphology of the
respective tumors. Independent of the cell of origin, factors like inflammation and metabolic
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stress, accompanied by a genetic predisposition, can catapult a dedifferentiated cell into a
disease-causing trajectory that leads to transformation and changes in both cellular identity
and behavior (Figure 1). Thus, in the presence of oncogenic mutations, fate plasticity proves
to be detrimental.

Cancers of the endocrine pancreas called pancreatic neuroendocrine tumors (pPNETS) can
occur that contain either nonfunctional endocrine cells (maintaining an apparent endocrine
cell identity, but not secreting any identifiable hormone) or functioning endocrine cells (cells
that can secrete normal islet hormones, hormones characteristic of the fetal pancreas, or
factors produced by islet cells at any stage of development) (Kléppel, 2011). Islet
dedifferentiation and the acquisition of a different endocrine-like identity may also be the
driving force that propels genetically predisposed cells into an oncogenic transformation.
Currently the cell of origin of pNET in humans remains unknown. Manipulation of tumor
suppressor genes in B and a cells induces insulinomas and glucagonomas, supporting the
tumorigenic potential of these cells and an endocrine origin of pNET (Bertolino et al., 2003;
Lu et al., 2010). However, it has also been suggested that pNET might actually arise from
the exocrine pancreas, and recent data demonstrating endocrine potential from acinar cells
support this idea, but whether this actually occurs in humans remains a mystery (Kamisawa
et al., 2002; Vortmeyer et al., 2004). Summarily, it appears that risk factors such as chronic
pancreatitis or genetic variants that render pancreatic cells more plastic may reduce the
threshold for pancreatic dedifferentiation and increase the likelihood of the development of
different types of pancreatic cancers.

Clinical Implications: How Are Therapeutic Strategies Changing?

Understanding that pancreatic cells are more fluid than previously expected and that the
changes in cellular plasticity contribute to the manifestation of different pancreatic diseases
promises a tremendous impact on therapeutic approaches. Importantly, identifying factors
that promote, inhibit, or stabilize this process could have valuable implications for different
treatment strategies for 3 cell replacement therapy, diabetes, and pancreatic cancer. In the
mouse model of pancreatic cancer, removal of oncogenic Kras activity in established
precursor lesions can revert the cells back to an acinar fate and reduce tumor burden (Collins
etal., 2012; Ying et al., 2012), pointing to a need for the development of Kras inhibitors. If
changes in cell fate are as reversible as they are readily created, then new therapeutics can
target factors that inhibit dedifferentiation or promote redifferentiation depending on the
physiological situation. Accomplishing this in a functional and controlled manner requires
the detailed and progressive analysis of different cellular states during degenerative diseases,
as well as the identification of biomarkers that can differentiate these distinct transition
states.

The notion that cellular fates of both mature and immature cells can easily be altered by
manipulation of specific factors emphasizes the need for us to identify the critical regulators
that exert a pivotal influence over the differentiation fate of individual pancreatic cells. Such
information is directly applicable to current § cell replacement strategies that are aimed at
generating P cells for transplantation purposes from the differentiation of alternative cellular
sources such as human embryonic stem cells. Identification of regulators that can modify,
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maintain, or erode cellular fate can lead to the application of such information to optimizing
differentiation protocols that are geared toward generating vast quantities of (3 cells for
replacement therapy. Additionally, different approaches in regenerative medicine designed
to promote the transdifferentiation of pancreatic cell types into p cells are also dependent
upon manipulating the expression of influential transcription factors or modifying the
epigenetic landscape of cells to promote changes in cellular fate. Lastly, understanding how
different factors can alter cellular differentiation increases our ability to perform
sophisticated, and easily manipulated, disease modeling in human in vitro systems (Shang et
al., 2014). These new ideas in cellular plasticity expand our ability to manipulate patient-
specific cells that have gene mutations already identified. These cells can be used as a
screening platform for drug discovery and for the exploration of how mutations affect the
function of individual cells removed from a complex physiological system, and they can
provide in vitro systems wherein human mutations can be corrected and investigated.
Overall, it is becoming clear that understanding cellular plasticity and differentiation offers
applicable therapeutic potential to pancreatic tissue injury and regeneration, diabetes, and
pancreatic cancer.

Conclusion

Our understanding of the impact of cellular plasticity on tissue function and disease
formation continues to evolve. Manipulations within embryonic progenitors during pancreas
organogenesis have informed us of the critical players that regulate cellular identity.
Applying such findings to mature, fully differentiated cells has revealed that pancreatic cells
exhibit more fluidity in cellular fate than previously thought. Examples of such fate
flexibility have also been noted in other tissues. For instance, dedifferentiation in response to
injury in nerve cells promotes regeneration through replication, and transdifferentiation of B
cells into macrophages can be induced by forced expression of key transcription factors
(Jopling et al., 2011). In response to genetic factors, epigenetic factors, and environmental
cues, cells can be prompted to transition through different stages. The propensity and extent
of these cellular transitions is dependent upon the severity of exposure and receptivity of the
cell to these stimuli. Naturally occurring pressures such as injury or metabolic or
inflammatory stress can induce a more pliable cellular state (either a resting state or a
dedifferentiated state) that can be transient or prolonged depending on the duration of the
insult. A cell's adoption of a resting or dedifferentiated state can temporarily allow a
suspension of the normal cellular functions as a preventive measure to circumvent injury or
death. This idea is exemplified by the fragility of endocrine cells that can undergo
dedifferentiation rather than apoptosis in cases of persistent metabolic stress (Talchai et al.,
2012; Guo et al., 2013; Puri et al., 2013). Alternatively, dedifferentiation in response to
stress may cause the emergence of cellular flexibility that permits a cell's transformation into
a different cellular fate. This may lead the cell to undergo intermediary transdifferentiation,
progressively converting into another terminally differentiated cell. Finally, pathological
conditions that encourage fate fluidity and the reemergence of progenitor factors can also
render pancreatic cells susceptible to oncogenic transformation. Identifying ways to harvest
or inhibit this flexibility in a directed effort can improve different approaches in the
prevention and treatment of pancreatic diseases. The idea that terminally differentiated cells
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retain an inherent plasticity substantially increases the opportunities of targets that can be
used to restore tissue function in cases of disease and destruction.
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Figure 1. The Transition between Different Cellular Statesin Response to Genetic Manipulation
or Injury and the Connection to Pancreatic Disease

Schematic depicting the progressive cellular transitions that can potentially occur in
response to insults and how these may contribute to the manifestation of different pancreatic
disorders. A “Normal” cell can either change cellular identity to a novel fate, depicted as a
“Transdifferentiated” cell, or lose functionality and become a “Dedifferentiated” cell.
Reversal from a “Dedifferentiated” state has been observed in certain instances. Transition
to a novel cellular phenotype (“Transdifferentiation™) could occur directly or through a
dedifferentiated state. A hypothetical “Resting” state is also possible, wherein the cell ceases
to function normally but retains key features of cellular identity and can presumably reverse
back to a fully functional state. Prolonged stress, injury, or activation of oncogenic pathways
can convert a “Dedifferentiated” cell into a diseased state, leading to pathogenesis. Such a
state may also be achievable if the “Trans-differentiated” cell is unstable and amenable to
further fate modulation. The reversibility of a diseased cell back to a “Normal” cell has great
implications for therapy and remains to be established. Blue dashed arrows depict
hypothetical fate changes. Detailed definitions of the different cellular states are noted.
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Figure 2. Acinar Dedifferentiation | s Reminiscent of Embryonic M ultipotent Progenitor Cells
(A) Schematic depicting how the different pancreatic lineages arise from a common

multipotent progenitor cell that is most closely related to the acinar cell.

(B) Schematic indicating points where cellular stress (resulting from injury, expression of
pivotal transcription factors, metabolic pressure, or inflammation) leads to the
dedifferentiation of mature acinar cells. ADM, acinar-to-ductal metaplasia.
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Figure 3. Endocrine Fate Conversion within the I det
Fate change between the different endocrine cells is observed under different conditions of

stress. This may occur either directly or through a dedifferentiated state. Continued stress on
the B cell can lead to dedifferentiation that causes diabetes.
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