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Abstract

It has long been known that differentiated cells can switch fates, especially in vitro, but only
recently has there been a critical mass of publications describing the mechanisms adult, post-
mitotic cells use in vivo to reverse their differentiation state. We propose that this sort of cellular
reprogramming is a fundamental cellular process akin to apoptosis or mitosis. Because
reprogramming can invoke regenerative cells from mature cells, it is critical to the longterm
maintenance of tissues like the pancreas, which encounter large insults during adulthood but lack
constitutively active adult stem cells to repair the damage. However, even in tissues with adult
stem cells, like stomach and intestine, reprogramming may allow mature cells to serve as reserve
(“quiescent”) stem cells when normal stem cells are compromised. We propose that the potential
downside to reprogramming is that it increases risk for cancers that occur late in adulthood.
Mature, long-lived cells may have years of exposure to mutagens. Mutations that affect the
physiological function of differentiated, post-mitotic cells may lead to apoptosis, but mutations in
genes that govern proliferation might not be selected against. Hence, reprogramming with reentry
into the cell cycle might unmask those mutations, causing an irreversible progenitor-like,
proliferative state. We review recent evidence showing that reprogramming fuels irreversible
metaplastic and precancerous proliferations in stomach and pancreas. Finally, we illustrate how we
think reprogrammed differentiated cells are likely candidates as cells of origin for cancers of the
intestine.
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In 1957, Conrad Waddington proposed his highly influential “landscape model” suggesting
that cellular differentiation was like a ball rolling downhill (1). Stem cells are higher up on
the hill with multiple channels still open to them; mature cells with their specialized,
physiological roles, are at the bottom, each in their unique, mature groove. When a cell
reaches its resting state at the bottom, it is “terminally differentiated”, implying there is no
going back uphill. That irreversible commitment view of differentiation has long been the
dogma. On the other hand, even since Waddington’s model was proposed, there have also
been experimental observations suggesting that differentiation could be reversed. Even in the
year Waddington’s landscape model was published, Elizabeth Hay was using ultrastructural
analysis to show how mature cells in the salamander could dedifferentiate, re-enter the cell
cycle, expand and then redifferentiate to regenerate a limb following amputation (2), and two
years earlier Carol Mosher was observing reprogramming of mature mesenteric stromal cells
to regenerate the digestive system of sea cucumbers (3, 4). However, it has been only much
more recently that the concept that mammalian differentiated cells could be returned to a
stem cell state has found substantial experimental support, with some of the earliest
arguments and supporting data for plasticity of differentiated cells coming from Zipori and
colleagues(5). Perhaps the watershed was the work from Takahashi, Yamanaka and
colleagues showing that differentiated mammalian cells could be directly reprogrammed in
vitro to become stem cells (6, 7). It was incontrovertibly shown, thus, that, at least in tissue
culture, differentiation does not have to be permanent. In the last few years, it has become
increasingly clear that cell dedifferentiation to a regenerative and/or stem cell state is not
simply an artifact of tissue culture. A burgeoning literature has shown that cells in vivo in
mammalian organs also have the capacity for dedifferentiation, expansion, and regeneration
of damaged tissue, just like Hays’ salamander limb cells. In short, it’s now clear that the ball
can roll uphill (8).

Organization of review and caveats

Terms

Here we will review the bloom of recent literature on reprogramming of differentiated cells
in organs of the digestive system, specifically pancreas, stomach, and intestines. We will
review both the cell and tissue changes and the signaling networks that appear to govern
reprogramming in each organ. Finally, we will state some hypotheses to be tested and
theories of our own that we hope will stimulate both experiments and thinking in this
budding field.

The field of study we address in this review is emerging, and the terminology far from
standardized. We would like to be as explicit as possible in our use of terms, allowing that
often there isn’t sufficient data to know which terms to apply to which observed cellular
phenomenon. We will attempt to apply terms as we think are most appropriate and as the
majority of investigators in the field are using them. We use the term “plasticity” to mean the
capacity of mature cells to reverse their differentiated cell fate while acquiring the potential,
even if temporary, of adopting the fate of another lineage. We use “reprogramming” to refer
to the molecular events that control “plasticity” of differentiated cells. We use
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“transdifferentiation” to mean the conversion of a differentiated cell of one lineage to the
differentiated state of a different cell lineage. We use the term “dedifferentiation” to mean
that a differentiated cell reverses its differentiated fate to acquire properties it had previously
during development (i.e., it returns to a state resembling the progenitor, precursor, and/or
stem cell state it passed through to become a differentiated cell). The strictest sense of the
term “dedifferentiation” carries the connotation that a differentiated cell not only reverts to a
precursor or progenitor state but that it also acquires the capacity for multipotency, in other
words, to differentiate into cells of a different lineage. Currently, only a handful of studies
have explicitly studied whether this type of strict dedifferentiation to multipotency occurs in
the tissues we review here. However, we will make the case that most of the reprogramming
events we describe here are, given the available evidence, more like “dedifferentiation” than
they are like “transdifferentiation”. \We believe our interpretation of the data reflects that of
concomitant surveys of the literature (9, 10).

THE PROCESS OF REPROGRAMMING AND ITS ROLE IN REPAIR,
METAPLASIA, AND CANCER IN THREE GI TISSUES

Pancreas

Fig. 1 illustrates the typical cellular changes differentiated secretory cells can undergo
during a response to tissue injury or inflammation. Terminally differentiated, professional
secretory acinar cells are normally post-mitotic. Their function is to secrete digestive
enzymes into the intestine via the pancreatic ducts. The acinar cells store large secretory
granules filled with these enzymes (e.g., Amylase, Trypsinogens, Lipases, and
Carboxypeptidases) until stimulated to release them by regulated secretion. They
constitutively express high levels of transcription factors like XBP1, which scales up and
maintains an enormous rER network to produce large quantities of the enzymes (11), and the
transcriptional target of XBP1, MIST1 (BHLHA15), which maintains the elaborate apical
secretory granule architecture that packages and stores the enzymes until release (12, 13).

Tissue injury or inflammation can trigger the acinar cells to reverse their post-mitotic,
differentiated cell fate. They acquire morphological and molecular characteristics that are an
approximate hybrid between the mature acinar cells they had been and those of duct
epithelial cells, which are the cells that line the ducts that transport the acinar cell’s secreted
enzymes toward the duodenum. Before genetic lineage tracing became available,
histopathologists generally assumed such injury-induced duct-like complexes derived from
the reactive proliferation of ducts themselves, because such complexes are organized
histologically more like tubules or ducts. However, it is now clear that these proliferative,
tubular, duct-like forms largely arise from mature acinar cells and not from mature ducts.
(14-18) These lesions are designated Acinar-to-Ductal Metaplasias (ADM). They are
metaplastic, because 1) they are morphologically and molecularly distinct from both the
normal mature acinar and duct cells and so represent a new differentiation pattern not
normally seen in the pancreas, yet 2) they are still composed of normal (i.e. non dysplastic,
non neoplastic) epithelial cells. The term acinar-to- ductal metaplasia is somewhat
misleading, however, because, although ADM cells express many genes characteristic of
mature ducts (e.g., cytoplasmic and secretory products like Cytokeratin 19, Carbonic
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Anhydrase |1, Mucins 1 and 6), they also often maintain (albeit attenuated) expression of
many genes characteristic of mature acinar cells (e.g., digestive enzymes like amylase).
Thus, in the ADM process, acinar cells are not becoming ducts (14). Rather, they adopt a
pattern of gene expression that most closely resembles that of the embryonic progenitor cells
that give rise to all the principal lineages of the adult pancreas(14, 19-21). Those progenitors
are organized in duct-like complexes, similar to ADM lesions. Like pancreatic progenitor
cells, ADM cells are proliferative, whereas mature acinar and ductal cells are largely
mitotically quiescent.

Although acinar cells maintain expression of some mature acinar cell genes when converting
to ADM, they do shut off specific transcription factors characteristic of the mature acinar
cell fate (Fig. 1). Specifically, they downregulate transcription factors that control acinar cell
maturation and architecture (MIST1, PTF1A RBPJL, NR5A2) (15, 21, 22). They re-initiate
expression of transcription factors expressed both in mature duct cells and in embryonic
pancreatic progenitors like HNF6, HNF1B, SOX9 (23-25), as well as transcription factors
not expressed in mature ducts but in embryonic progenitors (SOX17, PDX1)(14, 26) (23, 24,
26, 27).

In sum, during ADM, acinar cells reprogram their acinar cell fate in favor of a proliferative
cell population with features of embryonic pancreatic progenitors (in addition to previous
citations, see also recent review in (10)). The process is evolutionarily conserved, as it
happens in rodents and humans(23, 28-30), and, based on the reversion to a proliferative
state with gene expression patterns characteristic of the progenitors for the acinar cells,
many investigators refer to the process as a “dedifferentiation” of acinar cells(10, 14, 20-22,
28, 31-33). To meet the strictest definition of dedifferentiation, ADM lesions would have to
re-acquire true progenitor features. Like embryonic pancreatic progenitors, they should —
after the inflammation dies down — be able to differentiate back into acinar cells and, even
into mature ducts or islet cells. Accordingly, there is good evidence that ADM may be a
relatively commonplace way for the pancreas, following minor injuries, to regenerate acinar
cells and potentially mature ducts (34). While it has been shown that dedifferentiated acinar
cells can give rise to endocrine cells(25); many investigators think islet cells in the adult
largely arise from existing islet cells, even during injury(35-37).

In any case, the preponderance of the evidence would indicate that ADM is formed from
acinar cells that must scale down their existing cellular architecture and induce expression of
genes that they had expressed during an earlier phase in their existence. Many of the acinar
cells undergoing that process also re-enter the cell cycle. Thus, although ADM cells may be
only bipotent (capable of regenerating mature acinar and ductal cells), the fact that acinar
cells fueling ADM also become proliferative further favors terming the process of ADM as
“dedifferentiation” and not as a “transdifferentiation” directly into another adult cell lineage.
Eventually, as mentioned, acinar cells can give rise to normal, mature ducts, but this ultimate
“transdifferentiation” likely occurs via an initial dedifferentiation to ADM. Clearly, though,
as we study the various fate changes and understand the molecular bases of the
reprogramming events better, we will be able to more confidently apply correct terminology.
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A recent study proposed another, not mutually exclusive interpretation of ADM, which is
that the lesions most closely resemble the normal adult ducts of the biliary tree, rather than
pancreatic ducts; thus, they concluded ADM was a transdifferentiation to a biliary fate(26).
Like the biliary tree, ADM also harbors tuft cells, which are uncommon in any compartment
in the normal, adult pancreas. (26, 38)Tuft cells are morphologically distinct cells, scattered
throughout the glandular, luminal Gl tract, as well as in the extrahepatic biliary tree. They
have extensive microvilli characterized by Villin expression (39). They also manifest
microtubule networks characterized by acetylated tubulin and the enzymes used to promote
tubulin acetylation (DCLK1, ATAT1) and are reported to exhibit enhanced expression of
both receptors for EGF ligands and IGF (26, 38). It is not clear whether similar cells can be
found during embryonic pancreatic development or if they are unique to ADM. Also unclear
is whether DCLK1+ cells in ADM arise directly from acinar cells (via transdifferentiation)
or from other ADM cells (in a dedifferentiation-redifferentiation process).

ADM frequently occurs in humans in the setting of pancreatitis of various etiologies
(familial, alcohol-induced, spontaneous) (26, 40, 41). In mice, pancreatitis and ADM can be
induced by drugs or by surgical resection (42). The most commonly used drug to induce
ADM experimentally is caerulein, which is a decapeptide analog of the normal hormonal
trigger for exocytosis of the acinar secretory granules, cholecystokinin (CCK). High doses of
injected caerulein cause ADM in the setting of pancreatitis which is thought to result from
the damage due to inappropriate, hypersecretion of digestive enzymes and, potentially, direct
induction of pro-inflammatory mediators (43). The most common direct tissue injury mode
used to study ADM is pancreatic ductal ligation wherein a duct from a pancreatic lobe is
sutured closed, resulting in blockade of enzyme flow into the intestine and considerable
tissue injury and inflammation in the affected lobe (44). Inflammatory cells, like
macrophages (41, 44), are critical for ADM, no matter the experimental system, and the role
of some cytokines in the process has been established (see below), but, overall, how cells
initially sense damage and which upstream signals induce acinar cells to dedifferentiate have
not been elucidated.

Given all the evidence presented above, we favor the interpretation that ADM is an
evolutionarily conserved mechanism that allows for proliferation and expansion of cells that
can eventually redifferentiate to replace tissue that was lost during injury. In mice, as
discussed, it seems that ADM lesions largely redifferentiate into acinar cells(14, 28, 34),
thereby restoring normal exocrine pancreatic architecture after an injury. However, ADM
also seems to increase risk of progression to pancreatic ductal adenocarcinoma (PDAC),
suggesting it may sometimes not resolve and, rather, serve as a precursor lesion initiating
cancer in human patients. Thus, as has been clear for decades for esophageal and gastric
adenocarcinomas, PDAC seems also to arise through a series of precursor lesions beginning
with metaplasia. One reason why knowledge about the normal raison d’étre for ADM is
relatively limited (i.e., is it simply a means for the pancreas to regenerate damaged tissue via
an evolutionarily conserved dedifferentiation-redifferentiation sequence?) is because the vast
majority of studies on ADM are in the context of its role as a precursor lesion for PDAC, so
investigators have focused on ADM progression rather than regression and recovery. Indeed
if ADM is induced via ligation of the pancreatic duct, there is no chance for the affected lobe
to regenerate fully, as enzymatic secretion will remain impaired, unless the ligature could be
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surgically removed without lasting damage to the duct. Mouse genetic lineage tracing
studies show that continued severe inflammation and/or underlying mutations in key
regulatory genes can cause ADM cells to further increase proliferation and eventually
undergo non-normal (neoplastic) changes. The progression from ADM to pancreatic
intraepithelial neoplasia (PanIN) has been well established both in mouse models by lineage
tracing (first by Habbe, Shi et al. (17)) and in humans from pathology specimens (38, 45—
47). Mouse models, supported by human histopathological studies, indicate that PanINs are
the precursor for full-fledged, invasive PDAC and, accordingly, often already exhibit
mutations characteristic of PDAC (48-50).

Thus, the decision ADM lesions make between redifferentiating to regenerate normal adult
pancreas and progressing to an abnormal, neoplastic state is a critical one (Fig. 1). Emerging
experimental evidence indicates that defects in certain signaling pathways simply trap cells
in an ADM state but do not increase propensity for progression to PanIN. For example, loss
of Numb causes rapid progression to ADM during pancreatitis and even towards early
PanIN, but it also decreases proliferative capacity of PanINs thereby blocking progression
towards neoplasia (32). Similarly, loss of IL-6 inhibits redifferentiation of ADM cells but
also decreases proliferation and progression to PanlIN, perhaps by decreasing inflammatory
cells that promote tumorigenesis (SMA™ fibroblasts, myeloid suppressor cells) (51). Thus,
there appears to be a functional difference between blocking redifferentiation and promoting
progression to neoplasia.

Signaling networks regulating dedifferentiation—Fig. 1 details some of the genes
known to mark each differentiation state as well as those that have been shown to promote
dedifferentiation and block redifferentiation or promote progression to PDAC. The hub
protein in dedifferentiation is clearly KRAS. Numerous studies have shown that inducing
expression of constitutively active KRASG12D promotes dedifferentiation, and turning off
expression of KRAS®12D induces redifferentiation back to the acinar state (52). Active
KRAS alone is not sufficient to induce dedifferentiation, however, as injury or inflammation
must also occur (e.g., by treatment with caerulein(48, 53, 54)). Though the pro-
dedifferentiation inflammatory signals are not particularly well understood, prostaglandins
may be involved, as COX2 is increased during ADM(40, 41, 48, 55), and COX2 inhibition
can block caerulein’s dedifferentiation inducing effects (56). Macrophages, NFxB signaling,
and TNFa also have been implicated in the inflammation that induces dedifferentiation (41).

Once dedifferentiation occurs, KRAS is necessary and sufficient to maintain the ADM state.
Multiple steps in the canonical Ras pathway have been shown to also be required and
sufficient for promoting ADM; for example upstream of KRAS: EGF or TGFa signaling
(22, 33, 47, 57); the EGF receptor, other ERBB receptors and ADAM17 which releases
EGF, TGFa, and Amphiregulin (18, 40, 47, 58); and the key downstream mediator of the
KRAS signal is Mitogen activated protein kinase kinase 1 and 2 (MAP2K1 and MAP2K2;
aka MEK1/2) upstream of extracellular signal-regulated kinase 1 and 2 (ERK1/2) ((18, 26,
47)). Inhibitors at each stage can block or reverse ADM: Erlotinib and Cetuximab block
EGFR interaction with its ligands (40), PD153035 blocks signaling from the EGFR (18),
and the MEK inhibitors BAY 86-9766, PD325901, and U0126 (22, 30, 31, 40).
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Roles for other important signaling pathways have been addressed in dedifferentiation and
progression to PDAC (Hedgehog, Wnt, Akt-PTEN, Notch, TGFp), though the literature on
each of those is limited, perhaps because they either play auxiliary roles to EGFR-KRAS,
(e.g., Notch (32) and PTEN (46), and/or may be more involved in promoting progression to
PDAC than in causing dedifferentiation (e.g., Hedgehog (52) (56) and TGFp (59, 60). A
newly described, non-KRAS pathway sufficient in itself to induce ADM is Hippo. Induction
of nuclear YAP1 activity (i.e., decreased signaling through the Hippo pathway) in adult mice
is sufficient to cause ADM without manipulating KRAS (61). Activated Wnt-f-catenin may
play a more complicated role, in part antagonizing KRAS’s dedifferentiation-promoting
activity (62).

A role for BMI1-governed transcriptional targets has been shown during progression to
PanIN and cancer. BMI1 suppresses its targets at the CDKNZ2A locus (p16 Ink Arf), which
promote progression to PDAC; in other words, BMI1 is important for promoting
redifferentiation and blocking progression to cancer (56, 63). Given BMI1 is expressed in
rare acinar cells (63, 64) and promotes tissue repair, it could serve a parallel role to the one it
plays in intestine (see below).

Finally, a role for the Scaling Factor MIST1(65) has also been posited, as MIST1 is one of
the first genes expressed in differentiated acinar cells to be shut off during dedifferentiation
(15, 21, 22), and MistI™~ mice are prone to ADM (47). It may antagonize the
KRAS—ERK1/2 signal, as forced expression slows dedifferentiation (18), though at what
level MIST1 and KRAS may interact is not known.

Two recent studies implicate DCLK1 as playing a key role in ADM and progression to
PDAC. DCLK1 is expressed in cells with substantial acetylated tubulin networks, like tuft
cells, discussed above. DCLK1-positive cells are rare in the normal pancreas, and DCLK1 is
at low levels in acinar cells. KRAS-driven ADM causes a large spike in DCLK1-positive
cells with tuft cell morphology, and those cells can be isolated to grow spheroids in culture,
suggesting they have stem cell and tumor initiating properties (38). They mark distinctively
with Notch downstream targets, COX1 and COX2, and EGFR, and are lost in PDAC (26,
38). Thus far, the results in pancreas are intriguing with regards to similar roles for DCLK1-
positive cells in the intestine.

An array of transcription factors that characterize the progenitor cells for the pancreas and
biliary tree are also induced during ADM (e.g, SOX9, HNF1p; detailed in Fig. 1). As
discussed above, induction of such duct-specific transcription factors at the expense of
mature acinar transcription factors is a key feature of ADM and may be required for
progression to PanIN. Again, we emphasize that it’s important to remember that mature
ducts that normally express Sox9and HnfIp are resistant to progression to PanIN and that
ADM lesions are more like Sox9-expressing progenitors present during pancreatic
embryogenesis (23, 24) (66).

The normal mammalian stomach differs from the pancreas in that there is a constitutively
active stem cell population. Most of the proliferative activity of these stem cells appears to
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replace the rapidly turning over cells that line the surface of the stomach (67, 68). Likely as a
consequence, in the bulk of the stomach (i.e., the proximal body or corpus portion vs. the
more distal antrum and/or pylorus), the stem cell is located nearer the gastric lumen than the
base of the gastric glands. Injury and inflammation can cause increased proliferation of these
stem cells, located in the isthmus, but it also can induce metaplasia and proliferation in
mature, post-mitotic digestive-enzyme secreting chief (zymogenic) cells deep in the base of
the glands(69-71).

Though work on plasticity in the stomach is so far much more limited than in the pancreas, it
is clear that the metaplasia that the digestive-enzyme-secreting gastric chief cells undergo
parallels, in terms of general features, the reprogramming of pancreatic acinar cells in ADM.
One aspect of chief cell metaplasia that is arguably clearer than ADM is the cellular trigger
that induces reprogramming. In the stomach, death of another key functional secretory cell,
the acid-secreting parietal cell, causes loss of hormal chief cell differentiation (69, 72, 73)
(Fig. 2). Loss or injury of parietal cells causes chief cells to downscale their large secretory
granules containing digestive enzymes like Pepsinogen C and Carboxypeptidase B (74) and
re-express markers of mucous neck cells (which are the precursors of chief cells in adult
stomachs(75-77)), like TFF2 (Spasmolytic polypeptide), MUCS, the epitope for the lectin
GS-Il, and, in mice, Gastrokine 3 (69, 73, 78-80). Thus, tissue damage of the type that
injures parietal cells causes a complete reorganization of the gastric unit, characterized by, in
addition to parietal cell atrophy: expansion of a metaplastic lineage co-expressing mucous
neck and chief cell markers and the loss of normal chief cells, as they change their
differentiation state to this metaplastic lineage (70, 74, 81, 82). During parietal cell atrophy-
induced metaplasia, the overall pattern of cell differentiation in the corpus resembles
somewhat the organization of the more distal antral or pyloric region of the stomach.
Accordingly, this aberrant differentiation has been called “antralization”, “pseudopyloric”
metaplasia or, alternatively, based on the greatly increased expression of TFF2 (Spasmolytic
Polypeptide) in the reprogrammed cells at the base of the glands, “Spasmolytic Polypeptide
Expressing Metaplasia” or “SPEM” (73, 80, 83). The pathology term “atrophic gastritis” in
the body of the stomach is largely synonymous with this type of metaplasia, as “atrophy”
refers to the histological pattern of lost parietal and chief cells, and “gastritis™ refers to the
chronic inflammatory infiltrate associated with the insult that caused the parietal cell death.
Though this type of metaplasia, seen in atrophic gastritis, is “pseudopyloric”, there may be
differences between the adult antrum-pylorus and SPEM; for example, SPEM lesions are
thought to lack gastrin-secreting G cells, which occur in adult antrum, though some have
reported an increase in gastrin during atrophic gastritis(84). They have also been shown to
lack the transcription factor PDX1(85), which is expressed in the normal epithelial cells of
the antrum, not the body, and is involved in generating G-cells(85, 86), though another
report did observe some PDX1 expression in human SPEM lesions(87). SPEM units also
resemble the embryonic or pre-weaning stomach body, which similarly lacks mature,
distinct neck, chief, and parietal cell populations(88-92).

Thus, though it has become clear that chief cells fuel much of the metaplasia seen in
atrophic gastritis (i.e., inflammatory injury with parietal cell atrophy), it is less clear whether
this process represents a dedifferentiation or transdifferentiation event. The changes in gene
expression follow a similar progression to that of ADM in that the first known event in chief
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cell reprogramming is downscaling of the secretory architecture with loss of MIST1
expression(69, 70, 74, 82, 93, 94). The cargo of the secretory granules (e.g., pepsinogen C)
is decreased but not lost completely(82, 94), just as amylase is maintained in early ADM.
The genes whose expression is induced and help define the metaplasia (e.g., 7/72, epitope
for the lectin GS-II, Mucé) also characterize the mucous neck cell, the precursor that
differentiates into the chief cell(75-77), and the pattern of gene expression showing a
mixture of neck cell and chief cell secretory products is characteristic of gastric embryonic
epithelial progenitor cells. In mouse models, at least a portion of the metaplastic cell
population is also proliferative. Thus, the pattern of immature marker expression and
proliferation is more consistent with a dedifferentiation event to a proliferative, regenerative
state. Though there has been one study showing that mature chief cells can serve as stem
cells(71), this was not done in the setting of metaplasia, and the dedifferentiation events
were not common, perhaps, because parietal cells were not injured. Previous publications
have referred to chief cell reprogramming in SPEM as a “transdifferentiation”.(81) Clearly,
more work needs to be done to determine the eventual fate of the reprogramming of chief
cells in response to atrophy.

Another confounding issue in the stomach, which does not have a parallel in the pancreas is
that human stomachs, in particular in certain regions of the world, don’t only undergo
pseudopyloric or SPEM-type metaplasia. They also rather commonly undergo intestinal
metaplasia that histologically and molecularly resembles either small and/or large intestine;
intestinal metaplasia has been studied as a precursor lesion for gastric cancer for many
decades(95). The cellular origin of intestinal metaplasia lesions is not clear, but it has been
proposed that chief cells, either by way of SPEM metaplasia or by direct reprogramming
give rise to intestinal metaplasia(74, 96, 97). Given that stem cell activity in intestinal
metaplasia is at the base of the gastric gland, whereas normal stem cell activity in the body
of the stomach is nearer the lumen, it would make teleological sense if reprogrammed
mature chief cells, which are also at the base, were the ultimate source of the intestine-like
stem cells in intestinal metaplasia. One completely speculative way to explain how both
antrum-like and intestine-like stem cell activity derives from a differentiated chief cell would
be by a dedifferentiation event that resulted in reprogramming back to a stem cell roughly
equivalent to that of an undifferentiated embryonic gastrointestinal tract progenitor prior to
stomach and intestine specification. That would allow reprogrammed chief cells to
redifferentiate as stem cells that generate units that characterize any of the glandular
epithelium of the luminal Gl tract.

In humans, chief cells reprogram most frequently in the setting of infection by the bacterium
Helicobacter pylori (HP), especially in certain populations (e.g., in East Asians and in
regions of Central and South Americans). In those populations, in particular, bacteria cause
widespread parietal atrophy and chief cell metaplasia. The metaplastic events correlate with
greatly increased risk for gastric carcinoma as patients age, and increasing portions of their
stomachs are reprogrammed into SPEM and intestinal metaplasia (74, 83). Thus, depending
on the relationship between chief cells, SPEM, intestinal metaplasia, and the subsequent
cancers that arise in this setting of reprogramming and metaplasia, chief cells may be the
root of many gastric cancers, just as acinar cell dedifferentiation may be the root of
pancreatic ductal adenocarcinoma (74, 81, 97). Most gastric carcinomas exhibit molecular
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and histological features that are somewhere on a spectrum between those of stomach and
intestine. One intriguing possibility for this variety in differentiation patterns is that the
cancers might arise in cells that aberrantly dedifferentiate, developing mixed progenitor
characteristics of the shared gastrointestinal embryonic progenitors, as discussed above (71).

Thus, unlike pancreas, in stomach there is a clear cell that sends the signal for
reprogramming (the parietal cell), and there is a clear infectious agent (H. pylori) that can
start the sequence off. On the other hand, we do not know how parietal cell atrophy signals
to induce chief cell reprogramming. In addition to the variety of differentiation patterns from
gastric-like to intestine-like, gastric cancers are also far more varied relative to PDAC in
their molecular, morphological, and epigenetic patterns, making the relatively
straightforward sequence of dedifferentiation of a digestive-enzyme-secreting cell to
adenocarcinoma not as clear-cut. Interestingly, H. pylorinot only induces reprogramming
but can also cause considerable genetic instability with greatly increased mutation rate along
with widespread epigenetic changes (98-102). The increased mutation rate could randomize
somewhat the genotypes and phenotypes of cancers that might have arisen initially from a
failed reprogramming event in mature gastric cells. McDonald and Wright and colleagues
have shown that mutations in dysplastic lesions (i.e., precancerous lesions) rarely coincide
with mutational state in the neighboring metaplastic lesions(103), so the development of
cancer may ultimately originate from metaplasia but not directly, just as pancreatic cancer
progresses via a PanIN stage which also involves additional mutations. Another factor to
consider is that, though most cancers arise within or near regions of the stomach where chief
cells are abundant, many also arise in the antrum where parietal and chief cells are normally
far less abundant. Finally, though animal models, with human pathology correlation, have
clearly shown that chief cells reprogram to SPEM cells, there are no animal models of
gastric cancer that resemble human adenocarcinoma in terms of morphology, invasion and
metastasis. In contrast, models of pancreatic cancer in mice show that acinar cells can be
driven to undergo dedifferentiation, metaplasia, dysplasia, neoplasia and metastasis more or
less the way it occurs in humans.

The early stages of cancer progression, reprogramming and metaplasia, are easy to study in
mouse stomach. Mice can be infected with Helicobacter species themselves, which can
cause reprogramming and metaplasia of chief cells in weeks to months (80, 102, 104).
Several well-characterized drugs kill parietal cells directly and can induce near complete
parietal atrophy and SPEM in mice within days. These include: the neutrophil elastase
inhibitor DMP-777 and the drug L-635 (70), and, also, treatment with high doses of
tamoxifen (94, 104). All the drugs seem to work by interfering with parietal cell proton
gradients, as the proton pump inhibitor omeprazole partially rescues the death of parietal
cells these agents induce (94, 105). The drugs cause such rapid, synchronous metaplasia that
they make characterizing the molecular and cellular sequence of events during chief cell
reprogramming relatively straightforward, and the field is ripe for an explosion of
investigations in the coming years.

Signaling networks regulating reprogramming—The molecular mechanisms
underlying metaplasia of chief cells are relatively uncharted (69, 74, 81, 93) (Fig. 2). In the
absence of anterior gradient 2 (AGR2), chief cell differentiation from their neck cell
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progenitors is blocked, and SOX9-positive cells accumulate (106), but whether AGR2 is
induced during chief cell reprogramming is not known. Sox9, like many other markers of
SPEM, is normally expressed only in mucous neck cells in the adult (107). Inflammation
may be key to induction of chief cell reprogramming, as depleting macrophages also reduces
metaplasia (108), and a specific Shh-induced myeloid population has further been identified
as required for metaplasia progression (109). Histamine-deficient (histidine decarboxylase
null) mice showed increased induction of metaplasia (110). Global deletion of
Amphiregulin, a gene encoding an EGFR ligand, caused spontaneous reprogramming and
metaplasia of chief cells as they aged (96). A pPERK—CD44—pSTAT3 signaling pathway
was identified as being key to parietal cell-damage-induced proliferation during metaplasia,
suggesting pERK in stomach may parallel the pancreas (104). As discussed above, in a clear
parallel to ADM in the pancreas, MIST1 is also one of the first genes decreased during
reprogramming of chief cells (70) (82). Goldenring and coworkers have identified many
genes whose expression is increased in SPEM: Mal2, Wifdc2 (He4), Tacc3, Mcm3(110, 111)
(Fig. 2). These genes are characteristic of SPEM but not normal adult stomach, though their
expression during development should be investigated, as the parallel of chief cell
reprogramming with ADM would suggest that these genes might be expressed in gastric
embryonic progenitors.

Even in the unstressed situation, the epithelium lining the intestines exhibits remarkably
high rates of turnover relative to epithelia of other gastrointestinal organs. Following injury,
the intestines show rapid regenerative capacity. £x vivo, a single stem cell and a single
Paneth cell in the correct culture conditions can rapidly induce an intestinal organoid
structure that remains very faithful to the crypt of a normal small intestine (112). Organoids
derived thus neither senesce nor accumulate mutation. Given the regenerative capacity of the
resident stem cell, one might predict a much smaller need for dedifferentiation from mature
cells to fuel injury-induced regeneration within this tissue. However, human expectations
have little to do with the actual nature of things, and it turns out that, relative to other adult
tissues like the hematopoietic system, the intestine can be defined in part by its high inherent
plasticity(113). Recent studies have shown that multiple cell-types in the intestine, including
differentiated cells, have the capacity to recover the intestinal epithelium and even
repopulate the normal stem cell zones if the stem cells themselves are lost (114, 115).

To understand how plasticity and reprogramming of differentiated cells to stem cells might
work in the intestine, we must take some time to describe the normal stem cell niche and the
normal hierarchy of cells with stem cell activity. The intestines are different from the
pancreas, which lacks a constitutive stem cell, and the stomach which has both a clear
constitutively active stem cell and a clearly identified reserve population that can be induced
during injury (i.e. the chief cell). To understand stem cells and plasticity in the intestine, we
must first discuss the central role that Wnt signaling plays (116). For example, stem cells,
Paneth cells and transit- amplifying progenitor cells in the small intestine are all
characterized by high levels of the Wnt signaling pathway (Fig. 3)(117). Intestinal stem cells
have higher levels of nuclear B-catenin and express a different set of Wnt targets (e.g.,
LGR5) when compared to the transit amplifying(TA) cells higher in the crypt. It may be that
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the LGRS receptor itself confers the higher levels of canonical Wnt signaling output within
the stem cell zone culminating in the increased nuclear -catenin (118, 119).

There have been numerous recent reviews on intestinal stem cells, so we will cover this topic
only so that our discussion of reprogramming will have a conceptual foundation. Particularly
pertinent to this review is the recent review by Vermeulen and Snippert (120), where they
discuss the “clonogenic” capacity of different populations of intestinal cells. It is now clear
that, rather than there being a single population of stem cells in the intestine, there are a
number of different populations at any instant (120). One way to view the array of stem cells
and cells with stem cell potential is using LGR5 expression, as it is an excellent marker of
the crypt-base columnar (CBC) stem cells, which are at the very base of the crypt and nestle
in amongst the Paneth cells. Such stem cells have a clear identity with the expression of
multiple markers that can specifically identify these cells (including O/ffm4, Aqp4, Cdca’,
Cdké, Tnfrl9, Clcad, Kcnqgl, Navi, Smoc2, Soatl ASCI2) (121). There is then another stem
cell population that can be identified by a slightly broader set of markers including LRIG1
and BMI1. These markers such as LRIG1 will also be expressed within the LGR5
compartment but will have an broader expression so that they mark many more cells within
the crypt (up to position 5-6) (122). Genetic lineage tracing techniques show that such cells
can serve as a stem cell to replace all the differentiated lineages and even the LGRS stem
cells at the crypt base. However, relative to the LGRS cells, the chance that they will serve as
stem cells under normal homeostasis is much lower but increased following injury or
inflammation (123). It is thought that most of the population expressing those markers will
normally serve only as progenitors committed to specific differentiated lineages or act as
rapidly dividing transit amplifying cells.

Another cell population with stem cell potential are the so-called Label Retaining Cells
(LRC), which are slowly dividing and can repopulate the crypt following injury (Fig. 3).
LRCs have not traditionally been characterized by their molecular markers; rather, this
population has been defined by the capacity to incorporate labeled nucleotides (e.g., Brd-
U, 3H-thymidine) during a single S-phase and then subsequently to divide so slowly over
subsequent weeks to months that they retain that label in their nuclei. The recent studies by
the Fodde and Winton laboratory have shown that LRCs do not act as stem cells in the
normal crypt in the absence of injury or inflammation (114, 124). Some of the cells
constituting the LRC population are the long-lived secretory cells at the base of the crypt.
Although identified by a specific molecular marker — rather than their label-retaining
capacity — DLL1 + cells, which normally give rise to secretory precursors but following
injury can repopulate the intestine and then act as bona fide stem cells, are likely a LRC
population (125). An interesting possibility is that some of these LRC’s may be long-lived,
more differentiated cells with other, as yet undescribed normal functions. Thus, they, like
pancreatic acinar or gastric chief cells, might maintain the capacity to reprogram to a stem
cell state when necessary. Interestingly, Lund and co-workers showed that BMI1-expressing
cells marked with high expression of EGFP driven by Sox9 promoter elements. Flow-sorted
Sox9-EGFP cells had many characteristics of secretory cells, in particular, of the
enteroendocrine lineage(123). The findings provide support for early work from Leiter et al,
who showed that cells expressing the promoter for the endocrine-specific transcription
factor, Nign3, also showed surprising plasticity(126). Moreover, recent studies have shown
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that DCKL1+ Tuft cells contain a population of very long lived cells that have the capacity
to repopulate the epithelium post injury (127). Together, the studies on the LRC cells as well
the studies of Sox9, Ngn3 precursors, DCKL+ and DLL1+ cells all indicate that a subset
of the LRC or other differentiated population can clearly dedifferentiate to produce
functional stem cells. And, thus, the intestine, like pancreas and stomach, has a long-lived
population of secretory cells with stem cell capacity that must involve reprogramming,
return to the cell cycle, and the capacity to serve as stem cells (i.e., these cells can
“dedifferentiate™).

It should be noted during intestinal regeneration there is a marked increase in Wnt signaling
that is functionally important (128). Inhibition of Wnt signaling or its targets suppresses
intestinal regeneration, and it may be that in this case the increased Wnt signaling is required
to recover the stem cell population. Remarkably, in the absence of other injury, specific
ablation of the LGR5 cells alone does not perturb homeostasis or differentiation within the
intestine (115). Thus, the other populations of cells with normally rare or infrequent stem
cell activity can seamlessly take over full stem cell responsibility. Seemingly paradoxically,
however, a LGR5Hi population of cells seems to be more critical for intestinal regeneration
following injury, suggesting that response to injury might normally involve Wnt, so that
population of cells recruited to reprogram to replace the normal stem cell may depend on the
population’s ability to concentrate and coordinate a pronounced Wnt response, in part via
LGR5 (129). One caveat here is that, in these specific experiments, there might be a
cooperation of toxicity of irradiation and the diphtheria toxin killing of LGR5+ cells. Hence,
it would be of interest to examine whether a mutation that causes the loss of the LGR5+
cells still stopped regeneration.

Given the normal plasticity of differentiated intestinal cells, and the role of reprogramming
and dedifferentiation in other organs, it is probably not surprising that dedifferentiated cells
might play a role in development of intestinal cancer. Within colorectal cancer,
approximately 80% of tumors carry APC mutations. A key role of APC is to suppress the
Whnt signaling pathway (130). Loss of the APC tumor suppressor immediately perturbs
intestinal homeostasis in the mouse, with a crypt progenitor cell-like phenotype being
bestowed upon APC-deficient cells (131, 132). Following APC loss: crypts are enlarged;
differentiation is perturbed with increased numbers of LGR5Hi cells and Paneth cells;
increased progenitor, transit amplifying cells; and reduced goblet and terminally
differentiated enterocytes. Despite nuclear -catenin in all cells along with the other
numerous abnormalities in differentiation pattern, there is, remarkably, still a population of
LGR5Hi cells based at the bottom of the crypt. The major cell type produced becomes a
transit amplifying crypt progenitor cell. Thus, there is still a hierarchy retained following
APC loss even in the adenomas derived from APC-deficient cells (133). Similar to
expression of K-Ras alone in acinar cells, loss of APC alone in differentiated enterocytes on
the villous of the intestine appear largely normal, despite abundant nuclear -catenin. Thus,
APC mutation alone, in at least one differentiated population is not sufficient to trigger
adenomatous transformation.

Recent studies from us and others have suggested that a number of cellular processes
manifest differential activity along the stem-differentiated cell axis and may help decide how
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differentiation occurs normally, following injury, and during carcinogenesis. Cells with the
highest levels of Wnt signaling, the stem and Paneth cells, have the highest glycolytic
activity and the most active protein translation and generate the most reactive oxygen species
(ROS) (134, 135). Interestingly, increased glycolysis characterizes the “Warburg Effect” (the
use of anaerobic glycolysis in favor of aerobic generation of ATP via mitochondria) that
distinguishes most cancer cells from normal cells. Thus, the normal intestinal stem cells, in
the high Wnt zone, can be distinguished from differentiated cells by their “Warburg-ean”
characteristics(136). Importantly, following APC loss, all cells adopt a Warburgean
phenotype; e.g., high levels of ROS now occur throughout the crypt and not just at the base.
Deletion of RAC1 in APC-deficient intestines suppresses the upregulation of ROS and the
consequent downstream activation of the NFxB pathway resulting in decreases in the
hyperproliferative phenotype of APC deficient cells (90).

Recent studies inhibiting mTOR signaling in the intestine exemplify this ability to switch the
altered differentiation-dedifferentiation homeostasis conferred by APC loss. Previous work
had suggested that APC deficient cells require mTOR signaling (137, 138). Accordingly, we
have shown recently that ApcVi"* adenomas treated with rapamycin enter quiescence:
differentiated Paneth cells eventually die off, after which, the adenomas shrink to lesions
with high numbers of LGR5HIi cells but little proliferative activity. The mechanism of
mTORC1 action seems to be by working to maintain high rates of translation elongation by
the inhibition of the elongation suppressing factor EF2K by mTORC1’s target S6 Kinase.
Cessation of mTORCL inhibition allows tumors to regain proliferative capacity and
“normal” differentiation (139). This role of mTOR in conferring proliferative capacity may
not be restricted to the intestine, as muscle stem cells require mTOR to exit quiescence
(140). In sum, differentiation states following APC loss can be modified by modulating
basic cellular pathways, thereby offering proof of principle that the plasticity of the intestine,
which may play a role in adenoma formation and generation of cancer, can be manipulated.
That differentiation, dedifferentiation, and redifferentiation can be modified experimentally
suggest that they can eventually be manipulated pharmaceutically to reduce risk for cancer.
For example, a specific set of mutations in differentiated cells that allow those cells to
dedifferentiate by re-acquiring stem and progenitor properties might be targeted (we will
return to this later).

Is the stem cell or a dedifferentiating cell the cell of origin in intestinal
carcinogenesis?—Cell of origin studies have shown that stem cells efficiently give rise to
neoplasia in the mouse (141). Note the caveat that most models of intestinal carcinogenesis
in the mouse are in small intestine, whereas small intestinal adenocarcinomas are rare in
humans (the vast majority originate in the colorectal region), so there has to be some caution
in extrapolating our understanding of carcinogenesis from mice to humans. Deletion of Apc
using inducible Cre recombinase driven by promoters expressed in stem cell (e.g.
Lgr5¢TeERT2) Jines lead to rapid adenoma formation (141). Indeed, loss of both copies of
Apc within a stem cell in a mouse appears sufficient for adenoma formation. Of course, it
might be hard to exclude the possibility that the stem cells differentiate first into a more
differentiated cell that then dedifferentiates to start the tumors, though that would be a far
less economical interpretation of the data. The stem cell straight to tumor theory does not
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explain why APC mutations do not immediately cause adenomas and then cancer in humans,
where it seemingly takes years for that to happen rather than days. Two potential
explanations for the discrepancy are as follows. First, tumorigenesis takes so long in humans
because it may take a second ‘hit” (mutation) to occur within the same stem cell. Elegant
studies by the Winton group have shown that although a single APC mutation confers a
selective advantage to stem cells, there is still a high probability that a APC mutant clone
will be lost through drift (120). Given the normal intestine has approximately 5-7 active
stem cells per crypt, each stem cell has a stochastic chance of taking over the crypt. Even if a
mutation has a selective advantage, given this number of stem cells, it is not guaranteed to be
in a cell that takes over the crypt and therefore can be lost through drift. The relative increase
in fitness of a single APC mutation in a stem cell is relatively small and thus can be lost.
Therefore the increased time to tumorigenesis in sporadic cancer could be down to loss of
the mutant stem cells. On the other hand, some of the progeny of stem cells with mutations
may differentiate into longer-lived secretory cells and/or label retaining cells (Fig. 3), where
the mutation could be stored for weeks or months, during which time those cells may
acquire a second hit. If those cells are then induced into stem cell activity by
dedifferentiation following inflammation-induced damage to the stem cells in the crypt base,
then these now doubly mutant cells are driven into the cell cycle in the presence of high
Whnt, which at that point could lead to adenomas as the cells expand but can only partially
differentiate.

The other, non-mutually exclusive explanation for the decreased efficacy of APCloss in
quickly causing tumors in humans is that mutations in APC may only rarely occur in stem
cells. Differentiated cells may actually be the cells that develop the vast majority of
mutations. As mentioned above, loss of APC may generate high levels of nuclear -catenin,
but it does not seem to cause differentiated cells to increase proliferative activity. Thus,
another event needs to occur for those mutations to drive neoplastic lesions. It is possible
that differentiated cells acquiring APC mutations must be also induced to dedifferentiate to
unmask the mutation. From this point of view, a stem cell with mutant APC is still required
to start a tumor, but the mutation driving the tumor occurs first in a differentiated cell that
then dedifferentiates to become a stem cell. Note that, if it is true that the route to tumor is,
according to that logic, differentiated cell—stem cell—tumor that does not mean that the
direct stem cell—tumor route doesn’t also occur (i.e., these two routes are not mutually
exclusive). It may just be that the direct route is far rarer because stem cells are somehow
normally much more resistant to mutation than differentiated cells.

Human evidence supports either possible route. Familial Adenomatous Polyposis (FAP)
patients, who carry a germline APC mutation, develop hundreds of intestinal polyps early in
life and, if the bowel is not removed, some of these will progress into colorectal cancer
(CRC). Analysis of resected bowels show multiple monocrypt adenomas where it is clear
that an entire crypt is now composed of APC-deficient cells, more suggestive of direct stem
cell transformation (142). Evidence also exists that these can spread via crypt fission into
neighboring crypts. In contrast, there is also the “TOP DOWN” model of CRC which has
been hypothesized due to the observation that adenomas often form on the surface of the
colorectal lumen on top of a number of “normal” looking crypts (143). Importantly,
sequencing of the tumor compared to the normal crypts underlying the tumor, showed that
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although the tumor carried an APC mutation, the underlying crypts did not. It should be
noted that these studies were performed 10 years ago and it would be interesting to repeat
with the latest sequencing technology.

As described above, there are now a multitude of studies that have shown that deletion of
Apc within stem cells rapidly causes tumors. However there are relatively few where APC
loss in other cell lineages within the intestine drives tumorigenesis. In part, this may be
technical, given intestinal turnover is 3-5 days for the bulk of the differentiated cells
(enterocytes and goblet cells, in other words). Thus, by the time it takes to drive Cre
recombinase into the nucleus, find the loxP-flanked locus, mediate recombination and
deletion of the gene to stop Apc transcription and turnover all extant protein (APC is an
abundant, cytoskeleton-associated protein), many of these recombined cells would be lost
from the tissue. However, interestingly, those same constraints (i.e. from mutation to loss of
protein to phenotype) would also be imposed on human cells dedifferentiating to form a
tumor too.

It should also be noted that it is possible that the initiating APC mutation may be in a stem
cell producing an APC*~ crypt which would phenotypically be wild type. The key second
APC mutation then would have to occur in a progeny cell that could thereafter form a tumor
either 1) because the second APC mutation drives dedifferentiation alone or, 2) as we
mentioned above, because the cell is stimulated to dedifferentiate by injury or chance alone,
thereby unmasking the mutation because that cell has now become a functional stem cell
that lacks APC (Fig. 3). Our initial studies suggested that this may be possible at least in
mouse. Deletion of Apcin the non-stem compartment of mice through dietary Cre induction
led to mice developing numerous lesions often at the crypt-villus junction (i.e., notin a
differentiated cell zone, not in the crypt where the normal stem cells are) (141). In contrast
to stem cell deletion, these did not rapidly form tumors but were able to form small lesions.
Over a protracted timecourse, subsets of these lesions were able to form adenomas. These
data were recently confirmed using a Cre recombinase which is inducible in all intestinal
cells apart from intestinal stem cells (144). XBP1 is an enzyme responsible for responding to
stress particularly within endoplasmic reticulum, but, under normal conditions, its
expression is greatly induced during differentiation of secretory cells (like Paneth cells in the
intestine, chief cells in the stomach, and acinar cells in the pancreas (11, 145, 146). Loss of
XBP1 causes failure of stem cells to differentiate completely to Paneth cells in intestine and
chief cells in the intestine. The generation of Xbp1eERTZ thys allowed the Wnt pathway to
be activated in the non-stem cell compartment, in particular in secretory cells. Wnt activation
in Xbp1-expressing cells was incompatible with rapid tumor formation; however, when APC
was lost in differentiated cells in the setting of activation of the NFxB pathway, it greatly
increased capacity to form tumors from differentiated cells. The likely interpretation is that,
similar to the inflammation-mediated induction of dedifferentiation in pancreas and
stomach, NFxB signaling induced dedifferentiation of the mature cells with lost APC,
thereby unmasking the constitutive Wnt activation in a stem cell(144). Thus, this study
provided definitive in vivo proof that activating pathways in differentiated cells that can
confer stem cell properties can facilitate dedifferentiation and cancer. A very recent study
has shown a complementary finding when investigating the capacity of differentiated tuft
cells to form tumors. Once again, loss of APC alone in this population was not sufficient to
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drive tumorigenesis (127). However, when these mice were treated with the inflammatory
agent DSS (which would induce NF-KB signaling), the mice then developed colon tumaors,
showing that this population of cells could dedifferentiate to form tumors.

Signaling networks regulating dedifferentiation—That the NFkxB pathway might be
involved in dedifferentiation of cells en route to intestinal cancer may not be surprising. This
pathway is often activated in colorectal, gastric, and pancreatic carcinoma by inflammation
and other mutation events. NFkB can be activated by KRAS mutation, which information
from the Cancer Genome Atlas (TCGA) reveals is mutated in up to 40% of CRC(147).
Thus, there is a clear parallel between dedifferentiation and carcinogenesis of intestinal cells
and acinar cells, because, as discussed, KRAS is a hub for ADM, and NF«kB also plays a
role. Also, the vast majority of PDACs have activating KRAS mutations. Mice carrying both
APC and KRAS mutations often develop lesions that look like the “top-down” morphology
and have villus lesions within the small intestine. Proof of principle studies in culture
showed that villi extracted from wild type and, more importantly, APC deficient mice were
unable to grow and form spheroids (144). However, when APC was deleted and KRAS
mutated to its constitutively active, G12D form, villi from these mice dedifferentiated to
produce spheroids, which could then be cultured unlimitedly and transplanted to form
tumors in nude mice. Importantly, during the dedifferentiation process there was now
expression of stem cell markers like OLFM4 and LGR5 which were completely absent from
the villus. Taken together, these studies showed that dedifferentiation could occur to allow
tumorigenesis in intestinal models. However, again, it should be noted these were all done
predominantly using mouse models of small intestinal tumorigenesis, albeit with pathways
that are altered in human colorectal carcinoma. It will be important for future work to
elucidate markers of differentiated cells that remain on post dedifferentiation (if they exist)
to aid assessment of whether this may occur in human CRC.

Thus far we have discussed only sporadic cancer driven by increased Wnt signaling, via
APC loss, which, although the most common route to cancer (80%), does not account for all
colorectal cancers. Recent data suggest that CRC developing potentially from adenomas
with so-called serrated morphology have a poor prognosis but lack APC mutation.
Interestingly, targeting either mutant, activated KRAS or BRAF into the mouse intestine
cells (similar to the pancreas) does not lead to cancer until very long latencies so the cell of
origin for this cancer is still unclear (148). However, we can learn much about the plasticity
of the cell of origin of colorectal tumors from other mutations that confer familial polyposis.
Foremost in these are the epithelial hamartomas formed in Peutz-Jeghers syndrome (PJS)
and Cowden disease. Hamartomas contain many secretory cells and are often benign.
Targeting the mutations that predispose to the disease LKB1 (PJS) or PTEN (Cowdens)
specifically to the intestinal epithelium does not lead to rapid polyposis whilst constitutive
heterozygotes develop polyps (149). Elegant work targeting LKB1 deletion to intestinal
fibroblasts has shown that these are very efficient at forming intestinal tumors, remarkably
suggesting that the cells of origin of these tumors may be mesenchymal cells that are
transdifferentiating (150, 151). The most convincing data that dedifferentiation may occur in
humans comes from studies investigating hereditary mixed polyposis syndrome. For many
years the locus that conferred the disorder was unknown but this year it was mapped to a
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duplication in gremlin (GREMJI). Gremlin was already of interest to sporadic CRC as it has
been identified as leading to an increase risk of CRC in genomic wide association studies.
Functionally, Gremlin is an inhibitor of BMP signaling which is a known negative regulator
of both intestinal stem cells and intestinal crypt proliferation. A role for Gremlin in
dedifferentiation was only discovered last year but it is of interest to note that a number of
years ago, the Clevers laboratory had noticed that overexpression of another BMP antagonist
Noggin produced a “crypt in villus” phenotype not dissimilar to the phenotype described
above (152). Moreover, Noggin (or Gremlin) is required in crypt culture organoids for crypts
to remain viable over several passages, again suggesting that inhibiting BMP signaling is
required to maintain ‘stemness’ (112), which may also be observed in stomach, as chief cells
reprogram during loss of BMP2 and BMP4 signaling (153, 154). However, the relevance of
this to human tumorigenesis was unclear. Importantly, now with these recent studies, both
the allele of Gremlinthat increases risk and the duplication lead to high levels of epithelial
Gremlin (normally it is only within the mesenchyme) (155, 156). Overexpression of Gremlin
within murine intestinal epithelium leads to a “crypt in villus” structure, as following
Noggin expression, and ultimately to tumors that resemble those in Hereditary Mixed
Polposis Syndrome (HMPS) patients. Proof of dedifferentiation was again shown in culture
where villi were cultured from Vi/lin-Gremlinand Villin Gremlin APCMi* mice, and these
showed the capacity to form organoids in vivo whilst other villi died. Thus, these studies all
show the capacity of “non stem cells” to form tumors. One question that remains from these
studies is whether these “crypts in the villus” phenomena (and crypt like structure at the top
of colorectal crypts) is whether the formation of a new niche is a critical component required
for tumorigenesis? Thus, by producing a crypt-like niche, there is almost a normal
differentiation process occurring but in the incorrect position. How wild type intestinal
enterocytes then interact with these niches and whether they are exposed to different
environmental cues (e.g. closer to the gut microbiota so potentially different interactions
with the immune system and/or inflammation) from those normal stem cells receive will
need to be a subject of further investigation.

THOUGHTS AND QUESTIONS ABOUT POTENTIAL COMMON FEATURES
OF DEDIFFERENTIATION AS A PROCESS IN MULTIPLE ORGANS

Are there genes or signaling pathways that are specific to reprogramming itself and are
cell-lineage and tissue-independent?

The signaling pathway that may be the top a contender for a universal genetic
reprogramming module is the one governed by KRAS. KRAS’s key role in acinar
dedifferentiation has been well described, as detailed above. Chief cells in the stomach will
also likely dedifferentiate following KRAS activation, and the metaplastic response in the
stomach is already known to be p-ERK1/2 dependent(104). In intestine, KRAS mutation
alone modifies differentiation: suppressing Paneth cell formation but increasing proliferative
and goblet cell lineages. However, in combination with APC mutation, it can drive
dedifferentiation (157).

Whether to undergo transdifferentiation or dedifferentiation, a reprogramming cell must first
scale down its existing cellular architecture. That would seem to indicate that there will be
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processes that mediate scaling down that might be conserved in all cells that must
reprogram. Given that there are gene cassettes like XbpI— Mist1 that long-lived, protein-
secreting cells of various embryonic origin and lineage globally use to scale up rER and the
secretory apparatus(11, 65, 82, 145), it stands to reason that the downscaling is also
conserved and might depend on decreased MistZ and XbpI and other Scaling Factors. The
cell-types that can dedifferentiate to cause adenomas in the small intestine are not entirely
clear, though Paneth cells and intermediate, secretory cell progenitors, which could also be
the DLL+ cells described above, also express MIST1. Wnt signaling may be key in
promoting proliferation of intestinal cells with APC mutations, but it does not seem to be
important in the dedifferentiation process in the intestine, and definitely does not seem to be
in the stomach or pancreas. BMI1 may mark cells with the capacity to reprogram in both
pancreas and intestine but hasn’t been explored in stomach. Finally, DCLK1-positive cells
expand during injury or metaplasia in all three tissues (38, 158, 159). What their role is
remains to be explored.

Must cells dedifferentiate to become stem cells before they can regenerate other mature
lineages in the same tissue?

This question can be rephrased: Do mature cells have to dedifferentiate to give rise to cells
of other lineages or can they directly transdifferentiate into those cells? It is clearly the case
that mature cells can re-acquire progenitor features, but it isn’t clear that they all re-enter the
cell cycle. As we perform more mathematically-temporally defined analyses of
reprogramming and proliferation, it is possible we will discover that individual cells in a
regenerating tissue may reprogram their gene expression patterns to match that of progenitor
cells without actually proliferating. They might do this, for example, if the progenitor cell
population expresses genes that are more appropriate for wound healing (like 7772, e.g.). If
mature cells convert directly to another, post-mitotic, adult cell-type, then that is certainly
“transdifferentiation”, but what is it if they acquire embryonic progenitor markers but don’t
proliferate? Is that dedifferentiation or transdifferentiation? Kinetic studies to track the fate
of each reprogramming cell in a tissue have not been published. It is also not clear how
much cells have to downscale to proliferate (e.g., for acinar cells in the pancreas with large
rER networks and apical cytoplasms filled with secretory granules, how much of that
elaborate secretory architecture must be dismantled for them to proliferate to regenerate
damaged tissue?). Summing up these questions with the Waddington ball analogy, does the
ball have to roll up the hill to come back down in a new groove, or can it simply stay on the
bottom of the hill and migrate out of its groove directly into a neighboring groove?

Is dedifferentiation just differentiation in reverse?

Stages of reprogramming in the stomach—The literature to date suggests that there
are three molecular stages that characterize how gastric chief cells respond to atrophy of

parietal cells (Fig. 2). Clearly, they reprogram gene expression at some point, and that event
is what we, by definition, term the Metaplasia Stage, given that that is when lineage marker
expression changes occur to the extent that would allow a pathologist to identify the cells as
metaplastic. Loss of MIST1 precedes metaplasia in mice and humans, as does scaling down
of the secretory granules containing digestive enzymes and the secretory architecture of the
cell(74, 82). Thus, the first stage must involve scaling down the secretory apparatus (termed
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the Downscaling Stage in Fig. 2). We are not aware of published studies determining the
relationship between the Metaplasia Stage and another stage that at least some
reprogramming chief cells undergo, which is re-entry into the cell cycle (“Proliferative
Metaplastic Stage”). Proliferation of SPEM cells derived from mature chief cells is a clear
feature of toxin and Helicobacterinduced chief cell reprogramming in mice(70). Our
unpublished work shows that this largely occurs only after metaplasia in mice, though the
patterns of metaplasia are far more varied in humans, and it is possible that some
metaplasias do not involve any increase in proliferation. (70) Summarizing, in the stomach
(and likely in pancreatic ADM), there are at least three potentially overlapping stages to
reprogramming (Fig. 2): 1) Downscaling, 2) Metaplasia and 3) Proliferation. The evidence
that this is the case is also teleological: cells with elaborate rER and secretory granules
containing digestive enzymes (like acinar and chief cells) must turn over the secretory
apparatus if they are to avoid releasing their granule contents into the cytoplasm to damage
themselves and other cells. Thus, the downscaling stage involves turning over these now
superfluous cellular components so that the cells can become more like progenitor cells. The
metaplastic stage is when dedifferentiating cells express genes of a new lineage, or, in the
specific case of dedifferentiation, re-express progenitor markers (e.g., in the stomach,
dedifferentiating chief cells re-express TFF2 that had been expressed in the neck cell
precursor and in embryonic progenitors). The most controversial stage at this point in the
stomach is Redifferentiation, which we have, with a “?”, designated Stage 1V (Fig. 2). This
would be expected to occur after proliferation, as the cells will have expanded to replace lost
cells during the injury phase, and the injury, now cleared, would be permissive for
recrudescence of cells lost. Chief cells do have the capacity to give rise to other lineages(71),
but how broadly this occurs is even less well understood than redifferentiation in the
pancreas, discussed at length above. Whether chief cells giving rise to other lineages, if this
occurs frequently, do so always via dedifferentiation to a fully multipotent stem cell similar
to the normal isthmal stem cell, or whether they do so via some other mechanism, again, can
only be speculated about at this time.(71).

Are “reserve stem cells” mature cells that dedifferentiate to regenerate other lineages?

In pancreas, where there seems to be no stem cells dedicated to daily repopulation of the
tissue, it makes sense that differentiated cells would have to play the stem cell role if called
upon. In stomach, there is a constitutively active stem cell, but, at least in the main portion
(body) of the stomach, it is close to the surface. Parietal cells lost deep in the gland might be
more efficiently replaced by chief cells in the same deep zone. Thus, parietal cell atrophy
could induce proliferation in two zones: one in the isthmus where the normal stem cell
increases proliferation to make up for lost cells and one in the base, where chief cells re-
enter the cell cycle to do the same. More work will need to be done to determine whether
either proliferative center is required or sufficient to give the normal regeneration of lineages
in reversibly models of atrophy. Within the intestine, outside of the stem cells, few cells have
long life expectancy, and, thus, a “reserve” stem cell population would need to escape the
rapid turnover of most intestinal epithelial cells (114). Secretory precursors and mature
Paneth cells which reside at the base of the crypt are long-lived (upwards of 5 weeks) (160),
and recent studies have shown that they represent an excellent candidate for a reserve stem
population or an overlapping niche with the intestinal stem cells, it makes sense that,
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following the loss of the stem cells, they repopulate this niche and acquire stem cell
properties.

Is the capacity to dedifferentiate restricted to certain lineages?

In stomach, the two principal, long-lived cells are parietal cells and chief cells. Mature
parietal cells do not seem to have the capacity — at least not in any injury model system
studied so far — to be capable of reprogramming (94). Rather, when there is damage, they
seem to undergo apoptosis and are the cells that relay signals to chief cells to dedifferentiate
(69, 72, 94, 105, 161). In pancreas, the acinar cell may be the principal lineage with
dedifferentiation capacity: p-islet cells have the capacity to self renew (35), but § cells don’t
seem to dedifferentiate to rapidly proliferate and serve as stem cells to repair the tissue. In
intestine, the dedifferentiating cell population is not clear, so it is too early to speculate about
which cells can and can’t do this. In short, there may be some cell lineages better equipped
to downscale, undergo metaplasia, and then proliferate and expand to repair tissue damage.
Perhaps cells that use a transcription factor like MIST1 that seems to be able to coordinate
rapid scaling up or down of subcellular structures might be better equipped to dedifferentiate
rapidly when needed.

Why might reprogramming increase risk for cancer?

The process of reprogramming or dedifferentiation may itself be dangerous. Perhaps the
mechanics of all the chromatin remodeling to re-express progenitor- and proliferation-
associated genes exposes cells to increased risk for mutation. Given we don’t understand
how reprogramming occurs, we can only speculate at this point. Or perhaps, as discussed
above and illustrated in Fig. 3, long-lived differentiated cells can harbor old mutations,
whereas rapidly turning over cells, like constitutively active stem cells, would not keep a
single mutant allele in a single cell for long before it would be apportioned to a
differentiating daughter and lost to drift. In the case of genes that promote growth only with
homozygous loss of function (e.g. p53, APC), it would be unlikely that such rapidly dividing
cells would have the time to acquire a mutation in both alleles (Fig. 3). Differentiated cells,
on the other hand, may acquire second mutations in tumor suppressors simply because they
live longer. Or they might acquire activating, dominant mutations like G12D KRAS without
triggering apoptosis because KRAS activation alone doesn’t cause dedifferentiation or
increased proliferation. Thus, such mutations would be harmless, unless the cells were called
to dedifferentiate and re-enter the cell cycle, at which point they would be unmasked. The
possibility that differentiated cells might be better candidates for cells of origin for cancer
was also recently discussed by Chaffer and Weinberg(162).
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