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ABSTRACT

Transdifferentiation is defined as the conversion of one cell type to another. It belongs
to a wider class of cell type transformations called metaplasias which also includes cases
in which stem cells of one tissue type switch to a completely different stem cell. Numerous
examples of transdifferentiation exist within the literature. For example, isolated striated
muscle of the invertebrate jellyfish (Anthomedusae) has enormous transdifferentiation
potential and even functional organs (e.g., tentacles and the feeding organ (manubrium))
can be generated in vitro. In contrast, the potential for transdifferentiation in vertebrates
is much reduced, at least under normal (nonpathological) conditions. But despite these
limitations, there are some well-documented cases of transdifferentiation occurring in
vertebrates. For example, in the newt, the lens of the eye can be formed from the epithe-
lial cells of the iris. Other examples of transdifferentiation include the appearance of
hepatic foci in the pancreas, the development of intestinal tissue at the lower end of the
oesophagus and the formation of muscle, chondrocytes and neurons from neural precursor
cells. Although controversial, recent results also suggest the ability of adult stem cells from
different embryological germlayers to produce differentiated cells e.g., mesodermal stem
cells forming ecto- or endodermally-derived cell types. This phenomenon may constitute
an example of metaplasia. The current review examines in detail some well-documented
examples of transdifferentiation, speculates on the potential molecular and cellular
mechanisms that underlie the switches in phenotype, together with their significance to
organogenesis and regenerative medicine.

INTRODUCTION

Transdifferentiation is defined as the irreversible switch of one type of differentiated cell
to another.’? Normally dedifferentiation and cell division are essential intermediate
processes in the switch in phenotype, but may not be obligatory in all cases.?
Transdifferentiation is associated with a discrete change in the programme of gene
expression and there is a direct ancestor-descendant relationship between the two cell
types (Fig. 1). At the molecular level, the cause of transdifferentiation is presumably a
change in the expression of a master switch gene (selector or homeotic gene), whose
normal function is to distinguish the two cell types in normal development (see below).

Historically, the terms transdifferentiation and metaplasia were introduced to describe
different phenomena. The term ‘transdifferentiation’ was first introduced by Selman and
Kafatos to describe the transformation of the cuticle-producing cells to salt-secreting cells
in the silk moth during metamorphosis from the larval to the adult moth.# Okada and
Eguchi then used the term transdifferentiation to describe the conversion of pigmented
epithelial cells to lens fibres during lens regeneration in the newt. The transdifferentiation
was convincingly demonstrated through utilizing an in vitro clonal cell culture system.>”

The term ‘metaplasia’ was coined following anatomical and histological observations of
the unexpected appearance of foreign tissues in ectopic sites.® The term applies to a wider
class of cell type interconversions, and is commonly used to describe a switch in cell or
tissue type.? Recently it has been used to refer to any switch of cell type regardless of
pathway, which also includes interconversions between stem cells.” Metaplasia can be
found in association with tissue damage and regeneration. However, in some cases meta-
plasia may be due to selective outgrowth of the minor cell types originally contained in a
given organ. In other cases, metaplasia may be brought about by the differentiation of
stem cells, or by a switch of preexisting differentiated cells. Only the last category should
be counted as true transdifferentiation, and refers to direct transformations of one differ-
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entiated cell type to another. Recently, the term plasticity has
been suggested as an alternative to transdifferentiation and A
metaplasia, but is particularly applied to examples involving
nuclear reprogramming,.

In the present review we have chosen to examine some
classical and well-documented examples of metaplasia and
transdifferentiation in order to illustrate the importance of
the phenomenon, under normal developmental circum-
stances, during regeneration and in certain human patho-
logical conditions.

&N Dedifferentiation + Cell
QP Division

o— O

REPROGRAMMING OF ADULT STEM CELLS FOR TISSUE
REPAIR AND REGENERATION B

The classical definition of a stem cell is a type of undif-
ferentiated cell that is both self-renewing and can generate
one or more differentiated cell types given exposure to the
appropriate environmental stimuli. Broadly speaking, there

Ancestor Intermediate Cell Type Descendant
© — .
Ancestor Descendant

are two groups of stem cells, referred to as embryonic and
adult (or tissue-specific) stem cells. Embryonic stem (ES)  Figure

1. Modes of transdifferentiation. Transdifferentiation can occur via different

cells are normally derived from the inner cell mass of the ~mechanisms: (A) Transdifferentiation may involve cell division and dedifferentiation

blastocyst, and are pluripotent i.e., can give rise to many
different types of differentiated cell.!' Adult or tissue-
specific stem cells have more limited ability to generate
differentiated cells compared to embryonic stem cells. ithout

cells of

prior to the adoption of a different phenotype (e.g., conversion of pigmented epithelial

the dorsal iris fo lens fibres). The resulting intermediate cell type does not pos-

sess the phenotype of either the ancestor or the descendant cell type (B) Alternatively,
transdifferentiation can occur through the direct conversion of one cell type to another

the requirement for cell division (e.g., conversion of pancreatic AR42)-B13 cells

Examples of tissue-specific stem cells include haematopoi-  to hepatocytes).

etic stem cells. Haematopoietic stem cells generate all cell

types of the blood and immune system. In addition to stem

cells that form the blood, other organs of the mammalian body may
also contain stem cells such as the skin and intestine.

Progenitor cells are the offspring of stem cells and are at an inter-
mediate stage of differentiation. They are partly differentiated cells
that divide and give rise to differentiated cells. Such cells are usually
regarded as “committed” to differentiating along a particular cellular
development pathway. One example of a progenitor cell is the hepatic
oval cell, that resides in the cholangiocytes of the liver.!>!3 When
hepatocyte cell division is inhibited or impaired, the presumptive
liver stem cell divides in the bile ducts and produces oval cells which
are bipotential and can generate both hepatocytes and biliary epithe-
lial cells.'

The ability of adult stems to generate cells of a particular lineage
normally distinguishes adult stem cells from ES cells. There are
potentially a few contradictions to this definition. We will focus on
one example, that of bone marrow stem cells. Although derived from
the embryonic mesoderm, the developmental potential of bone
marrow stem cells may not be restricted to this germ layer and they
have been shown many times to populate tissues of ectodermal and
endodermal origin. Examples of such adult stem cell plasticity
include bone marrow conversion to liver, kidney, lung and pancreas.
15-18 These observations are contrary to the long-standing concept
that tissue-specific adult stem cells are restricted to making the
differentiated cell types of the tissue in which they reside. It therefore
appears that bone marrow represents a possible source of pluripotent
cells which might be deployed for tissue or organ repair. However,
the conversion of bone marrow to other cell types is a controversial
area. Some results have been hard to replicate and others have been
shown to be due to cell fusion.!??°

CLINICAL SIGNIFICANCE OF TRANSDIFFERENTIATION AND
METAPLASIA

The conversion of one cell type to another is clinically significant
for two reasons. The first is because metaplasia predisposes to certain
forms of neoplasia or, the development of cancer. One of the
best-studied examples of this type of conversion is Barrett’s metapla-
sia. Barrett’s metaplasia (sometimes referred to as Barrett’s oesophagus)
is a pathological condition in which the distal region of the oesoph-
agus undergoes a metaplastic transformation from stratified squamous
to gastric or intestinal type epithelium. It is a precursor to oesophageal
adenocarcinoma, a condition that has been rising rapidly in incidence
in recent years.?! Estimates suggest an incidence of about 0.5-1.0%
per year.”? The prognosis for oesophageal adenocarcinoma is very
poor, with a median survival of less than 1 year and 5 year survival
under 10%.?? So understanding the individual molecular and cellular
steps leading to the appearance of ectopic intestinal tissue in the
oesophagus could result either in the identification of early markers
suitable for diagnostic purposes or even in the production of thera-
peutic strategies for curing the disease. The second reason why
transdifferentiation is clinically important is related to cell-based
therapies. Cellular therapies are now part of the newly emerging
science of regenerative medicine. The term ‘regenerative medicine’
refers to the stimulation of regeneration of damaged or defective
tissues. Regeneration of diseased or damaged organs constitutes one
of the fundamental challenges to tissue engineers. The reasons for
wishing to produce tissues are simple enough: due to the shortage for
transplantation alternative strategies have to be found to replace
diseased or damaged organs. There is currently intense interest in the
field of regenerative medicine because research findings from this
area may turn out to be the panacea for a spectrum of degenerative
disorders including Parkinson’s disease, diabetes and heart disease.
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Figure 2. Lineage switching of radial glial cells during axolotl tail regeneration. During
tail regeneration, GFP labelled radial glial cells (green) derived from the ectoderm,
switch lineage to generate muscle cells positive for myosin heavy chain (red), normally

derived from the mesoderm. Reproduced with permission.

A number of possibilities exist as to the origin of the cells for
replacement. Stem cells can be transplanted, which if they find the
correct niche, may be able to differentiate to replace the diseased or
damaged cells. An alternative possibility is to replace the missing
cells or tissue by causing transdifferentiation of existing healthy cells
(these could be from the patient or from a donor). The cells in theory
can be generated by direct transdifferentiation in vivo or, by ex vivo
approaches, using either an exogenously added factor or by gene
therapy in which transdifferentiation is first induced in a culture
setting and then the cells are retransplanted back into the patient.

TRANSDIFFERENTIATION AND ORGAN DEVELOPMENT

Transdifferentiation often consists of the conversion of one type
of cell into another type that arose as an adjacent rudiment in the
embryo.$24 During embryogenesis, different cell types arise from a
common cell sheet because different combinations of selector genes
are switched on in each region in response to inductive signals. Since
transdifferentiation is probably a single step change, it is logical to
assume that tissues between which such changes occur are neighbors
in the sense that the combination of selector genes defines the cells
within them differ only in the state of one (or maybe two) genes.>?
Where the new tissue normally consists of more than one cell type,
formed from a common stem cell, the metaplastic foci usually contain
all these cell types. This indicates that metaplasia represents a switch
of state from one type of stem cell to another, and is distinct from
the direct conversions between terminal cell types (transdifferentia-
tion). Examples, of this type of ‘complete’ metaplasia include patches
of ectopic intestinal epithelium in the stomach.?>

Transdifferentiation presumably occurs because there is a change
in the expression of a key transcription factor (master switch gene)
that alters their state of developmental commitment. A previous
theoretical work suggested that transdifferentiation might result
from somatic mutation of homeotic genes normally required to
distinguish tissue rudiments from one another.?® The alternative
explanation is that transdifferentiation can be provoked by a change
in the cellular environment and so may not involve any somatic
mutation of a master switch gene. In the latter case, the master
switch gene is induced by an environmental change. Assuming that
stem cells in the adult have the same genotype as those in the
embryo for any one cell type, then a change of state of such a gene(s)
in later life would cause the stem cells to produce another cell type.
Since transdifferentiation represents a switch in developmental
commitment of one cell type to another, investigating the phenomenon
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provides a novel opportunity to explore the cellular and
molecular mechanisms that may underlie specification of
different organs during development. Transdifferentiation
events by definition always differ from the normal
sequence of development. However, understanding trans-
differentiation events may also help understand normal
development.

One example of cell type conversion that has been
frequently cited as normally occurring is that of the
change in the muscle-fibre type of the oesophagus during
embryonic development.?” The oesophagus is a muscular
tube that connects the pharynx to the stomach and func-
tions as a passage to allow masticated food to enter the
stomach for digestion. In the adult mouse, the main layer
of muscle in the oesophagus (the muscularis externa) is
composed of two layers: an inner circular layer and an
outer longitudinal muscle layer. There is also an added complexity;
there are different muscle fibre types in the adult oesophagus. The
lower two-thirds of the mammalian oesophagus is composed almost
entirely of smooth muscle, whereas the upper third is composed of
skeletal muscle. The presence of the skeletal muscle is related to the
fact that the first part of swallowing is under voluntary control.
During early mouse development the muscle is entirely smooth
muscle in character. As development proceeds, the smooth muscle in
the upper third of the muscularis externa changes to skeletal type
and the switch is completed by two weeks after birth. There is some
debate as to whether the switch from smooth to skeletal muscle arises
by transdifferentiation?”-?® or by myogenesis from nonsmooth
muscle cells.??

Patapoutian et al. showed that a small proportion of cells coex-
pressed both smooth (smooth myosin light chain) and skeletal muscle
(skeletal fast myosin heavy chain) markers.”” The authors explain
that the colocalization of smooth and skeletal muscle markers present
from around embryonic day 16 to postnatal day 8, represented cells
that possessed an intermediate phenotype and were therefore under-
going transdifferentiation. In other words, these intermediate cell
types were not programmed as might be expected, had the different
cell-types arisen from distinct progenitor cell populations. Rudnicki
and colleagues provided support for these observations.?® Candidate
factors for the skeletal muscle lineage include the family of myogenic
regulatory factors (MRFs), a group of basic helix-loop helix (bHLH)
transcription factors consisting of Myf5, MyoD, myogenin and
MRF4.% The four MRFs are required at different stages of muscle
differentiation: MyoD and Myf5 are required for skeletal muscle
determination whereas myogenin and MRF4 are required later in
differentiation.’! MyoD and Myf5 knockout animals fail to undergo
skeletal muscle myogenesis. Instead, the muscularis externa consist
entirely of smooth muscle cells. Although this does not provide
conclusive evidence for transdifferentiation, it is suggestive. Other
investigations based on a Cre/loxP approach have suggested the
switch in muscle type may not be an example of transdifferentia-
tion.?? The Cre/lox technique can be applied to monitor metaplasia
in vivo. The technique has been used to irreversibly label a lineage
after transient activation of a tissue-specific promoter. The authors
generated transgenic animals in which the smooth muscle myosin
heavy chain promoter was used to drive Cre recombinase and eGFD.
These mice were crossed with R26R LacZ reporter mice. In theory,
any double transgenic mouse should show eGFP in smooth muscle
cells and cells that were of smooth muscle origin during development
will constitutively express LacZ. The results demonstrated that the
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skeletal muscle layer of the oesophagus does not label with LacZ.
However, there are caveats to using this technique. Interpretation of
the results depends heavily on the stringency or leakiness of the pro-
moters used.

TRANSDIFFERENTIATION AND METAPLASIA
DURING TISSUE REGENERATION

Metaplasia is important in the context of regeneration for two
reasons. The first is because cells may arise during regeneration by
metaplasia or transdifferentiation. The second is because regenerating
tissues are more prone to producing cells of a different phenotype in
addition to their own. Regarding the source of cells during regener-
ation, tissues can potentially arise by transdifferentiation or metaplasia.
The source of cells for regeneration can be either undifferentiated or
fully differentiated cell types. Assuming the regenerates arise from
undifferentiated stem cells then this switch could be classed as a
metaplasia. Alternatively, where differentiated cell types are the
source of regenerates then it is possible that the source of the cells
arise either from its own cell type or, from a different cell type. There
are examples in the literature of regenerates arising by metaplasia and
transdifferentiation some of these examples are examined below.

Urodele amphibians (e.g., the axolotl) can regenerate both limb
and tail structures. A recent example of regeneration that involves
cellular plasticity is tail regeneration in the axolotl.? Tail regenera-
tion has been reviewed in detail elsewhere.?? After tail amputation,
regeneration occurs of all the structures normally found in the tail
(skin, muscle, cartilage and spinal cord). Echeverri and Tanaka
labelled spinal cord precursor cells by electroporating a plasmid
containing GFP reporter under the control of glial acidic fibrillary
protein (GFAP) promoter.>?> GFAP was only expressed in the radial
glial cells of the spinal cord. Using this cell lineage approach, the
authors showed that during tail regeneration, neural cells (either
ependymal or radial glial cells) in the spinal cord could generate
muscle, chondrocytes and neurons (Fig. 2). This is a remarkable
example of metaplasia since ectodermal cells are able to generate
both ectodermal and mesodermal cell types, but does this occur in
other vertebrates? In a recent publication, Gargioli and Slack
addressed the issue of cell lineage in the regenerating Xenopus tail.34
The results showed that ‘transdifferentiation’ between differentiated
cells did not occur e.g., the cells of the spinal cord and notochord
regenerate from the same tissue in the stcump and labeling was absent
in other tissues. The question also arises as to why this type of regen-
eration does not occur in humans? Only by working out the differ-
ences between species that can and cannot regenerate body structures
can we begin to address this problem. In the long-term, this
approach could lead to the repair of severed spinal cord injury.

Metaplasias generally arise in epithelial tissues when there is
chronic tissue regeneration after damage caused, for example, by
repeated trauma or infection.® While some of these metaplasias (e.g.,
intestinal metaplasia in the stomach) will be discussed in more detail
below, they do warrant a comment under the heading of regenera-
tion. It is well known that in patients with Barrett’s metaplasia, the
lower end of the oesophagus becomes damaged due to reflux of the
acid contents of the stomach. During regeneration of the damaged
oesophageal stratified squamous epithelium from the stem cells in
the oesophagus, foci of intestinal-type tissue is induced. It is likely
that the persistence of metaplastic foci means that the conversion has
occurred at the level of the stem cell because these cells are probably
the only cells that survive in the tissue indefinitely. It is also possible
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that metaplastic changes may confer a selective advantage over the
original cell type. For example, intestinal-type epithelium in the
oesophagus may be more resistant than oesophageal epithelium to
acid reflux from the stomach. During regeneration, presumably there
must be a switch (e.g., induction) of a single transcription factor. In
the case of intestinal metaplasia of the oesophagus, it is possible that
the acid environment induces a transcription factor which
reprogammes the stem cells.

TRANSDIFFERENTIATION AND EYE REGENERATION

Some amphibians demonstrate a remarkable ability to regenerate
whole new structures following damage or experimental removal. In
this context, one of the best characterised examples of transdifferen-
tiation is the formation, in the adult newt, of a complete lens from
the iris.?> The iris is a thin diaphragm of connective tissue and
smooth muscle fibres found in front of the lens. The function of the
iris is to regulate the amount of light reaching the retina. In contrast,
the lens is a crystalline structure whose main function is to focus
light on the retina. The developmental origin of the two eye compo-
nents is quite different. The lens is formed from the epidermis,
whereas the iris is formed from the optic cup, which is derived from
the neuroepithelium. The process of lens regeneration from the iris
pigmented epithelium is termed Wolffian regeneration, after Wolff,
one of the first to investigate the phenomenon experimentally.3®
Lens regeneration can also occur in the chick.3” In the newt, lens
regeneration depends solely upon transdifferentiation of pigmented
epithelial cells (PECs) arising from the dorsal iris. First, PECs dedif-
ferentiate, reenter the cell cycle and proliferate. Within 10 days of
lentectomy, a new lens vesicle is formed from the dedifferentiated
PECs in the region of the dorsal iris. Subsequently, primary lens
fibre differentiation occurs causing the lens fibres to thicken and
synthesise crystallins. Gradually PEC depigmentation and prolifera-
tion declines, secondary lens fibres appear and in as little as 25-30
days following lentectomy lens regeneration is complete.3841
Transdifferentiation of PECs to lens fibres relies in part upon the
activation of thrombin, a serine protease involved in the clotting
cascade.*? Thrombin is specifically activated in the dorsal iris but
not in the ventral iris nor in the iris of species that cannot regenerate
the lens (e.g., salamanders). Thrombin is absolutely required for
PECs to reenter the cell cycle. It has been proposed that thrombin
activates a yet unknown serum factor which in turn can promote
dedifferentiation and proliferation of PECs.3

Lens regeneration also occurs in the frog, again through a process
of transdifferentiation. Compared with the newt, there are two
important differences in Xenopus lens regeneration. First, the transd-
ifferentiating cells arise from the inner layer of the outer cornea and
second, the conversion can only take place prior to metamorphosis. 44
Several genes have been shown to be expressed in both the developing
and regenerating lens. These genes include the fibroblast growth
factor receptor 1 (fgfrl), retinoic acid receptor (rar) and the tran-
scription factors Pax6 and Prox1.4548 Interestingly, newt PECs and
frog outer cornea are induced to transdifferentiate in vitro when cul-
tured in the presence of FGF1, while lens regeneration in vivo is pre-
vented by the fgf7! specific inhibitor SU5402.4950 Combined, these
data strongly support a role for FGF1 signalling through fgf7I as an
essential mediator of the transdifferentiation events occurring in lens
regeneration.

Retinal regeneration has been observed in several species and is
brought about by both transdifferentiation and the activity of stem
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cells depending on the organism and the stage of their developing or
adult life.40 As with lens regeneration, only certain urodeles possess
the ability to regenerate the retina in adult life entirely through
transdifferentiation.>® Retinal pigment epithelial (RPE) cells gradu-
ally become depigmented, detach from the basement membrane and
adopt a transitional state where they possess both RPE and neuronal
properties. The transdifferentiating rPECs are capable of self-renewal
and give rise to a neuroepithelial layer of cells which differentiates to
produce all retinal cell types, a process that recapitulates embryonic
retinal development from the neural retina.’! The molecular mech-
anisms underlying the transdifferentiation of rPECs to neuroepithe-
lial cells have not been characterised although there is some evidence
to suggest that FGF2, laminin and heparin sulphate proteoglycans
may be important.>2>4

TRANSDIFFERENTIATION OF PANCREAS AND LIVER

Another example of transdifferentiation is provided by the liver
and the pancreas. These two organs, each of multiple cell types, arise
from neighboring regions of the endodermal epithelium and FGF
signalling has been shown to direct the ventral pancreas to express
genes for liver.>>® Both conversion of pancreas to liver and the
reverse, liver to pancreas transformation, have been documented. We
will examine both phenomena in the current review.

Many animal models of pancreatic regeneration have been
described over the years and like the liver, the pancreas has been
shown to possess regenerative capacity. Bonner-Weir and colleagues,
demonstrated that considerable regeneration of both endocrine and
exocrine pancreatic tissue occurs in partially pancreatectomised rats
only 8-10 weeks following removal of 90% of the pancreas. The
response requires the recruitment of a stem cell population residing
in the ductal system and proliferation of acinar cells.””>® Another
model, developed by Sarvetnick and coworkers described the
autoimmune destruction of pancreatic B-cells in transgenic mice
expressing interferon-y under the control of the insulin promoter.>”
The ensuing pancreatic inflammation led to B-cell loss, recapitulating
the destruction of islets in type 1 diabetes. However, islets were
rapidly regenerated in these mice through proliferation and differen-
tiation of ductal cells, a process closely resembling foetal islet forma-
tion.? Clearly, studying the mechanisms mediating regeneration in
these animal models may provide insights for the development of
therapies for the treatment of diabetes, but one of the most striking
observations made from studies thus far is the identification of
transdifferentiated hepatocytes in the regenerating pancreas.®0-02

The appearance of hepatocytes in adult pancreatic tissue has been
well documented. Perhaps the best characterised example is the work
by Reddy and colleagues.®® The in vivo model describes extensive
destruction of pancreatic acinar cells through the maintenance of
adult rats on a copper-depleted diet, using the copper-chelating
agent triethylenetetramine tetrahydrachloride. Rats were copper
depleted for 7-9 weeks before returning them to a normal diet.
During the 6-8 week recovery period more than 60% of the pancre-
atic volume was occupied by albumin expressing hepatocytes. Under
these experimental conditions loss of acinar cells was associated with
the proliferation of both ductular epithelial cells and oval cells and
although the mechanism is not known, it is believed that these cells
transdifferentiated to form hepatocytes. The appearance of hepatic
foci in the pancreas has been reported following transplantation of a
cell population enriched for pancreatic epithelial progenitors into
the rat liver, in transgenic mice over expressing Keratinocyte Growth
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Factor in the pancreas, and as a naturally occurring phenomenon in
the vervet monkey and in human pancreatic tumors.%!-04

Although the in vivo models for the transdifferentiation of liver
to pancreas (particularly the copper-depletion-repletion model) have
been extremely valuable and demonstrate the potential for conver-
sion of pancreas to liver, it is more difficult to determine the cellular
or molecular mechanisms from these studies. One alternative
approach to determine whether pancreatic hepatocytes arise directly
from pancreatic cells is to establish in vitro model systems by using
pancreatic cells in culture. It has been demonstrated that the synthetic
glucocorticoid dexamethasone (Dex) can induce the conversion of
the pancreatic tumor cell line AR42] (and a subclone AR42]-B13)
to hepartocytes (Fig. 3).95 AR42] cells were originally isolated from a
carcinoma of an azaserine-treated rat.®*®” Under normal circum-
stances AR42] cells exhibit amphicrine properties, expressing markers
of both exocrine (e.g., amylase) and neuroendocrine (e.g., neurofila-
ment) phenotypes. Expression of the pancreatic digestive enzyme
amylase by AR42J cells can be enhanced by short-term (48hr) culture
with dexamethasone.®® AR42] cells can also display a degree of
plasticity. They can be induced to produce insulin-secreting 3-cells
by culture with activin and HGF or betacellulin.®®”° The addition
of glucagon-like peptide-1 (GLP-1) to AR42] cells also produces
insulin and glucagon expressing cells.”! The ability of the AR42] cell
line to produce a variety of differentiated pancreatic cell types makes
it a model for pancreatic progenitor cells and a potentially interesting
system to study transdifferentiation to hepatocytes. Converting
pancreatic cells to hepatocytes also offers an alternative method for
producing long-term hepatocyte cultures as an in vitro model for
studying liver function. The hepatocytes produced by the AR42]
model exhibit many of the properties of true hepatocytes, expressing
a range of markers including albumin, glucose-6-phosphatase,
transferrin, transthyretin and the enzymes for Phase I and II detoxi-
fication (Fig. 4).”>73

The ability to induce the transdifferentiation of pancreas to liver
suggests that the reverse switch should also occur readily; yet examples
of this type of conversion are much more infrequent. There are some
reports of the presence of pancreatic tissue in an abnormal location.
Pancreatic-type tissue is found to occur in the livers of rats treated
with polychlorinated biphenyls, in fish liver tumors induced by
chemical carcinogens such as diethylnitrosamine, aflatoxin B, or
cyclopropenoid fatty acid, and in the liver of a human patient with
hepatic cirrhosis.”480 Intrahepatic pancreatic heterotopia has only
been reported in a number of individuals, comprising less than 0.5%
of all cases of heterotopic pancreas.gl’g3 In general, heterotopic
pancreatic tissue can be composed of exocrine and/or endocrine
cells. However, almost every case of pancreatic heterotopia in the
liver consists entirely of exocrine cells; only one case describes the
presence of endocrine cells.8 It is not known if or how there is a
difference in the potential to induce exocrine and endocrine cell
types in liver. In some of these examples, the hepatic exocrine tissue
is most often associated with tumors or injury, such as hepatocellular
carcinomas (that arise from hepatocytes), cholangiolar neoplasms
(that arise from the biliary system) or adenofibrosis. Much like the
human cases, these results suggest that during carcinogenesis a
metaplastic event occurs that gives rise to pancreatic tissue. Indeed,
pancreatic metaplasia in trout can be inhibited by the addition of the
glucosinolate, indole-3-carbinol, a known anti-cancer agent.””-8°

Recent evidence has shown that liver can be induced to transdif-
ferentiate to pancreatic cells using a gene therapy approach. The
gene used to convert liver to pancreas is Pancreatic and duodenal
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homeobox 1 (pdxI, also known as idxl, ipfl, mody4
or stfl). Pdx1 is an essential transcription factor for pancreas
development. Homozygous deletion of pdxI”~ in mice
results in complete loss of pancreatic tissue indicating that
it is required to determine the fate of common pancreatic
precursor cells and/or to regulate their propagation.®> In
adult mouse pancreas, Pdx1 expression is restricted to the
B-cells where it binds to and transactivates the insulin pro-
moter.8¢ Specific inactivation of the pdxI gene in B-cells
results in the loss of insulin-producing cells followed by
development of Type II (maturity onset) diabetes.?”
Taken together, these results demonstrate the importance of
Pdx1 for initial pancreas development and subsequent
maintenance of the B-cell phenotype. More recently, it has
been demonstrated that the liver can be induced to express
a pancreatic phenotype following ectopic expression of
Pdx1.88 Horb and colleagues used two models (transgenic
tadpoles and human hepatoma cells) to express an activated
form of Pdx1 which was able to convert liver into exocrine
and endocrine pancreas.®?

Recently, a study by Sumazaki and colleagues have
demonstrated the conversion of the developing biliary
system to pancreatic tissue in bes/ null mice.”® Although
budding of the bile duct occurs from the foregut endoderm
as usual, subsequent elongation of the extrahepatic and
common bile ducts are abrogated. Only a truncated version
of the duct is formed. These changes are associated with the
appearance of exocrine and endocrine pancreatic tissue.
Indeed, the full complement of endocrine cells are present
in the ectopic tissue: o (glucagon), B (insulin), & (somasto-
statin) and PP (pancreatic polypeptide) cells. The presence
of ectopic pancreas in the developing liver may represent an
example of transdetermination, or, the switch of a cell from
one state of determination to another, rather than transdif-
ferentiation, which should really only apply to fully differ-
entiated cell types.”!

Cells in both the liver and the pancreas can also, under
appropriate conditions, undergo metaplasia to produce
intestinal epithelium.?>%> These data support the concept
that the stem cell compartments forming liver, pancreatic
and intestinal epithelium are very similar, differing only in
the state of one or a few selector genes.

GASTRIC REGENERATIVE EPITHELIA
AND INTESTINAL METAPLASIA

The gastric glands and crypts of Lieberkithn are the
respective basic epithelium forming units of the stomach
and intestine, in which reside multipotent stem cells required
for the constant renewal of the gastric and intestinal epithe-
lia. Normal gastric mucosa comprises epithelial invagina-
tions termed pits from which tubular extensions form the
glands.% Gastric stem cells are located in the isthmus, a
region near the junction between the pit and the gland.
From the isthmus parietal, enteroendocrine and caveolated
cells can migrate in both directions while enzyme producing
zymogenic cells migrate down into the gland and mucous
producing pit cells migrate towards the surface. In the intes-
tine, stem cells located at the base of the crypts of Lieberkiithn
give rise to progenitors that will differentiate into secretory
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Figure 3 (Above). Conversion of pancreatic AR42JB13 cells to hepatocytes.
Dexamethasone treatment (2 weeks) leads to the formation of flattened epithelial-like
cells almost completely lacking expression of the pancreatic marker amylase (A), while
the liver marker albumin (B) is induced following 3 weeks treatment with
Dexamethasone. AR42J-B13 cells were transfected with nuclear GFP and stained for
the liver marker glucose-6-phosphatase following 5 days in the presence of
Dexamethasone. Untreated transfected B13 cells (C) do not express glucose-6-phos-
phatase while treated some treated cells acquire the cytoplasmic glucose-6-phos-
phatase staining and retain nuclear GFP (D), indicating that transdifferentiated
hepatocytes arise directly from AR42)-B13 cells.>> Reproduced with permission.
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Figure 4 (Above). Transdifferentiated hepatocytes express several markers representative
of a range of hepatic functions. Pancreatic AR42J-B13 cells are amphicrine in nature
expressing both exocrine and neuroendocrine properties. Following treatment with
dexamethasone AR42J-B13 cells undergo a morphological change that is accompanied
by induction of the expression of numerous functional hepatic markers.
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cells, such as enteroendocrine, goblet and Paneth cells, or cells that
will become absorptive enterocytes.”” While Paneth cells differentiate
at the base of the crypt where they will remain, differentiation of the
other cell lineages takes place as the progenitor migrates out of the
crypt toward the tip of the villi. The turnover rate of epithelial cells
in both the stomach and intestine is rapid with cells being renewed
every 2—7 days. Under conditions of inflammation or infection these
stem cells are susceptible to genetic alteration and as a consequence
metaplastic lesions may develop.

Intestinal metaplasia (or transdifferentiation), characterised by
the presence of ectopic intestinal epithelia within the gastric mucosa,
can be divided into two subtypes; ‘complete’ or type I intestinal
metaplasia and ‘incomplete’ comprising type II and type III intestinal
metaplasia.”® In ‘complete’ intestinal metaplasia ectopic tissue contains
absorptive, Paneth and goblet cells, all of which are typically found
in the small intestine, whereas only columnar and goblet cells are
present in ‘incomplete’ intestinal metaplasia. Intestinal metaplasia is
believed to predispose to gastric carcinoma, although this association
is not fully accepted. Epidemiological studies have indicated that
compared to individuals without, those with intestinal metaplasia
have a 10-fold increased risk of developing gastric cancer with type
I1I intestinal metaplasia carrying the greatest risk.”!1%° Some studies
have also shown that infection with Helicobacter pylori (H. pylori) is
one of the major aetiological factors contributing to the development
of intestinal metaplasia and progression through to gastric cancer.!?!
Persistent gastric mucosal irritation caused by H. pylori infection
leads to intestinal metaplasia that is believed to arise due to the
differentiation of gastric stem cells towards cells of an intestinal cell
type rather than becoming cells of a gastric phenotype.

Until recently the molecular mechanism underlying this switch
in fate of gastric stem cells has remained elusive. However, there are
now several pieces of evidence to suggest that the caudal-related
homeobox transcription factors Cdx1 and Cdx2 may play a role in
the development of intestinal metaplasia. Expression of Cdx1 and
Cdx2 is restricted to the epithelial layers of the small intestine and
colon and in adult tissues where both are essential for the develop-
ment, differentiation and maintenance of intestinal cell fate. during
the later stages of mammalian development.!%? Interestingly, Cdx]1
and Cdx2 expression has also been localised to intestinal metaplastic
tissue of human stomach indicating that ectopic expression of
Cdx1/Cdx2 may contribute to the mechanism underlying intestinal
metaplasia.'9%193 This is supported by studies in which two inde-
pendent groups generated transgenic mice mis-expressing Cdx2 in
the gastric mucosa under the control of stomach specific promoters.
In both cases animals were observed to develop lesions containing
intestinal type tissue within the gastric mucosa.!9%195 The role for
Cdx2 in the maintenance of the intestinal phenotype is demonstrated
in mouse studies in which there is haploinsufficiency of Cdx2.1%¢ In
addition to exhibiting axial skeletal defects due to an anterior
homeotic shift, mice expressing only one allele for Cdx2 display the
appearance of lesions containing forestomach epithelia (negative for
Cdx2) in more posterior structures like the terminal ileum and
proximal colon of the midgut. Furthermore, epimorphic regeneration
of tissue types occurs between the ectopic gastric tissue and the
surrounding colonic mucosa; this constitutes the first known example
of this type of regeneration in mammals.

42 Organogenesis

SUMMARY AND FUTURE PERSPECTIVES

The current review has highlighted a number of well-documented
examples of transdifferentiation and metaplasia. It is clear from the
results of research performed both in recent years and many decades
ago, that adult stem cells and differentiated cells are more versatile
than was previously thought. We now know that in certain situations,
genes can drive differentiated cells to a particular phenotype. For
example, MyoD will convert many cell lines to muscle, and C/EBP
will change pancreatic exocrine cells to hepatocytes.®>1%7 One future
possibility is to identify genes that will for example, convert in a
single step bone marrow to cardiomyocytes or pancreatic B-cells.

One issue related to regenerative medicine that is topical at the
moment is the difference in therapeutic potential between embry-
onic stem cells and adult stem cells. Both have their advantages and
disadvantages. For example, the differentiation of ES cells is difficult
to direct in vitro. In addition, recent doubt has been cast on the
claims that adult stem cells can cross germline boundaries.!??°
Irrespective of these problems, the issue is not whether either cell
type can or cannot be used, but whether in the long term they can
offer a cure to the patient. While the results on transdifferentiation
and metaplasia from the laboratory are encouraging, it is not clear
how (and when) they will translate to the bedside.
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