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Abstract

Pancreatic duodenal homeobox -1 is a transcription
factor that is expressed in beta and ¢ cells of the islets
of Langerhans and in dispersed endocrine cells of the
duodenum. It is involved in regulating the expression
of a number of key beta-cell genes as well as soma-
tostatin. It also plays a pivotal part in the develop-
ment of the pancreas and islet cell ontogeny. Thus ho-
mozygous disruption of the gene in mice and humans
results in pancreatic agenesis. Heterozygous muta-
tions in the gene result in impaired glucose tolerance
and symptoms of diabetes as seen in MODY4 and
late-onset Type II (non-insulin-dependent) diabetes
mellitus. In adults pancreatic duodenal homeobox-1
expression is increased in duct cells of the pancreas

that have been induced to proliferate and differenti-
ate to form new islets. Defects in pancreatic duodenal
homeobox-1 could therefore contribute to Type II di-
abetes by affecting compensatory mechanisms that
increase the rate of beta-cell neogenesis to meet the
increased insulin secretory demand. It could also be
a pharmacological target for beta-cell defects in
Type II diabetes, while its role as a regulator of islet
stem cell activity is being exploited to produce a re-
plenishable source of islet tissue for transplantation
in Type I (insulin-dependent) diabetes mellitus. [Dia-
betologia (2001) 44: 1203-1214]
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Pancreatic duodenal homeobox-1 (PDX-1) originally
appeared in the literature under several guises, name-
ly IUF-1, IPF-1, IDX-1, STF-1 and GSF. It was dis-
covered independently by a number of laboratories
working on the regulation of hormone gene expres-
sion and development in the islets of Langerhans
and in the developmental biology of the frog. The
early studies on the insulin gene promoter, which
were predominantly on the rat insulin I gene, led to
mapping two major regulatory sequences of the re-
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gions —104 to —-112 and -233 to -241 [1]. Termed ini-
tially the IEB1 and IEB2 boxes but now known as
the E1 and E2 boxes [2], these sequences bound a sin-
gle protein, IEF1, that was expressed specifically in
beta cells [3]. IEF1 was found to be a heterodimer
comprising two basic helix loop helix (b HLH) pro-
teins, E47 and NeuroD1 also known as BETA2 [4,
5]. E47, one of two splice products of the E2A gene,
has a widespread distribution whereas NeuroD1 is re-
stricted to neuroendocrine cells. Mutagenesis of the
E boxes completely abolished the activity of the insu-
lin promoter.

Subsequently a beta cell-specific factor, named
IUF-1, was identified by electrophoretic mobility
shift assay (EMSA). It bound to three sites located
between —77 and -84, 210 and -217, and -313 and
—320 in the human insulin gene promoter [6]. Termed
the CT boxes, and now known as the A boxes [2], one
of these sites (the CT2 box) was closely related to a
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site in the rat insulin I promoter (-210 to —221) that
showed no activity by itself but which potentiated
the activity of the adjacent E2 (IEB2) sequence [7].
The consensus binding site for IUF-1, 5 C(C/
T)CTAATG, was mapped by methylation interfer-
ence analysis [6] and DNase footprinting [8]. South-
Western analysis indicated that IUF-1 DNA binding
activity could be separated by gel filtration chroma-
tography into two proteins of Mr 46 K and 115 K [9].
At the same time a beta cell-specific factor, IPF-1,
was shown to bind to a related consensus sequence
5’CC(C/T)TAATGG at —70 to -85 in the rat insulin I
promoter [10]. Another study [11] cloned an IPF-1
cDNA that encoded a protein of 283 amino acids
with a calculated M, of 31 K. The deduced amino
acid sequence showed a homeodomain that diverged
from the Antennapedia prototype, containing a un-
ique histidine at position 45 of helix 3. It was also not-
ed that the homeodomain was identical to the previ-
ously published partial homeodomain sequence of
the X1Hox 8 protein from Xenopus laevis [12].
Simultaneously, two other groups by screening
cDNA libraries prepared from somatostatin-express-
ing islet cell lines cloned homeodomain-encoding
cDNAs s that were termed STF-1 [13] and IDX-1 [14].
The subsequent cloning of a cDNA encoding IUF-1
[15] and a glucose sensitive beta cell-specific tran-
scription factor (GSF) [16, 17] showed that IPF-1,
STF-1, IDX-1, IUF-1 and GSF were similar proteins
and that XIHox 8 was a Xenopus homologue [18].
Due to this plethora of names for the same factor,
there was much confusion until the gene was re-
named pancreatic duodenal homeobox -1 (pdx-1) by
the international Committee on Standardised Genet-
ic Nomenclature for Mice. While the Human Ge-
nome Database Nomenclature Committee designat-
ed ipf-1 as the name for the human gene. In this re-
view we will use the convention ipf-1 for the human
gene and PDX-1 for all species forms of the protein.

Distribution and structure of PDX-1

PDX-1 expression is limited to beta cells and some
somatostatin-expressing cells of the islets of Langer-
hans. It is also expressed in dispersed endocrine cells
of the duodenum, and in the developing brain [19].
PDX-1 contains 283 amino acids with a predicted
molecular weight of 31 K. Like most other transcrip-
tion factors, PDX-1 possesses a modular structure
with separate functional domains (Fig.1). It contains
within the middle region an antennapedia-like home-
odomain flanked on both sides by proline-rich re-
gions. The homeodomain is involved in DNA binding
and protein-to-protein interactions. A highly con-
served histidine residue at position 189 that is unique
to the homeodomain of PDX-1 and a KIWFQN mo-
tif that lies in helix 3 of the homeodomain are partic-
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Fig.1. Structure of PDX-1. Schematic representation of the
predicted structure of PDX-1 showing the antennapedia-like
homeodomain flanked by two proline rich regions. The NH,-
terminal activation domain comprising three sub-domains is
also indicated as are a basic residue-rich nuclear localisation
signal (NLS) within helix three of the homeodomain and a
pentapeptide motif that interacts with PBX located close to
the homeodomain. Sequences COOH-terminal to the home-
odomain (amino acids 144-283) could also have transactiva-
tion properties [20]

ularly important in DNA binding [20]. A proline en-
riched transactivation domain is located within the
NH,-terminal region and can be divided into three
evolutionarily conserved subdomains [20, 21].

The coding region of the human ipf-I gene con-
tains two exons separated by an intervening sequence
[22]. Exon I encodes the NH,-terminal transactiva-
tion domain and part of the homeodomain while
exon 2 encodes the remaining portion of the homeod-
omain and the COOH-terminal region of the protein
(Fig.2). The human ipf-1 gene is located on chromo-
some 13q12 (12.1) [22, 23], the mouse pdx-1 gene
(which also contains two exons) on the distal end of
chromosome 5 [24] and the rat pdx-I gene on chro-
mosome 12 [25]. The primary sequence is highly con-
served between zebrafish [26], Xenopus and mam-
mals.

PDX-1 and the regulation of gene expression

Several lines of evidence including co-transfection of
reporter constructs harbouring promoter sequences
containing putative PDX-1 DNA binding sites along
with PDX-1, and detailed mapping of PDX-1 DNA
binding sites by electrophoretic mobility assay indi-
cate that PDX-1 regulates a number of genes in-
volved in maintaining beta-cell identity and function.
These include insulin [11], glucose transporter 2
(GLUT-2) [27], glucokinase [28] and islet amyloid
polypeptide [29-31]. It also regulates somatostatin
gene expression in islet J cells [13] and in the devel-
oping brain [32]. The arrangement of PDX-1 binding
sites in the upstream regulatory regions of these
genes is shown in Figure 3. It could even autoregulate
its own expression [33].

The ability of PDX-1 to activate gene transcription
in a tissue specific manner is dependent on its capaci-
ty to interact with other transcription factors. This is



C.M. McKinnon, K. Docherty: The homeodomain protein PDX-1

2 4 ] 8 10 12 14 16kb

5" Nank 1 Ivs m 3 Mank

- fikh -5kb -4kb =3kb =2kh -1kb 1

Fig.2 (A, B). Structure of the PDX1 and upstream regulatory
region. A Schematic showing the structure of the PDX1 gene
which contains two exons and one intron. Exon 1 encodes
NH,-terminal sequences up to the homeodomain while exon
2 encodes the homeodomain and COOH-terminal sequences.
B Arrangement of regulatory sequences within the upstream
regulatory region of PDX1

supported by experiments in which PDX-1 transfect-
ed into pancreatic a cells, which lack endogenous
PDX-1 but contain islet-enriched factors, can stimu-
late the activity of an exogenous insulin promoter
but not when transfected into fibroblasts which lack
these additional factors [29]. Moreover, in acinar cell
lines which exhibit endocrine and exocrine proper-
ties, the endogenous PDX-1 forms a trimeric complex
with two TALE class homeodomain proteins PBX1b
and MRGI1 to activate the elastase promoter [34].
PBX1b and MRGI1 are not expressed in beta cells
and so the elastase promoter is not activated in these
lines. This subtle interplay between PDX-1 and other
factors in regulating promoter activity has been most
extensively documented for the insulin gene.

In the insulin gene promoter, functional PDX-1
DNA-binding sites are arranged in close proximity
to E boxes that bind a heterodimeric complex of the
ubiquitously expressed bHLH protein E47 (also
know as Pan-1) and its neuroendocrine specific
bHLH partner NeuroD1. A boxes and E boxes inter-
act synergistically to regulate transcription [35]. This
minienhancer activity is dependent on interactions
between all three proteins (PDX-1, E47 and Neu-
roD1) [36-38], although other ubiquitously expressed
bHLH proteins could substitute for E47 [39]. The
homeodomain of PDX-1 plays an important part in
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the assembly of this complex through protein-to-pro-
tein interactions with E47, NeuroD1 and the high
mobility group protein (HMG1Y) [38]. HMGL1Y is
an architectural protein that affects the conformation
of DNA and is important in the assembly of nuclear
pore complexes. The interactions of PDX-1 with
HMGT1Y could explain how PDX-1 mediates its ef-
fects on the curvature of the DNA [40]. The effect
this complex has on transcription is probably mediat-
ed through the clustering of multiple activation do-
mains (within the different transcription factors) that
could interact with potential coactivators (such as
CBP/p300 [41]) and directly with the preinitiation
complex that assembles at the transcription start site.

Of interest, other homeodomain proteins such as
the LIM domain protein Lmx1.1 can also activate
the A/E minienhancer in co-operation with E47 [38].
As noted previously [38] the ability of other homeod-
omain factors in the beta cell (of which there are
many [42]) to substitute for the overall function of
PDX-1 in the formation of this activation complex
on the insulin promoter could explain the observation
that beta cells continue to express insulin when PDX-
1 is removed by Cre-mediated deletion of the PDX-1
gene [43]. This redundancy could also explain the rel-
atively high amounts of insulin in human NES2Y beta
cells that lack PDX-1 [44]. It could also explain the
sustained concentrations of insulin when PDX-1 ex-
pression are reduced in beta cells by using an anti-
sense RN A approach [45] and the presence of insulin
in beta cells of the sand rat Psamonys obeseus, which
in adult animals lack PDX-1 [46]. Moreover, overex-
pression of PDX-1 can repress insulin promoter ac-
tivity possibly by interfering through a squelching
mechanism (binding to and limiting the availability
of other factors) in the formation of this transcription
complex [17, 47].

The somatostatin gene promoter contains two ele-
ments (UE-A and TSE1) located within the region
—113 to -85 that function as a minienhancer. The ac-
tivity of this minienhancer is dependent on a co-oper-
ative interaction between PDX-1 binding at the TSE1
element (an A box) and a heterodimeric complex
composed of two homeodomain proteins, Pbx1 (the
same one that interacts with PDX-1 in acinar cell
lines) and Prepl, binding at the UE-A site [48]. This
transcriptional complex is in part stabilised through
interactions between PDX-1 and PBX1 that involve
a pentapeptide motif FPWMK that resides immedi-
ately upstream of the PDX-1 homeodomain [49].

Regulation of the pdx-1 gene

Regulation of PDX-1 gene expression is particularly
complex, involving sequences up to 6 kb from the
transcription start site (Fig.2). There is a proximal
E box at around -104 that binds the ubiquitous
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Fig.3. Arrangement of PDXI1 binding sites within various
gene regulatory regions. Schematic showing the arrangement
of PDX1 in the human insulin, IAPP, glucokinase and soma-
tostatin upstream regulatory regions. Care should be taken, in
extrapolating functional relevance to the presence of PDX-1
binding sites. Consensus PDX-1 DNA-binding sites, i.e. C(C/
T)TAATG, are present in the promoters of a number of genes
(including and in addition to those shown here) that are ex-
pressed in islets of Langerhans. Not all of these sites are func-
tionally important as PDX-1, like most other homeodomain
proteins, can bind with varying affinity to sequences containing
the core TAAT motif

bHLH protein USF-1 [50, 51]. In addition there are
several sites that bind the forkhead winged-helix
transcription factor HNF35 [33, 52-54]. Members
of this family can open up chromatin to provide ac-
cess to regulatory sequences. HNF3( could there-
fore prime the PDX-1 gene for expression by other
transcription factors. PDX-1 itself binds at one of
the HNF3p sites, which contains a TAAT core se-
quence, suggesting a possible autoregulatory feed-
back mechanism [33]. There is an additional E box
at around —6 kb that binds E47/NeuroD1 [53]. Other
factors involved in regulating the PDX-1 gene in-
clude HNFla and SP1/3 [55]. Of note, glucocorti-
coids inhibit PDX-1 gene expression by interfering
with HNF34 activity [53]. This suggests that the
well-documented ability of glucocorticoids to inhibit
cell maturation and insulin gene expression in foetal
islets could in part reflect a block in PDX-1 gene ex-
pression.

-300 -150 +1

Nutrient and hormonal regulation of PDX-1

It is well established that glucose and a number of
other nutrients and some hormones regulate PDX-1
at several levels. The original studies aimed to identi-
fy factors that bound to sequences within the insulin
promoter in a glucose-responsive manner [56, 57].
One such factor [16], later identified as PDX-1 [17],
bound to sequences containing A boxes [16, 58]. Glu-
cose activation of PDX-1 DNA-binding activity oc-
curred rapidly (within 10-15 min) and involved phos-
phorylation of the transcription factor. The effects of
glucose could not be mimicked by cyclic AMP-in-
creasing agents or tumour promoting phorbol esters,
suggesting that neither cyclic AMP-dependent pro-
tein kinase A nor protein kinase C were involved
[58].

Some of the mechanisms by which glucose stimu-
lates PDX-1 DNA binding activity have since been
shown [15] (Fig.4). The signalling pathway involves
phosphatidylinositol 3-kinase (PI 3-kinase) and a
stress-activated protein kinase, p38/SAPK2. The pro-
tein kinase p38/SAPK2 is a member of an expanding
family of MAP kinase-related kinases that are acti-
vated in response to adverse stimuli such as heat, os-
motic shock, ultraviolet light, DNA-damaging re-
agents and by proinflammatory cytokines that are
produced under conditions of stress. A role for p38/
SAPK?2 in mediating effects of glucose on PDX-1
DNA binding activity is supported by the following
evidence: glucose effects are blocked by SB 203580
(a relatively specific inhibitor of p38/SAPK2), glu-
cose stimulates the activity of MAPKAPK?2 that lies
downstream of p38/SAPK2, glucose stimulates phos-



C.M. McKinnon, K. Docherty: The homeodomain protein PDX-1

1207

Glucose

Fig.4. Model outlining the proposed regulation of PDX-1 by
glucose and insulin. According to this model, glucose and insu-
lin regulate PDX1 through p38/SAPK2 by a pathway that is in-
hibitable by wortmannin and LY294002, i. e. that involves PI 3-
kinase. PDX-1 can also be activated by arsenite and stress
through p38/SAPK2 by a pathway that is unaffected by wort-
mannin or LY294002. It remains to be determined whether
glucose effects on PDX-1 are dependent on a feedback effect
of secreted insulin acting through insulin receptors on the sur-
face of the beta cell or through metabolic intermediates that
stimulate the PI 3-kinase pathway

phorylation of p38/SAPK2, arsenite (an activator of
p38/SAPK2) mimics the effects of glucose, and over-
expression of p38/SAPK2 mimics the effects of glu-
cose. Evidence supporting a role for PI 3-kinase in-
cludes inhibition of glucose-stimulated PDX-1
DNA-binding activity by inhibitors of PI 3-kinase
such as wortmannin and LY294002 and by overex-
pression of a dominant negative form of PI 3-kinase
(unpublished data). Additional signalling pathways
could be involved, since atypical protein kinase C
zeta (PKCC) has also been implicated in glucose-
stimulated PDX-1 DNA-binding and transcriptional
activity in MING cells [59].

In beta cells, activation of the p38/SAPK?2 pathway
by glucose involves PI 3-kinase, whereas activation
by stress (e.g. treatment with sodium arsenite) is in-
dependent of PI 3-kinase. It is not clear how glucose
activates PI 3-kinase. It could occur in part through
a feedback effect of secreted insulin acting on insulin
receptors on the beta cell [60], since exogenous insu-
lin has also been shown to stimulate PDX-1 DNA
binding activity [61]. Glucose metabolism leads to an
increase in the ATP:ADP ratio resulting in closure
of the ATP-dependent K* channel (Fig.4). The re-

sultant membrane depolarisation activates voltage
dependent calcium channels. The subsequent in-
crease in cytosolic Ca?* stimulates insulin secretion.
It remains to be established if the effects of glucose
are entirely dependent on secreted insulin or if me-
tabolism can directly activate PI 3-kinase in beta
cells.

Glucose stimulates the phosphorylation of PDX-1
[29, 62], although the phosphorylation sites have yet
to be mapped and the kinases (a putative PDX-1 ki-
nase) involved identified. Glucose also affects the in-
tracellular distribution of PDX-1 [62, 63]. Under low
glucose conditions PDX-1 can be localised by micros-
copy to the nuclear periphery. In high glucose PDX-
1 moves from the nuclear periphery to the nucleo-
plasm [63]. The translocation of PDX-1 to the nucle-
us could be mediated by nuclear localisation sequenc-
es located within helix 3 of the homeodomain [64, 65]
(Fig.1). We have observed that PDX-1 shuttles be-
tween the nuclear periphery and the nucleoplasm in
a phosphorylation dependent manner in response to
changes in extracellular glucose and insulin concen-
trations [66]. The movement of PDX-1 from the nu-
clear periphery to the nucleoplasm when cells are
stimulated with glucose or insulin is inhibited by
wortmannin and SB 203 580 suggesting that the PI 3-
kinase and p38/SAPK2 pathway is involved. Move-
ment from the nucleoplasm to the nuclear periphery
when cells are returned to non-stimulatory medium
is inhibited by okadaic acid and calyculin A suggest-
ing that intranuclear phosphatases are involved. In
another study the movement of PDX-1 from the nu-
clear periphery to the nucleoplasm in response to glu-
cose involved PI 3-kinase but not p38/SAPK2 [67],
while in a further study no effect of glucose on the nu-
clear distribution of PDX-1 was observed [64]. These
discrepancies can be explained possibly by method-
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ological differences in the use of endogenous or wild
type recombinant PDX-1 compared with overex-
pressed chimaeric constructs in which PDX-1 se-
quences have been linked to enhanced green fluores-
cent protein (EGFP) or c-myc.

In addition to its effects on the phosphorylation of
PDX-1, its DNA-binding activity and its distribution
between the nuclear envelope and nucleoplasm, glu-
cose also directly stimulates the trans-activation po-
tential of the NH,-terminal activation domain by a
mechanism that has yet to be established [68-70].

A number of hormones such as GLP-1 and TGFf
have effects on PDX-1 either at the level of DNA-
binding activity, transactivation potential or expres-
sion of the PDX-1 gene [71-75]. GLP-1, which nor-
mally acts through a G-protein coupled receptor
linked to protein Kinase A, was found to stimulate
the activity of a construct containing the PDX-1 acti-
vation domain linked to the DNA-binding domain
of Gal4. However, this PDX-1 activation domain
lacked any phosphorylation sites for the cAMP-de-
pendant kinase, protein kinase A [76], suggesting
that the effects of GLP-1 on PDX-1 could be mediat-
ed by a cAMP-coupled p38/SAPK2 pathway [77]. Itis
possible that the response of PDX-1 to such extracel-
lular signalling molecules (including insulin) could
play a role in islet cell differentiation, maturation
and neogenesis. It is likely that a wide range of
growth factors and hormones that affect these pro-
cesses will act at least in part through PDX-1.

This overview has focused on what is known about
the nutrient and hormonal regulation of PDX-1 with-
out reference to the relevance to target genes. This is
because PDX-1 affects the transcription of numerous
documented islet genes and possibly many more that
have yet to be described. Its effects on each gene un-
der particular conditions is dependent on a subtle in-
teraction between transcription factors (positively-
acting and negatively-acting), which could also be ac-
tivated or inactivated under similar conditions. It is
therefore difficult to correlate specific effects on
PDX-1 with more general multi-faceted effects on
gene expression. An example of this is provided by
glucose effects on the insulin gene promoter. Al-
though the A box that binds PDX-1 is clearly in-
volved, the overall effect is dependent on the inter-
play of a number of cis-acting elements that bind ad-
ditional factors [78], and possibly coactivators that
do not directly bind to DNA. Another example is
provided by the differential effects of glucose on the
insulin and IAPP promoter. The response of both
promoters is dependent on PDX-1. In our observa-
tions activation of PDX-1 is insensitive to changes in
intracellular calcium [79]. However, whereas activa-
tion of the insulin promoter in response to glucose is
insensitive to calcium similar effects on the IAPP
promoter are sensitive to calcium [80]. This indicates
that additional calcium-sensitive factors are involved
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in the response of the IAPP but not the insulin pro-
moter to glucose.

PDX-1 and development of the pancreas

PDX-1 plays an important role in the development of
the pancreas. During embryogenesis the pancreas de-
velops by fusion of a dorsal and ventral epithelial bud
generated by evagination of the foregut [81]. In the
mouse expression of PDX-1 is first detected in the
embryo at day 8.5 (€8.5) in endoderm cells in the dor-
sal region of the gut. The molecular events underly-
ing this restricted expression of PDX-1 are not clear.
It seems to depend on the secretion of factors such
as fibroblast growth factor 2 (FGF2) and activin B
by the notocord [82], leading to the repression of the
potent intracellular signalling molecules Sonic (shh)
and Indian Hedgehog (ihh) in the dorsal region of
the foregut destined to form the pancreas [83, 84].
This leads to the induction of the LIM domain tran-
scription factor Isl-1 and in turn PDX-1 [85]. At €9.5
PDX-1 expression is localised to the dorsal and ven-
tral buds, which appear concomitantly with glucagon
expressing a cells. An additional factor, HIxb9 is re-
quired for the development of the dorsal lobe [86,
87]. Insulin expressing cells are detected at e10.5,
while somatostatin and PP producing cells appear lat-
er [88], although cell ablation studies with diphtheria
toxin driven by various hormone regulatory sequenc-
es suggest that PP cells can appear much earlier [89].
There is a period during development when PDX-1
is expressed in cells of the pancreatic duct. It also ap-
pears in endocrine cells along with each islet hor-
mone as well as in acinar cells with the exocrine en-
zyme amylase. Its distribution then becomes more re-
stricted such that in the mature pancreas PDX-1 is lo-
calised in beta cells, 0 cells and isolated cells of the
pancreatic duct.

The importance of PDX-1 in these events is em-
phasised by gene knock-out experiments in transgen-
ic mice. In mice in which the pdx-1 gene has been in-
activated, the homozygotes (pdx-17") have no pan-
creas, have abnormalities within specific regions of
the duodenum, and die shortly after birth with highly
increased urine glucose concentrations [90, 91]. Islet
specific gene disruption of PDX-1, using a RIP-Cre
(rat insulin promoter driving Cre-recombinase) con-
ditional deletion approach, results in reduced beta
cell mass and adult diabetes, a phenotype also charac-
teristic of pdx-I*~ mice [43]. These results emphasise
the key role that PDX-1 plays as a major regulator
of beta-cell identity and function.

Although we do not review the developmental bi-
ology of the pancreas in detail, it is important to un-
derstand that the role of PDX-1 should be viewed in
the context of related events that occur in the devel-
oping pancreas. At around e14 the dorsal and ventral
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lobes fuse and a major wave of differentiation is initi-
ated. During this phase the Notch signalling pathway
controls the choice of cell fate [92]. Notch is a trans-
membrane receptor, Delta its transmembrane ligand
and neurogenin-3 (ngn3) a bHLH protein that has
two roles: firstly, to stimulate expression of Delta
and secondly to drive cells towards an endocrine
pathway by stimulating the expression of terminal
differentiation genes such as NeuroD1. When acti-
vated by Delta expressed by a neighbouring cell,
Notch triggers expression of another bHLLH protein,
Hesl, that inhibits expression of Ngn-3. This leads to
a lateral inhibition model whereby activation of
Ngn3 by extrinsic factors results in increased expres-
sion of Delta and NeuroD1 pushing the cell towards
a differentiated endocrine cell lineage. The expressed
Delta interacts with Notch on neighbouring cells
leading to the activation of Hes-1, and inhibition of
differentiation through its actions on ngn-3 [93].
Thus the cell that will differentiate inhibits its neigh-
bouring cells such that it would then pursue a non-en-
docrine fate. In the differentiated cells NeuroD1
would lead to the expression of other factors such as
the paired box proteins Pax-4 and Pax-6 and the
homeodomain protein Nkx2.2 that are vital for endo-
crine cell differentiation.

Taken collectively these data indicate that there
are two waves of expression of PDX-1 in the develop-
ing pancreas. In the endoderm of the gut PDX1 de-
fines a region that will form the pancreas. In the ab-
sence of PDX-1 the pancreatic buds will form but it
is necessary for the growth of the buds. Ngn3 expres-
sion then defines an endocrine cell lineage, within
which the homeodomain proteins PDX-1 (in a sec-
ond wave) and Nkx6.1, along with the bHLH protein
NeuroD1 act as beta-cell differentiation factors. This
is relevant in understanding the role of PDX-1 in the
renewal of islets that occurs after birth.

PDX-1 and islet neogenesis

During development, islet-like structures appear
around e18.5. New islet formation continues for ap-
proximately the first three weeks of life, during which
a mature morphology is adopted and glucose sensing
activated. Thereafter, throughout the lifetime of the
animal there is a constant slow turnover of islets
[94]. Removal of ageing or damaged beta cells occurs
through apoptosis, while the replacement of beta
cells can occur either through replication of pre-exist-
ing beta cells or differentiation of latent progenitor
cells (neogenesis) located within the pancreatic duct
[95]. Under normal conditions the process of neogen-
esis is difficult to detect in adult rats [96], although in
humans, single beta-cell units located in or along duc-
tale structures can be detected at a reasonably high
frequency (15 % of all beta cells) [97].
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The process of neogenesis is best studied in ani-
mal models where regeneration of the pancreas has
been induced. These models include chemical de-
struction of beta cells by alloxan and streptozotocin,
partial pancreatectomy, physical injury to the pan-
creas by ligation of the pancreatic duct or wrapping
the pancreas in cellophane, or by overexpressing in-
terferon y in the pancreas. In addition, in animal
models with spontaneous diabetes, such as the
NOD mouse, increased beta-cell neogenesis occurs
in an attempt to compensate for the increased beta-
cell death that causes diabetes. In most of these sys-
tems, including the NOD mouse [98], streptozoto-
cin-treated rats [99], alloxan-treated mice [100],
transgenic mice where interferon y is overexpressed
in the pancreas [101], and in partially pancreatecto-
mised rats [102], there is an increase in proliferation
of isolated duct cells concomitant with expression of
PDX-1. Accordingly, the process of neogenesis
seems to recapitulate the early events in beta-cell
development and lends support to the existence of a
ductal stem cell population that contributes to beta-
cell regeneration.

There is very little known about the source of
these putative ductal stem cells or their regulation.
A variety of locally produced growth factors as well
as increased blood glucose concentrations have been
implicated in regulating islet cell proliferation and
differentiation [103]. It remains to be determined
whether these factors have a direct effect on PDX-1.
Certainly the phosphorylation pattern of PDX-1
within duct cells differs from that in differentiated
beta cells [104] suggesting a differential response to
extracellular signals. In addition, within duct cells
PDX-1 could associate with other homeodomain pro-
teins, such as PBX [105] or Msx-2 [106] to mediate
duct cell specific responses.

IPF-1 mutations in Type Il diabetes

The first indication that IPF-1 might be associated
with Type II diabetes came from studies on a child in
whom the pancreas did not develop (pancreatic agen-
esis) [107]. After replacement with insulin and pan-
creatic enzymes the female infant recovered well.
The child was found to be homozygous for an inacti-
vating cytosine deletion in the protein coding se-
quence of IPF-1 (pro63fsdelc). This frameshift muta-
tion generated a truncated protein that lacked a func-
tional homeodomain necessary for DNA binding and
nuclear localisation. Members of the family that were
heterozygote carriers of the mutant allele exhibited
an autosomal dominant early onset form of Type 11
diabetes (MODY) [108, 109]. This brings to date five
genes that have been associated with MODY, namely
hepatocyte nuclear factor 4 o (MODY1), glucokinase
(MODY?2), hepatocyte nuclear factor 1a. (MODY3),
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Fig.5. PDX-1 mutations in Type II diabetes. Schematic show-
ing mutations in PDX1 that have been identified in patients
with late onset and early onset Type 11 diabetes

IPF-1 (MODY4) and hepatocyte nuclear factor 13
(MODYYS).

Additional IPF-1 mutations have since been iden-
tified in French [110], UK [111], and Swedish [112]
families with both late-onset and early-onset Type 11
diabetes (Fig.5). Six of these were missense muta-
tions, CIS8R, Q59L, D76N, RI97H, G2I2R and
P2390Q and one which inserts a proline at position
243. All mutations seem to affect transcription of the
insulin gene with an impaired response to oral glu-
cose.

The pro63fsdelc mutation is of particular interest
since it could generate two isoforms of the protein
[113]. One isoform, which could be detected with a
NH,-terminal directed antibody (mut IPF-1 N) was
present in the cytosol, contained an intact NH,-termi-
nal transactivation domain (ORF-1) and a foreign 59
amino acid segment (ORF-2). This protein was un-
able to activate transcription of the insulin promoter
and acted as a dominant negative by inhibiting the
transactivation function of the wild-type IPF-1. The
second mutant IPF-1 isoform was recognised by a
COOH-terminal antibody but not by a NH,-terminal
directed antibody. This used an internal out of frame
initiation codon to generate a third open reading
frame (ORF-3). This open reading frame crosses
over to the wild-type reading frame at the site of the
cytosine deletion, generating a protein that contains
the DNA binding domain and the nuclear localisation
signal but no transactivation domain. These data indi-
cate that IPF-1 mutations in Type II diabetes could
act through dominant negative effects on the tran-
scription of the insulin and other beta-cell genes that
are regulated by IPF-1.

Conclusions

This review has described the discovery of PDX-1
and emphasised its importance as a major regulator
of beta-cell identity and function. PDX-1 could
have important implications for the aetiology and
treatment of Type I and Type II diabetes. These in-
clude:
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(a) PDX-1 is the first gene to be associated with ear-
ly-onset and late-onset forms of Type II diabetes. A
better understanding of how mutations in the gene af-
fect beta-cell function could provide important in-
sights into beta-cell defects that contribute to the de-
velopment of Type II diabetes and to the identifica-
tion of additional candidate genes.

(aa) Studies on the mechanisms whereby nutrients
and hormones control PDX-1have shown that
PDX-1 expression is impaired in animal models of di-
abetes [114, 115] and in cell culture models of beta-
cell glucotoxicity [116]. In addition, increased con-
centrations of fatty acid also decrease the expression
of PDX-1 [117]. Collectively these results suggest
that PDX-1 expression and/or activity could be im-
paired as a consequence of the prolonged hypergly-
caemia or increased lipid concentrations that are as-
sociated with Type II diabetes and could therefore
act as a therapeutic target. Such pharmacological
agents could be directed at the signalling pathway
controlling PDX-1.

(aaa) The data suggesting that PDX-1 could contrib-
ute to the regulation of beta-cell neogenesis has po-
tential implications for the treatment of Type II dia-
betes. As reviewed previously [95], beta-cell mass is
dynamic and regulated to maintain euglycaemia.
Type 11 diabetes could result from a defect in the abil-
ity to compensate for the increased insulin demand
by increasing beta-cell mass [95]. A better under-
standing of how PDX-1 contributes to beta-cell neo-
genesis could provide insights into how these com-
pensatory mechanisms fail in Type II diabetes and
identify new drugs or agents (e.g. growth factors)
that can increase neogenesis. In this respect it is no-
ticeable that GLP-1 (and its agonists) can stimulate
PDX-1 expression and the rate of cell proliferation
in duct cells [74, 77].

(ac) PDX-1 could be valuable in expanding beta-cell
cultures to provide insulin-secreting cells for trans-
plantation for the treatment of Type I diabetes. Thus
progress has been made in expanding in culture duc-
tal tissue derived from human pancreases in such a
way that they can be directed to differentiate into glu-
cose-responsive islet tissue [118]. Other studies have
shown that PDX-1-positive adult islet cells can be ex-
panded under defined culture conditions [119]. PDX-
1 has also been used to induce a more differentiated
phenotype when transfected into human islet-derived
cell lines [120].

(c) The fact that PDX-1 is a regulator of islet stem
cell activity during embryogenesis and in adults has
important implications. Recent studies have shown
that stem cells derived from a number of sources can
differentiate into a range of mature cell types distinct
from those originally thought to be derived from the
cells. This plasticity is reflected to some extent in the
ability of acinar cells to transdifferentiate in culture
into islet cells [121, 122]. A further example is provid-
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ed by the ability of nestin (a neuronal phenotypic
maker)-positive cells, which have an extended prolif-
erative potential in culture, to differentiate into pan-
creatic endocrine, exocrine and hepatic cells [123].
In addition, recent data show that adenovirus-medi-
ated uptake of PDX-1 into liver stem cells in vivo
can induce a beta cell-like phenotype that produces
sufficient biologically active insulin to alleviate the
hyperglycaemia associated with experimentally in-
duced diabetes in rats [124].

Sources. Medline and a PubMed were searched for
publications in the English language containing the
words: “PDX-1/IDX-1/IPF-1, STF-1”, “homeodo-
main proteins”, “somatostatin”, “glucokinase”,
“GLUT2”, “IAPP” either alone or in conjunction
with each other and in conjunction with “diabetes”.
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