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Pax4 and Arx Represent Crucial Regulators of the Development
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The development of the endocrine pancreas is under the control of highly orchestrated, cross-interacting transcription factors.
Pancreas genesis is initiated by the emergence of a Pdx1/Ptf1a marked territory at the foregut/midgut junction. A small fraction
of pancreatic fated cells activates the expression of the bHLH transcription factor Ngn3 triggering the endocrine cell program,
thus giving rise to beta-, alpha-, delta-, PP-, and epsilon-cells, producing insulin, glucagon, somatostatin, pancreatic polypeptide,
and ghrelin, respectively. Two transcription factors, Pax4 and Arx, play a crucial role in differential endocrine cell subtype
specification. They were shown to be necessary and sufficient to endow endocrine progenitors with either a beta- or alpha-cell
destiny. Interestingly, whereas the forced expression of Arx in beta-cells-converts these into cells exhibiting alpha- and PP-cell
characteristics, the sole expression of Pax4 in alpha-cells promotes alpha-cell neogenesis and the acquisition of beta-cell features,
the resulting beta-like cells being capable of counteracting chemically induced diabetes. Gaining new insights into the molecular
mechanisms controlling Pax4 and Arx expression in the endocrine pancreas may therefore pave new avenues for the therapy of
diabetes.

1. Introduction

The pancreas is composed of two distinct functional cell
compartments. The major part comprises the exocrine tissue
consisting of acinar cells secreting digestive enzymes and
an intricate ductal system required for the transport of the
digestive juice to the duodenum. The endocrine compart-
ment is found scattered throughout the exocrine tissue and
is organized into aggregates of hormone-producing cells
forming functional units called islets of Langerhans [1, 2].
The mouse insulin-producing beta-cells are located in the
core of the islets, whereas the remaining cells, expressing the
hormones glucagon (alpha-cells), somatostatin (delta-cells),
pancreatic polypeptide (PP-cells), and ghrelin (epsilon-cells),
are detected in islet periphery [1, 3].

Insulin producing beta-cells are required to maintain
glucose homeostasis. Indeed, their loss or malfunction even-
tually results in diabetes. Although medication aiming at
controlling glycemia has improved, glycemic control is often
difficult to achieve leading to side effects such as hypo-
glycemic episodes. Therefore, it is of fundamental interest
to develop alternative therapeutic approaches, such as stem
cell replacement, aiming at replenishing the beta-cell mass.
Towards this goal, understanding the molecular mechanisms
controlling beta-cell genesis represents a key step.

During embryonic development, pancreas formation is
characterized by the appearance of a ventral and a dorsal
bud at the foregut/midgut junction. The pancreatic cell
territory is labeled by the expression of two transcription
factors, Pdx1 and Ptf1a. Lineage tracing studies revealed that
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Pdx1- and Ptf1a-expressing cells contribute to the develop-
ment of all pancreatic derivatives [1, 3–6]. Subsequently,
the pancreatic epithelium proliferates and only a minor cell
population becomes fated to the endocrine compartment,
such cells being characterized by the expression of the tran-
scription factor Ngn3. Ngn3 is necessary for the formation
of endocrine hormone-expressing cells as its absence results
in the loss of islet cell genesis [7, 8]. At E12.5, the dorsal and
ventral pancreatic primordia fuse and at around E13.5, during
the so-called secondary transition [2], pancreaticmultipotent
progenitor cells, which are marked by the expression of
Pdx1, Ptf1a, Cpa1, and c-myc, are detected in the tip of the
branching epithelium [9]. At early stages of development
these multipotent progenitors have the propensity to give rise
to Ngn3+ progenitor, acinar, and ductal cell lineages. How-
ever, after E14, Cpa1-positive cells lose their multipotency
and are able to generate only exocrine cells [9]. Endocrine
precursors initiate the expression of various transcription
factors and differentiate to give rise to pancreatic hormone-
producing cells. Among these transcription factors, Pax4 and
Arx were shown to play a central role in the allocation of
endocrine progenitors towards the insulin producing beta-
cell and glucagon producing alpha-cell fates, respectively [1,
10, 11]. Herein, wewill discuss in detail our studies concerning
the function of Pax4 and Arx in endocrine cell subtype
specification and their possible future implication in the
development of therapeutic approaches aiming at treating
diabetes.

2. Expression of Pax4 and Arx during
Pancreas Development

Pax4 is amember of the paired-box containing family of tran-
scription factors [12]. Together with Pax6, it plays a crucial
role in endocrine pancreas morphogenesis [13, 14]. During
pancreas development, Pax4 is first detected in the pancreatic
epithelium at E9.5 [15]. At later stages and in adults, Pax4
expression is restricted to beta-cells [15]. Interestingly, a
study using the Pax4 promoter to drive Notch expression in
the endocrine pancreas in combination with lineage tracing
revealed that Pax4-expressing cells may represent specified
endocrine progenitors, contributing equally to all four islet
subtypes [16]. Several immunohistochemical studies clearly
confirm that Pax4 is also found in mature beta-cells [17, 18].

The Aristaless-related homeobox-encoding gene Arx is
expressed in the central nervous system, in skeletal muscles,
and in the endocrine pancreas [11, 19, 20]. It is first detected
at E9.5 in the pancreatic epithelium and was found to mark
beta- and alpha-precursor cells prior to becoming confined
to alpha- and PP-cells in adults [11]. During pancreas genesis,
we have previously shown that Pax4 and Arx are present in
the same proendocrine cell [11]. The molecular mechanisms
leading to the segregation of Arx- and Pax4-expressing cells
are not known. However, recent findings have demonstrated
that in committed beta-cells, the repression of Arx is achieved
throughmethylation of theArx locus [21]. Accordingly, in the
absence of Dnmt1 gene activity, Arx expression is reactivated
in beta-cells converting them into alpha-cells. Another study
further sustains these findings showing that the targeted

inactivation of Dnmt3a in beta-cells is able to convert these
into alpha-cells in anArx-dependent manner [22]. Moreover,
it has been suggested that the repression of Arx gene activity,
required to maintain the beta-cell fate, could be achieved
through Nkx2.2 interaction with the methylated Arx pro-
moter [22]. Along the same lines, we have demonstrated
that beta-cell commitment is mediated by cross-inhibitory
interactions between Arx and Pax4 ([1, 10, 11], and see below).

3. The Role of Pax4 and Arx in Endocrine Cell
Subtype Specification

The transcription factor, Ngn3, which is expressed in all
endocrine progenitors, is necessary for the formation of
the endocrine pancreas [7, 8]. Subsequently, a concerted
action of various transcription factors is required for the
specification, differentiation, and survival of the different
hormone-producing endocrine cell types. We have focused
our studies on the role of Pax4 andArx in these processes.The
expression pattern of Pax4 and Arx during pancreas genesis
already indicated that these two factors might promote the
specification of endocrine cells. The analysis of Pax4 and
Arx loss- and gain-of-function mutant mice sustained this
notion. Indeed, in the absence of Pax4 function, mutant mice
suffer fromhyperglycemia and die 2 days postpartum. Mutant
islets are morphologically normal, but the core insulin-
producing cells are lost. Instead, beta-cells appear to be
replaced by a proportional increase in glucagon-labeled cells.
In addition, somatostatin-expressing cells are missing [15].
This finding suggested that Pax4 not only is required for the
specification of beta- and delta-cells, but also may repress
the alpha-cell lineage [15]. Hence, in the absence of Pax4,
endocrine progenitors are shunted towards an alpha-cell
fate at the expense of a beta-/delta-cell destiny. Arx mutant
mice die two days postpartum and suffer from hypoglycemia
[11]. Interestingly, in these mutant animals, a phenotype
opposite to that observed in Pax4-deficient animals is noted.
Indeed, we found that, in mutant Arx pancreata, alpha-cells
are depleted, whereas the beta- and delta-cell contents are
proportionally increased. Besides, inArx-deficient pancreata,
Pax4 transcription appeared upregulated, clearly providing
evidence of a cross-regulation between the expression of
Arx and Pax4 in pancreatic endocrine cell fate specification
([1, 11], and see below). We concluded that, in the absence of
Arx activity, endocrine progenitor cells are allocated to a beta-
/delta-cell destiny, whereas Pax4-deficiency is accompanied
with a favoring of an alpha-cell fate at the expense of
beta-/delta-cell lineage [10, 11]. In addition, further studies
uncovered a reciprocal cross-inhibitory interaction between
Arx and Pax4. Indeed, combining Gel Mobility Shift Assay
(EMSA) and Chromatin ImmunoPrecipitation (ChIP), we
established that Pax4 could specifically bind to a region
localized at the 3󸀠end of the Arx gene and efficiently repress
its transcription. Similar experiments using E14 pancreas
indicated an interaction of Arx with a 200-bp DNA fragment
present within the Pax4 enhancer. It appears therefore that
Arx and Pax4 directly interact with the respective promoter
and repress each other’s transcription [10].
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Figure 1: Cross-inhibitory interaction between Pax4 and Arx
promotes endocrine cell subtype allocation. Pancreatic progenitors
expressing the transcription factor Pdx1 become fated to endocrine
and exocrine compartments.The endocrine cell program is initiated
by the activation of the b-HLH transcription factorNgn3. Endocrine
progenitors are allocated in a first round of cross-inhibitory interac-
tions between Pax4 and Arx to a beta-/delta-cell fate or an alpha-
cell destiny, respectively. Similarly, a second round of repressive
interaction between Pax4 and an unknown factor X will promote
the differentiation into beta- and delta-cells, respectively.

Immunohistochemical analysis revealed that pancreata
derived from Pax4/Arx double mutant animals display an
increased number of somatostatin-expressing delta-cells,
while alpha- and beta-cells are missing. This unexpected
finding revealed a secondary role for Pax4 in beta-cell
genesis. Accordingly, our data demonstrate that Pax4 first
promotes endocrine precursors towards a beta-/delta-cell fate
and subsequently towards a beta-cell lineage. These data
are consistent with a model where an additional factor (X)
inducing the delta-cell fate is necessary to repress Pax4
activity, possibly through an analogous reciprocal interaction
mechanism, as shown for Pax4 andArx [10] (Figure 1). Future
genomic analysis may reveal the identity of such a factor.

Another transcription factor involved in beta-cell differ-
entiation is Nkx2.2. Indeed, the loss of Nkx2.2 gene activity
provokes the appearance of immature beta-cells in mutant
pancreata [23]. Of note is the observed upregulation of
Arx transcription in the pancreas of these mutant animals,
suggesting a possible interaction between these two factors
[24–26]. We have generated Arx/Nkx2.2 compound mutant
mice. The analysis of double mutant pancreata revealed that
Nkx2.2 might act to sustain the transcriptional network
in which Pax4 and Arx are involved to endow endocrine
precursors with beta- and alpha-cell destinies, respec-
tively [25]. This finding is consistent with the notion that
the concerted action of Pax4 and Nkx2.2 is required to
antagonize Arx activity in differentiating beta-cells [25, 26].

Thus, our results clearly establish Pax4 and Arx as major
players acting in the allocation to the different endocrine
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Figure 2: Pax4 and Arx are necessary and sufficient to promote the
beta- and alpha-cell fate/identity, respectively. Schematic describing
the strategy used to conditionally force the expression of Pax4 or
Arx in the pancreatic endoderm, in endocrine cells or in alpha- or
beta cells, depending on the promoter used to drive the expression
of the Cre recombinase. (1) Transgenic mice carrying a construct
allowing the conditional activation of Pax4 or Arx expression
under the control of beta-actin/CMV (promoter/Enhancer) display
ubiquitous green fluorescent protein (GFP) expression. LoxP (L)
sites (black bars) flanking GFP coding sequences and a stop codon
allowing the activation of Pax4 or Arx only following the crossing
of these mice with transgenic mice expressing the Cre recombinase
under the control of pancreatic promoters (2) (Table 1). Double
transgenic mice carrying the constructs (1) and (2) will undergo
Cre-induced homologous recombination to express Pax4 or Arx in
conjunctionwith themarker LacZ ((3) and (4)), allowing the tracing
of Pax4-expressing cells.

Table 1

Pdx1-promoter Expression in pancreatic endoderm
Pax6-promoter Expression in all endocrine cells
Pdx1-CreERT2 Inducible by tamoxifen in beta-cells
Glu-Cre Expression in alpha-cells
RIP-Cre Expression in beta-cells

cell fates. Hence, manipulating the expression of Pax4
and Arx may pave new avenues to derive beta-cells from
stem/progenitor cells to develop novel strategies for the
treatment of diabetes.

4. Pax4 and Arx As Cell Identity Determinants
in the Endocrine Pancreas

Based on the aforementioned results, we queried whether
Pax4 and Arx were not only necessary but also sufficient to
drive endocrine progenitors towards a beta- and alpha-cell
fate, respectively. Thus, we took advantage of the site-specific
Cre recombinase system to force the expression of either
Pax4 or Arx in endocrine cells, during development, and
in adult animals. As shown in Figure 2, using different
transgenic mouse lines (see Table 1), we were able to force
the expression of Arx or Pax4 in the pancreatic endoderm, in
endocrine cells and in alpha- or in beta-cells. In addition, in
the double transgenic mice, the activation of beta-
galactosidase expression is induced serving as marker
to label and follow those cells that are forced to express Pax4
or Arx (Figure 2).
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Remarkably, the analysis of transgenic mice allowing
the forced expression of Arx in Pdx1-labelled pancreatic
precursors, in Pax6-expressing endocrine cells, or even in
mature beta-cells (using inducible Pdx1-Cre mice), revealed
a strong hyperglycemia leading to precocious death [27].
Accordingly, immunohistochemical endocrine marker anal-
yses and quantification of islet cells clearly demonstrated
that, in all transgenic mouse lines, a consistent increase in
the number of cells with alpha- and PP-cell characteristics
occurred. In contrast, the number of insulin-producing cells
was dramatically reduced [27]. These data indicate that the
sole forced expression of Arx in pancreatic cells at different
developmental and adult stages is sufficient to induce changes
in islet cell destiny [27]. It is interesting to note that the
misexpression of Arx in mature beta-cells is able to convert
these into cells displaying alpha- and PP-cell features. Thus,
towards the goal of generating beta-cells fromendocrine cells,
we also forced the expression of the transcription factor Pax4
not only in the pancreatic endoderm but also in endocrine
cells at different stages of endocrine cell development [17].
Using a similar strategy as described for Arx, the condi-
tional misexpression of Pax4 during development revealed
its role in promoting the beta-cell fate [17]. Importantly,
a conversion of alpha-cells into beta-like cells was noted
through the forced expression of Pax4 in alpha-cells. Indeed,
transgenic mice expressing Pax4 in alpha-cells displayed
an age-dependent increase of the beta-cell mass, leading
to hypertrophic islets provoked by hyperplasia of insulin-
expressing cells. Lineage tracing indicated that these beta-
like cells were converted from alpha-cells in which Pax4 was
misexpressed [17]. The increase in islet size was intriguing
and pointed to permanent regeneration of the alpha-cell pool.
In fact, this was consistent with the idea that compromising
the glucagon signaling pathway is associated with alpha-cell
regeneration (Figure 3). Indeed, mice lacking the glucagon
receptor, prohormone convertase 2, or glucagon gene-derived
peptides display alpha-cell hyperplasia [28–30]. Accordingly,
glucagon supplementation in Pax4 misexpressing mice was
able to diminish the dramatic increase in islet size [17].
Thus, in Pax4 transgenic mice, glucagon signaling alter-
ation contributes to alpha-cell regeneration, these cells being
converted into beta-like cells upon Pax4 misexpression. Of
note was the replenishment of insulin producing beta-cells
observed in Pax4 misexpressing mice following chemically
induced diabetes. Sixty days after the initiation of beta-
cell ablation, islets exhibited a normal content of insulin-
producing cells that were derived from converted alpha-cells
expressing Pax4. Altogether these results indicate that the
forced expression of Pax4 in alpha-cells is able to induce their
neogenesis and conversion into functional beta-like cells.
These processes were found to depend on the reexpression of
the proendocrine gene Ngn3 in the ductal lining, supporting
the notion of the existence of precursor cells in ducts [17, 31–
37].

The misexpression of Pax4 in alpha-cells was achieved
using transgenic mice expressing the Cre recombinase under
the control of the glucagon promoter (see Figure 2). Accord-
ingly, in such a strategy, Pax4 expression was induced in
newly developed alpha-cells [17]. Therefore, it is reasonable
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Figure 3: The forced expression of Pax4 in alpha-cells induces
their conversion to beta-like cells. The use of the site-specific
recombination (Figure 2) as well as the tetracycline inducible system
to control the forced expression of Pax4 in alpha-cells was found
to induce their conversion into functional beta-like cells and to
promote a concomitant induction of alpha-like cell regeneration.
The shortage in glucagon provoked by the conversion of alpha-
cells into beta-cells appeared to contribute to the mobilization of
duct-lining precursor cells that reactivate Ngn3 and undergo EMT
(epithelial mesenchymal transition) prior to adopting an alpha-like
cell identity. Such cells are yet again turned into beta-like cells upon
Pax4 misexpression, and should it be maintained.

to query whether glucagon-producing alpha-cells residing
in the islets of adult mice and being exposed to epigenetic
environment are also capable of undergoing such conversion
upon Pax4 misexpression. Hence, taking advantage of the
inducible tetracycline system, Pax4 expression was activated
in alpha-cells of adult mice at various ages and for dif-
ferent periods of time. Pax4 expression in alpha-cells was
triggered and controlled for a definite time period by the
supplementation of doxycycline in the drinking water [38].
Remarkably, using this system, not only could adult alpha-
cells be converted into beta-like cells but also a continuous
cycle of alpha-cell neogenesis was observed. It is interesting
to note that this process was age-independent. Transgenic
animals could survive several cycles of chemically-induced
beta-cell ablation and regenerate multiple times their whole
beta-like cell mass [38]. Lineage tracing experiments using
the site-specific Cre recombinase system clearly established
that: (a) newly generated beta-like cells were converted from
alpha-cells and (b) a cycle of alpha-cell neogenesis was
induced, such cells originating from duct-lining cells that
reactivated Ngn3 expression and underwent EMT (epithelial
mesenchymal transition) [38]. Indeed, in areas adjacent to
ducts, mesenchymal-like structures were observed where
the expression of mesenchymal markers such as nestin,
vimentin, snail2, and Sox11 was activated [38, 39]. Taken
together, these findings indicate that the alpha-cell pool in
the endocrine pancreas has the propensity to regenerate and
may therefore represent a valuable source to give rise to
new beta-cells [36]. Therefore, testing the ability of PAX4
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to convert human alpha-cells into functional beta-cells is
of fundamental interest for the development of therapeutic
approaches to treat diabetes.

As reported above, during the course of development,
Pax4 and Arx undergo a reciprocal cross-inhibitory interac-
tion allowing the differential specification towards the beta-
and alpha-cell fates, respectively [1, 10]. Accordingly, the
conversion of alpha-cells into beta-like cells mediated by
the forced activation of Pax4 expression may also be due to
the concomitantly suppressed Arx gene activity in glucagon-
producing cells. It is therefore reasonable to assume that
the downregulation of Arx gene function in adult glucagon-
producing cells may promote their transdifferentiation into
beta-cells.This has recently been demonstrated by the condi-
tional inactivation of Arx in adult alpha-cells, which resulted
in the appearance of newly generated insulin-producing beta-
cells [40]. Moreover, this alpha-to-beta-like cell transdiffer-
entiation induced process triggering a cycle of alpha-cell
neogenesis, as has been noted in Pax4 misexpressing mice
[38–40]. Remarkably, the conditional double knockout ofArx
and Pax4 in adult alpha-cells still efficiently promotes the
transdifferentiation of glucagon-producing cells into beta-
like cells that could counter chemically induced diabetes
[40]. These findings are consistent with the idea that Arx
functional inactivation is the main driving force in achieving
the reprograming of alpha-cells into beta-cells [40]. There-
fore, novel strategies allowing the downregulation of Arx
expression or of its downstream targets in alpha-cells could
open new avenues to develop innovative approaches for
generating beta-cells to treat diabetes. The identification of
Arx target genes and/or interacting factors may represent
an important step in reaching this goal. In addition, future
studies are also required to determine whether human alpha-
cells are able to transdifferentiate into beta-like cells upon
Pax4 forced expression or by targeting Arx inactivation.
Further exploration of the molecular interactions mecha-
nisms controlling endocrine cell subtype specification in
the endocrine pancreas may also uncover novel candidate
molecules that allow the establishment of strategies to directly
provoke alpha- to beta-cell reprogramming in vivo.
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