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Embryonic endocrine pancreas and mature
B cells acquire a and PP cell phenotypes
upon Arx misexpression
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Aristaless-related homeobox (Arx) was recently demonstrated to be involved in pancreatic o cell fate speci-
fication while simultaneously repressing the § and 0 cell lineages. To establish whether Arx is not only nec-
essary, but also sufficient to instruct the o cell fate in endocrine progenitors, we used a gain-of-function
approach to generate mice conditionally misexpressing this factor. Mice with forced Arx expression in the
embryonic pancreas or in developing islet cells developed a dramatic hyperglycemia and eventually died.
Further analysis demonstrated a drastic loss of § and 0 cells. Concurrently, a remarkable increase in the num-
ber of cells displaying o cell or, strikingly, pancreatic polypeptide (PP) cell features was observed. Notably,
the ectopic expression of Arx induced in embryonic or adult 3 cells led to a loss of the 3 cell phenotype and a
concomitant increase in a number of cells with o or PP cell characteristics. Combining quantitative real-time
PCR and lineage-tracing experiments, we demonstrate that, in adult mice, the misexpression of Arx, rather
than its overexpression, promotes a conversion of {3 cells into glucagon- or PP-producing cells in vivo. These
results provide important insights into the complex mechanisms underlying proper pancreatic endocrine cell

e

allocation and cell identity acquisition.

Introduction

The pancreas plays a key role in maintaining nutritional homeo-
stasis, through the synthesis and secretion of enzymes and hor-
mones. The mammalian pancreas consists of 3 tissue types: aci-
nar, ductal, and endocrine. The exocrine pancreas is composed of
acinar cells secreting digestive enzymes, which are emptied into
the pancreatic duct, an intricate network of tubules composed of
epithelial duct cells. Endocrine cells are organized in islets of Lang-
erhans comprising 5 cell types, a, 8, 9, €, and PP cells, which pro-
duce the hormones glucagon, insulin, somatostatin, ghrelin, and
pancreatic polypeptide (PP), respectively. Insulin and glucagon
act antagonistically to regulate glucose levels, whereas somatosta-
tin and PP control the production of additional hormones and
enzymes (1-3). The function of ghrelin is unclear (4, 5). Pancreas
morphogenesis begins approximately at E9.5 with the emergence
of 2 evaginations of the primitive gut endoderm at the foregut/
midgut junction. These protrusions, or pancreatic buds, further
develop, rotate toward each other, and eventually merge, thereby
giving rise to the pancreas (6).

Concurrently with pancreas development, the formation of the
endocrine tissue is initiated at E9.5, resulting in the emergence
of early glucagon-producing cells (7-9). In addition, a subset of
these cells initiate insulin and sometimes PYY expression within
the next 24 hours (8). At E14.5, the “secondary transition” (10)
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results in the development of numerous mature insulin- and glu-
cagon-expressing cells, followed the next day by the appearance
of the first somatostatin-producing 8 cells. Finally, shortly before
birth, PP cells differentiate and endocrine cells begin to form well-
organized islets of Langerhans that will be further matured for 2-3
weeks following birth.

Recent findings have revealed a number of genetic determinants
underlying endocrine cell genesis. Pancreatic progenitors are first
committed toward the pancreatic lineage through the action of
several transcription factors, including the homeodomain-con-
taining factor Pdx1 (11-15). Subsequently, the endocrine differ-
entiation program is initiated though the activation of the basic
helix-loop-helix factor Neurogenin3 (Ngn3), in the mouse pan-
creatic epithelium (16-20). Accordingly, mice deficient in Ngn3
fail to generate any endocrine cells (21), whereas the misexpres-
sion of Ngn3 under the control of the Pdx1 promoter results in the
differentiation of most pancreatic cells into endocrine cells (16,
19). Subsequently, a complex network of transcription factors is
activated to progressively and differentially specify the endocrine
subtype lineages. These include the homeodomain-containing
proteins Nkx2.2, Nkx6.1, Arx, Pax4, and Pdx1 (22-26). Once cell
fate has been established, additional transcription factors such as
Isl1, Pax6, MafA, MafB, and Pdx1 act to maintain the phenotype
of specified islet cells (11, 13, 27-32).

The key role exerted by Arx and Pax4 in the allocation of the 4
classical endocrine cell fates was recently unraveled. Hence, in the
pancreata of mice carrying a targeted mutation of the Arx gene, a
loss of mature a. cells and a proportional increase in the number of
[ and 0 cells is detected, so that the total islet cell content remains
unaltered (24). Such phenotypic changes are opposite to those
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observed in Pax4-deficient mice (25). Furthermore, it was estab-
lished that, during early stages of endocrine development, a mutu-
al transcriptional inhibition operates between Arx and Pax4 to
allocate the different endocrine cell fates (24). These findings sug-
gest that, during early islet cell specification, endocrine progenitor
cells exhibit a potential to adopta 3/ or an o cell fate, the alterna-
tive destinies requiring the activities of Pax4 and Arx, respectively.
In the pancreata of Arx/Pax4 double-mutant mice, cells exhibiting
all known 8 cell characteristics develop at the expense of B and o
cells (33), suggesting a secondary requirement of Pax4 in 3/3 cell
progenitors for the specification of the {3 cell fate.

To gain further insight into the genetic program underlying the
development of the different endocrine subtypes, we used a gain-
of-function approach to express Arx in the pancreatic epithelium
of the pancreas or in islet precursor cells. These mice developed a
dramatic hyperglycemia, lacked f and 8 cells, and eventually died.
Our findings suggest that Arx is both necessary and sufficient to
promote endocrine progenitors toward the o and, interestingly, PP
cell lineages. We also demonstrate a hitherto unrecognized expres-
sion of Arx in PP cells. Most importantly, our data indicate that the
ectopic expression of Arx in embryonic or adult insulin-producing
B cells converts these into cells exhibiting a or PP cell features.

Results

Generation of transgenic animals conditionally misexpressing Arx. The
consequences of Arx and/or Pax4 loss-of-function mutations are
consistent with antagonistic roles for Arx and Pax4 in support-
ing the a cell or the /8 cell fate, respectively (24, 33). To gain
further insight into the fate-specifying activities of Arx and Pax4
throughout pancreas morphogenesis, we took advantage of the
Cre-LoxP system to generate transgenic mice capable of condition-

Table 1

Figure 1

Generation of animals conditionally misexpressing the
Arx gene. Schematic depicting the targeting vector before
(top) and after (bottom) recombination of the 2 LoxP sites
induced by the phage P1 Cre recombinase. -Galactos.,
B-galactosidase. Inset: Visual examination of representa-
tive Cre-negative E10 embryo and adult pancreas under
fluorescent light. Original magnification, x40.

ally misexpressing the Arx gene (cArxOE mice). The construct used
consisted of the CMV enhancer upstream of the human B-actin
promoter (CAG) controlling the constitutive expression of the
eGFP gene flanked by LoxP sites (Figure 1, top). The Arx cDNA
was cloned downstream of eGFP together with an IRES-f3-galacto-
sidase-encoding sequence. With the use of pronuclear injection, 5
independent transgenic lines were established. In the absence of
Cre recombinase activity, we confirmed that only eGFP was con-
stitutively expressed, combining genotyping PCR for the B-galac-
tosidase gene (data not shown) and fluorescence microscopy (Fig-
ure 1, inset). These animals were subsequently bred with different
transgenic mice expressing the phage P1 Cre recombinase enzyme
under the control of different gene promoters, including the Pdx1
(Pdx1Cre), Pax6 (Pax6Cre), or insulin (InsCre) promoter (17, 34,
35). Hence, in the resulting double-transgenic animals, the Cre
recombinase, expressed in a time- and space-restricted fashion, was
expected to trigger persistent cell-specific Arx expression (Figure 1,
bottom). The detection of these double-transgenic mice was pet-
formed with a combination of genotyping PCR for the Cre recombi-
nase and P-galactosidase genes, and fluorescence microscopy.

Arx misexpression in the early pancreas induces a dramatic and lethal
hyperglycemia associated with the prevalence of glucagon- or PP-expressing
cell fates at the expense of the 3 and d cell lineages. To address the ques-
tion of whether Arx function in endocrine progenitors is suffi-
cient to promote the o cell fate, we first induced Arx expression in
early pancreatic precursor cells. This was achieved by breeding of
cArxOE mice with either Pdx1Cre (to allow an ectopic expression
of Arx in the pancreatic endoderm) or Pax6Cre (to allow an ectopic
expression of Arx in the endocrine precursors) animals (17, 34).
Double-transgenic cArxOE::Pdx1Cre and cArxOE:Pax6Cre ani-
mals were normally born. However, within 2-6 weeks postpartum,

Determination of glucose level in the offspring of cArxOE::Pdx1Cre- or cArxOE::Pax6Cre-crossed animals

P24h 3 Weeks SBD Pancreas Life
Genotype Urine Blood Urine Blood Urine Blood weight expectancy
WT 2712 90+12 29+16 79+£19 3822 72+29 100% Normal
cArxOE 35+18 98+27 45 +17 92 +17 49+19 75+15 100% Normal
Pdx1Cre 24+10 79+18 36+25 98 + 21 50+28 8831 100% Normal
Pax6Cre 33+12 88+16 19+£19 76 £29 29+19 8929 100% Normal
CArxOE::Pdx1Cre 42+11 96+19 92+ 280 408 + 159~ >600° >600° 60%A 2-8 Weeks
CArxQE::Pax6Cre 39+16 8615 120 + 58~ 388 £ 122~ >600A >600A 100% 2-12 Weeks

Animals ectopically expressing Arx in the endocrine tissue exhibit a pronounced hyperglycemia. The offspring of cArxOE::Pdx1Cre- or cArxOE::Pax6Cre-
crossed animals were sacrificed at 24 hours (P24h), 3 weeks postpartum, or shortly before death (SBD) and genotyped, and blood and urine glucose
concentrations (mg/dl) were determined. The life expectancy as well as the average pancreas weight is indicated. Values represent means + SEM (n = 81).
AStatistically significant differences compared with WT animals, using the 1-tailed Student’s t test (P < 0.01). Note that the first significant increase of glyce-
mia appears within the first 3 weeks of life and peaks shortly before death in double-transgenic Cre-expressing animals.
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cArxOE::Pdx1Cre mice developed growth retardation and pancre-
atic hypoplasia (Table 1). Both cArxOE::Pdx1Cre and cArxOE::
Pax6Cre mice died approximately 2-12 weeks after birth exhibiting
a massive and significant hyperglycemia (Table 1): shortly before
death, the blood and urine sugar contents were found drastically
increased with values exceeding the maximum detection threshold
of our glucose monitoring system (>600 mg/dl, » = 126) compared

research article

6-week-old mice were assayed for the presence of the 4 endo-
crine cell types by immunohistochemistry (Figure 2). We did not
observe any obvious differences between WT and cArxOE pancre-
ata, the latter displaying a uniform GFP labeling (data not shown
and Figure 2A). Notably, both cArxOE::Pax6Cre and cArxOE::
Pdx1Cre islets were found to be negative for GFP and positive
for the B-galactosidase enzyme (Figure 2, B and C, and insets). In

addition, almost all pancreatic cArxOE::Pdx1Cre cells appeared to
be GFP-/B-galactosidase* (Figure 2C and inset). The examination
of both cArxOE::Pax6Cre and cArxOE::Pdx1Cre islets revealed a
profound reduction in insulin-producing cell numbers as com-

with those of age-matched control animals (urine, 38 + 22 mg/dl;
blood, 72 + 29; n = 189).

To assess the alterations induced by the misexpression of Arx in
Pdx1- or Pax6-expressing progenitors, islets of Langerhans from

DAPI PP Gl PP Arx

DAPI DAPI Ins DAP! Som

cAmxOE::Pax6Cre cArxOE

cAmxQE::Pdx1Cre

Figure 2

Conditional Arx misexpression restricted to the early pancreas results in a favoring of the glucagon- or PP-producing cell fates at the expense of
the § and 3 cell lineages. Sections of 6-week-old mice were examined for the presence of pancreatic hormones in cArxOE (A, D, G, J, M, and
P), cArxOE::Pax6Cre (B, E, H, K, N, and Q), and cArxOE::Pdx1Cre (C, F, I, L, O, and R) animals by immunofluorescence. (A—C) The uniform
GFP expression found in cArxOE mice (A) is expectedly excluded from the islets in cArxOE::Pax6Cre animals (B) and missing in cArxOE::
Pdx1Cre pancreatic tissue (C). Conversely, the -galactosidase activity is clearly detected in cArxOE::Pax6Cre islets (B, inset) and cArxOE::
Pdx1Cre pancreata (C, inset). (D-R) The Cre-mediated misexpression of Arx in Pax6 or Pdx1 expression domains promotes a loss of 3 cell
(D-F) and & cell (G-1) populations, concurrently with an increase in numbers of glucagon-producing (D—0) or PP-producing (J-L) cell numbers.
Arx production is uniformly detectable in the endocrine tissue of cArxOE::Pax6Cre and cArxOE::Pdx1Cre mice (M-0). Note that Arx is presentin
glucagon-labeled cells, and, most likely, in PP-positive cells (insets in N and O). A coexpression of Arx and PP was demonstrated both in controls
(P) and in double-transgenic animals (Q and R). Each picture is representative of 6—15 independent animals. Glu, glucagon; Ins, insulin; Som,
somatostatin. Original magnification, x40.
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pared with controls (Figure 2, D-F), and only a few scattered
somatostatin-expressing cells were detected (Figure 2, G-I). Con-
versely, a dramatic increase in glucagon-producing cell numbers
was observed in these animals (Figure 2, D-O). Interestingly, the
number of PP-labeled cells also appeared to be drastically elevated
in both genotypes (Figure 2, J-L). Colocalization experiments pet-
mitted us to clearly establish that glucagon and PP were never
coexpressed (Figure 2,J-L). As expected, in Cre-positive animals,
Arx was detected in almost all glucagon-producing cells, but,
strikingly, also in numerous cells lacking glucagon (Figure 2, N
and O, and insets); this pointed to a labeling of PP cells (since
insulin- and somatostatin-marked cells are absent). The codetec-
tion of Arx and PP hormones had not been previously attempted
for technical reasons. However, using a newly developed guinea
pig anti-PP antibody (Linco), we established that Arx is expressed
in PP-producing cells, both in control and in double-transgenic
animals (Figure 2, P-R). For technical reasons, the expression of
Pax4 could not be assessed by means of in situ hybridization, nor
immunohistochemistry; however, with the use of a quantitative
RT-PCR approach, the pancreatic quantification of Pax4 tran-
script was found unchanged at that age (data not shown).

To extend our data, a quantitative analysis was performed: inde-
pendent stage-matched pancreata from cArxOE::Pax6Cre and
cArxOE:Pdx1Cre mice were
sectioned, and the number
of hormone-immunoreac-
tive cells was determined
in every tenth section.
The results obtained by

Table 2

misexpression of Arx

Figure 3

Quantification of the phenotypic alterations in hormone-producing cell
contents following the targeted misexpression of Arx. Six-week-old
independent pancreata estimated to be of the same size were serially
sectioned, every tenth section was stained as indicated, and the num-
bers of positive cells were counted and reported to the total islet cell
content (estimated on adjacent sections with the use of a mixture of
antibodies raised against the different endocrine hormones). Data are
shown as the percentage + SEM of hormone-positive cells contributing
to the total endocrine population. On average, the misexpression of
Arx during early pancreas genesis promotes a dramatic loss of § and
d cells, whereas the contents in glucagon- and PP-labeled cells are
proportionally increased. *P < 0.05, **P < 0.01, **P < 0.001. n = 8.

glucagon- and PP-producing cells were markedly increased in these
animals (+75% and +2,200%, respectively), as compared with con-
trol littermates. It is noteworthy that the total endocrine cell con-
tent was statistically unchanged in cArxOE:Pax6Cre and cArxOE::
Pdx1Cre pancreata (Table 2) as compared with controls. Interest-
ingly, the exocrine cell mass was found to be significantly decreased
in cArxOE::Pdx1Cre mice, suggesting that the forced expression of
Arx in Pdx1 expression domains might induce a prematcure dif-
ferentiation of exocrine precursors. Indeed, a pulse-chase labeling
of proliferating cells in the pancreata of these animals, from E12.5
until E16.5, outlined a 17% decrease in the number of dividing
exocrine cells as compared with that in controls, whereas the apop-
tosis rate appeared to be unchanged. Preliminary results indicated
that exocrine cells expressed a normal complement of transcrip-
tion factors (data not shown). Altogether, our findings suggest
that the missing hormone-producing cells in double-transgenic
pancreata acquired an alternative endocrine cell fate.

To determine whether these islet alterations were already evident
during embryogenesis, endocrine cell genesis was further exam-
ined during development and quantified by cell count. In fact, the
defects observed were similar to those found postpartum, indicat-
ing that the § and 0 cell lineages were disfavored in these animals
throughout pancreatic endocrine development (Figure 4, A-F and
V-X), being redirected toward the glucagon- or PP-producing cell
fates (Figure 4, A-U and Y-DD). The loss of insulin-producing cells
was further associated with a dramatic reduction in the expression
of the f cell-specific factors Nkx6.1, Pdx1, Glut2, Isl1, HB9, and
MafA (Figure 4, M-U, Supplemental Figure 1, A-C, and data not
shown; supplemental material available online with this article;

Quantification of the phenotypic alterations in hormone-producing cell contents following the targeted

. Genotype WT cArxOE cArxOE::Pax6Cre cArxOE::Pdx1Cre
comparison of the average k . . . .
counts reported with the Endogrlne cell count. 809+72;n=26 849+63;n=18 801+88;n=18 782 +99; n=17
total endocrine popula- Exocrine pancreas size (mm2) 153 +33; n=4 149+21; n=3 126 +36; n=4 81+£28,n=4A

S Fieae 3 de El 5 BrdU incorporation (%) 100£2:n=3 98+3;n=3 94+7:n=3 82+ 6 n=3
tion (Figure 3 and Table 2) Apoptosis rate (%) 100+4;n=3 100+5; n=3 1028, n=3 94+10;n=3
confirmed a dramaticloss  pjoqq insylin content (%) 100+ 6; n=6 102:8n=6 2613 n=3 3017, n=3
of insulin-producing cells Blood glucagon content (%) 100+ 5; 1=6 96+7,n=6 116+6;n=3 119+ 4;n=3

(-93% on average) and a
drastic reduction (-66%) in
the number of somatosta-

The total endocrine cell content was not statistically modified in any of the genotypes analyzed, whereas the exocrine
tissue size and BrdU incorporation are decreased without any change in the number of apoptotic cells. The circulating

insulin is also found to be diminished, whereas the blood glucagon levels are found unaltered. Multiple comparisons of

tin-expressing cells. In con-
trast, the mean numbers of
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the data obtained for each endocrine population in each genotype were processed with a single-factor ANOVA coupled
to the Newman-Keuls test using the cArxOE genotype as reference (AP < 0.05, n = 8).
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Figure 4

Favoring of the gluca-
gon- and PP-producing
cell fates at the expense
of the § and o cell lin-
eages during endocrine
pancreas morphogene-
sis in cArxOE::Pax6Cre
or cArxOE::Pdx1Cre
pancreata. (A-DD)
Representative pancre-
atic sections costained
with the indicated anti-
body combinations, at
the indicated embry-
onic stages. A quantifi-
cation of the endocrine
modifications between
the Cre-negative and
Cre-positive mice, esti-
mated by the 1-tailed
Student’s t test, is pro-
vided in percent under
each set of pictures in
matching colors (n = 3,
P < 0.05). A clear loss
of p (A—C) and & (D-F
and V-X) cells is evi-
denced in animals mis-
expressing Arx. Con-
currently, an increase
in glucagon (A-U and
Glu Pdx1 ilu DAPI Glut2 Som DAPI CART  Glu Brn4 Glu Paxs  Y-DD) or PP (G-I) cell
content occurs, with Arx
being detected in most
of the endocrine tissue
(J-L), but also in exo-
crine cells in the case
of cArxOE::Pdx1Cre (L,
arrows). The numbers
of cells labeled with the
B cell-specific markers
Nkx6.1 (M-0), Pdx1
(P-R), and Glut2 (S-U)
are drastically reduced
in Cre-positive mice.
Similarly, the expres-
sion of CART, normally
marking 9 cells, is pro-
foundly diminished
(V-X), whereas the
expression of the a
cell-specific gene Brn4
is augmented (Y—AA).
The content in cells
positive for the endo-
crine marker Pax6 is
not affected (BB—DD).
Each picture is repre-
sentative of 3—8 animals
from different litters. U,
unchanged. Original
-95% —98% +53% +46% +53% U magniﬁcation, x40.

DAPI Som Glu DAPI PP

cArxOE::Pax6Cre

~89% +53% ~72% +53° +800% +53° +368% +53% -92%

+532, —72% +53%
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Figure 5

Arx misexpression converts mature {3 cells into glucagon- or PP-pro-
ducing cells. (A-D) Representative staining and quantification of the
endocrine cell content alterations found in tamoxifen-treated cArxOE::
IndPdx1Cre pancreata with the use of the indicated antibodies. (E)
Co-immunohistochemical detection of the glucagon (blue) and PP hor-
mones (green) with the -galactosidase enzyme (red). Note that gluca-
gon- or PP-producing cells are positive for the f3-galactosidase. Each
picture is representative of 4—7 animals from different litters. Original
magnification, x40.

doi:10.1172/JCI129115DS1). Similarly, the expression of CART,
which exclusively labels 8 cells (36), was found to be decreased
(Figure 4, V-X). In contrast, Brn4 and MafB were detected in most
glucagon-producing cells, confirming their normal o cell expression
in all genotypes (Figure 4, Y-AA and Supplemental Figure 1, D-F).
The PP- or glucagon-producing cells present in cArxOE::Pax6Cre
and cArxOE::Pdx1Cre genotypes were positive for Pax6 (Figure 4,
BB-DD). By quantitative RT-PCR on E15 whole pancreas, a sig-
nificant 81% decrease in Pax4 transcripts was observed in double
transgenics (-77% + 6% in cArxOE::Pax6Cre; -85% + 8% in cArxOE::
Pdx1Cre) compared with controls. The islet alterations reported
herein were further confirmed by electron microscopy (Supple-
mental Figure 2 and Supplemental Methods) and blood examina-
tion of the endocrine hormone levels (Table 2). Altogether, these
results suggest that the ectopic activation of Arx in PdxI- or Pax6-
expressing cells prevents endocrine progenitors from adopting a
B or & cell fate through the inhibition of Pax4 expression and
instead promotes them toward lineages ultimately resulting in
cells exhibiting most features of o or PP cells.

Conversion of B cells into cells exhibiting o. or PP-producing cell charac-
teristics upon Arx expression in insulin-producing cells. The previously
described gain-of-function experiments suggest that the forced
expression of Arx in early endocrine progenitors induces their dif-
ferentiation into o and PP cells at the expense of the 3 and 0 cell lin-
eages. We therefore wondered whether a similar function mightalso
apply to differentiated f cells. Hence, 2 different transgenic lines
were generated by crossing of cArxOE mice firstly with an InsCre
line, and secondly with an inducible Pdx1Cre (IndPdx1Cre) line
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(17). In the first case (cArxOE:InsCre), a quantification of islet cells
indicated that the forced expression of Arx in cells readily express-
ing the insulin hormone ultimately resulted in an increase in the
content of PP- or glucagon-labeled cells, whereas the § cell number
was reduced and the 8 cell content remained unchanged (Table
3). Importantly, in the second mating scheme, the induction of
the phage P1 Cre recombinase in 4-week-old cArxOE::IndPdx1Cre
animals (Pdx1 being normally restricted to (3 cells at this age), and
the subsequent expression of Arx in f cells, promoted a similar
phenotype (Table 3). Hence, a loss of insulin-expressing cells and a
proportional increase in the numbers of PP- or glucagon-positive
cells were observed as early as 1 week after induction (Table 3 and
Figure 5, A-D), without any significant change in the total endo-
crine cell number. In both cases, double-transgenic animals devel-
oped a massive hyperglycemia and eventually died. Importantly,
B-galactosidase expression specifically triggered in (3 cells was
then detected in a vast majority of glucagon- or PP-producing cells
(Figure SE), those also ectopically producing Arx (Figure 5, C and
D), whereas Pax4 expression was found to be unchanged. These
results suggest that cells previously expressing 3 cell genetic deter-
minants later activated the glucagon or PP hormones. This was
further ascertained through the quantitative analysis of numer-
ous endocrine subtype-specific factors (Table 3). Along the same
line, the in vitro misexpression of Arx in the insulin-expressing
MING6 and BTC3 cell lines was found to also induce a conversion
of insulin-producing cells into cells producing either glucagon or
PP (Supplemental Figure 3). Altogether, it appears that triggering
of Arx expression in insulin-expressing cells, in vitro or in vivo,
promotes a loss of their molecular characteristics, pointing to a
reprogramming of these into cells ultimately presenting features
normally associated with o or PP cells.

The misexpression of Arx in mature 3 cells is sufficient to induce altera-
tions in endocrine cell fate. It is important to notice that the pheno-
typic alterations reported above were similar in the progeny of the
S different cArxOE lines crossed with the InsCre line. In order to
exclude the possibility that the observed endocrine tissue modi-
fications were related to nonphysiological levels of Arx expres-
sion, we used real-time RT-PCR to assess Arx production. Hence,
Arx expression was found to be variable in the 5 cArxOE:InsCre
double-transgenic lines, reflecting the distinct insertion loci of
the transgene. Taking into account that in adult mice Arx is nor-
mally expressed in o and PP cells, that is, in approximately 23%
of the total endocrine population (Figure 2, controls), one would
expect that forcing its expression ectopically in f cells (represent-
ing approximately 68% of islet cells) at a physiological level would
increase its pancreatic concentration by a factor of approximately
3.95[(23 +68)/23]. Notably, in 2 of our cArxOE::InsCre transgenic
lines, the quantification of the amount of Azx mRNA indicated
that this threshold was not reached, with a respective total increase
in Arx transcript contents of 2.6 and 3.4 as compared with that in
controls (Table 4). Importantly, even in these animals, dramatic
alterations in the endocrine cell content could clearly be detected.
This suggests that the ectopic expression of Arx in 3 cells at a dose
lower than or close to the physiological concentration is sufficient
to cell-autonomously trigger a loss of the § cell phenotype and
induce the glucagon- or PP-expressing cell genetic determinants.

Discussion
Previous studies have demonstrated that Arx and Pax4 exert mutu-
ally antagonistic roles during endocrine pancreas specification
Volume 117
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Arxmisexpression converts mature { cells into glucagon- or PP-producing cells

Age E20

cArxOE  cArxOE::InsCre cArxOE
Insulin 61.6% 17.2% (-72%) 68.6%
Glucagon 26.9% 53.5% (+99%) 21.1%
Somatostatin 10% 14.6% (U) 8.3%
PP 1.5% 14.7% (+880%) 2.1%
Arx 35.1% 53.7% (+53%) 26.7%
Nkx6.1 58.2% 18.6% (-68%) 65.2%
Pdx1 63.8% 14.7% (=77%) 71.3%
Glut2 59.5% 10.7% (-82%) 67%
HB9 55.3% 22.7% (—-59%) 62.5%
Brn4 32.2% 48% (+49%) 19.9%
Nkx2.2 86.2% 91.1% (V) 88.4%
Isl1 98.6% 99.7% (U) 98.1%
Pax6 99.8% 100% (U) 99.8%
Cell content 100% 101.5% (U) 100%
Glucose levels - 89 mgy/d|
Life expectancy Normal 3-6 Weeks Normal

4 Weeks

5 Weeks

cArxOE::InsCre cArxOE CArxOE::IndPdx1Cre

7.5% (-89%) 65.1% 24.7% (—62%)
38.3% (+81%) 23.4% 32.8% (+52%)
5.9% (U) 9.3% 7.6% (U)
48.3% (+2,200%) 2.2% 36.3% (+1,550%)
94% (+252%) 25.2% 84.4% (+235%)
18.9% (-71%) 61.1% 25.7% (—-58%)
26.4% (—63%) 59.8% 28.1% (-53%)
-13.5% (—-80%) 69.4% 21.5% (—69%)
28.1% (—55%) 66.9% 26.8% (—60%)
34% (+71%) 21.7% 35.2% (+62%)
90.7% (U) 91.9% 90.8% (U)
99.3% (U) 97.9% 95.8% (U)
99.6% (U) 99.8% 99.9% (U)
98.7% (U) 100% 100.4% (U)
465 mg/dl (+422%) 105 mg/dl 518 mg/dl (+393%)
3-6 Weeks Normal 3-6 Weeks

Quantification of the endocrine cell content alterations in the pancreata of cArxOE::InsCre or cArxOE::IndPdx1Cre animals. A quantitative endocrine mark-
er analysis was performed on sections of cArxOE::InsCre or tamoxifen-treated cArxOE::IndPdx1Cre pancreata (1 week after injection) stained with the
indicated antibodies. The values presented correspond to percentages of the total endocrine cell content (n = 3, P < 0.05; ANOVA). Note the loss of

B cells and associated markers (Nkx6.1, Pdx1, Glut2, Isl1, HB9), as well as the concomitant increase in glucagon- or PP-producing cells in cArxOE::InsCre,
but also in tamoxifen-treated cArxOE::IndPdx1Cre pancreata, whereas the total endocrine cell number is unchanged. Such animals develop a massive and

lethal hyperglycemia. U, unchanged.

(24, 33). Thus, on the basis of loss-of-function phenotypes, it was
suggested that Arx is required for the a cell specification of endo-
crine progenitors, whereas Pax4 appeared necessary firstly for the
(/3 cell fate and later for the p cell lineage allocation. These stud-
ies clearly established the necessity of Arx and Pax4 activities for
proper islet cell specification. However, they also raised an impor-
tant question: Are Arx and Pax4 also sufficient to instruct endo-
crine progenitor cells to adopt an a cell fate or a § () cell lineage,
respectively? In order to address this issue, we used a gain-of-func-
tion approach and generated transgenic animals conditionally
misexpressing Arx.

To assess whether Arx had an instructive role during early pan-
creas morphogenesis, the expression of this factor was induced
firstly in the early pancreas. Hence, mice misexpressing Arx in Pdx1
or Pax6 expression domains developed a pronounced hyperglyce-
mia as a result of hypoinsulinemia and eventually died. By elec-
tron microscopy and immunohistochemistry, a dramatic decrease
in the numbers of f and 6 cells was highlighted, concurrently
with a proportional augmentation in the numbers of glucagon-
or PP-producing cells. A pancreatic hypoplasia was also detected
in cArxOE:Pdx1Cre mice. Importantly, the total endocrine cell
number was found to be unchanged as compared with that in con-
trols, albeit a decrease in exocrine cell number without identity
alteration was observed in cArxOE::Pdx1Cre mice (P. Collombat,
unpublished observations). The expression of Arx in oo and PP cells
and the favoring of both cell lineages upon Arx misexpression in
cArxOE:Pdx1Cre or cArxOE:Pax6Cre islets suggest that . and PP
cells may share a common progenitor. However, this is in contra-
diction with previous experiments supporting the notion that PP
expression may be a hallmark of the 8 cell lineage: PP cell ablation
resulted in a concomitant loss of § and & cells (37), and cell lineage
tracing revealed that a PPCre transgene also labeled f cells (35).
The latter may also be consistent with a low expression of PP in
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early 3/0 precursor cells. The discrimination between these 2 pos-
sibilities will require additional experiments, e.g., Cre-LoxP recom-
bination-based lineage-tracing analysis using an ArxCre line.

To verify whether the induction of Arx expression in f cells
would endow them with o or PP cell properties, Arx was ectopi-
cally expressed in mature insulin-producing cells as soon as these
initiated hormone production during embryogenesis, or in adult
B cells. In both instances, a lethal hyperglycemia was observed con-
currently with a dramatic reduction in the f§ cell content and a pro-
portional increase in the glucagon- or PP-producing cell numbers,
whereas the 8 cell population was unchanged. Further analysis of
cArxOE:InsCre and tamoxifen-treated cArxOE::IndPdx1Cre ani-
mals combining quantitative real-time PCR and lineage-tracing
experiments established that (a) the overall Arx transcript con-
tent in [ cells of such mice does not exceed the level of Azx mRNA
normally detected in o or PP cells; (b) the specific and permanent
B-galactosidase labeling of § cells becomes restricted to o and PP
cells upon tamoxifen induction; and (c) the total endocrine cell
content remains statistically unchanged (data not shown). It is
also important to notice that the phage P1 Cre recombinase in
InsCre mice is expressed in more than 90% of insulin-producing
cells (ref. 33; P. Collombat, unpublished observations). In a similar
fashion, the forced expression of Arx in vitro was found to induce
the conversion of MIN6 and BTC3 insulin-producing cells into
glucagon- or PP-expressing cells.

Thus, our data support the notion that Arx is able to drive endo-
crine progenitors toward an o or PP cell fate or induce the conver-
sion of insulin-producing cells into o or PP cells. These 2 functions
should be clearly defined. In the first case, an obvious downregula-
tion of Pax4 transcription was highlighted. This is in agreement
with previous data demonstrating that, in the absence of Pax4, Arx
prevails in endocrine precursors and prevents them from adopting
a 3/ cell fate. In the second case, Arx was also found capable of
Volume 117 967
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Table 4

Quantification of transcript contents in 4-week-old cArxOE::InsCre pancreas

cArxOE cArxOE::InsCre cArxOE::InsCre
Lines 1-5 Line 1 Line 2
Insulin 100% -91% -88%
Glucagon 100% +72% +36%
Somatostatin 100% U U]
PP 100% +1,682% +1,964%
Arx 100% +416% +567%

cArxOE::InsCre cArxOE::InsCre cArxOE::InsCre

Line 3 Line 4 Line 5
-90% —17% -93%
+81% +69% +63%
U U U]
+2,002% +4,200% +1,812%
+259% +908% +341%

The misexpression of Arx is sufficient to trigger dramatic alterations in the endocrine cell fate allocation processes. The 5 different cArxOE transgenic
lines reported in this study were crossed with InsCre mice, and the expression levels for the indicated genes were measured by a quantitative RT-PCR
approach. Note that the hormone expression level alterations are consistent with the notion that Arx induces the glucagon and PP cell fates at the
expense of the f cell lineages in 4-week-old cArxOE::InsCre pancreas. Importantly, in lines 3 and 5, Arx expression remains below the expected physi-
ological dosage (in boldface). All reported values are statistically significant by 1-tailed Student’s t test (P < 0.05, n = 3) and were further confirmed by

immunohistochemistry (data not shown).

cell-autonomously overriding the f3 cell phenotype in adult mice
or in vitro and promoting the a and PP cell identity. This was
achieved without any detectable modification of Pax4 expression.
However, at this age, Pax4 expression is either lacking or very low.
Hence, from our analysis, we can conclude that Arx function is
not only to drive endocrine precursors away from the 3/3 cell fate,
but also to participate actively in the acquisition of the o or PP cell
identity. Additionally, we demonstrate that differentiated 3 cells
retain the potential to become other islet cell subtypes.

The fact that Arx misexpression induces either the o or the PP
cell lineage is intriguing and raises several questions: (a) What are
the mechanisms underlying the selection of either fate? (b) Why
did we not observe any cells positive for both glucagon and PP
hormones? (c) Why did endocrine cells become o and not PP cells
in the absence of Pax4? (d) Similarly, why did the PP cell number
appear to be unchanged in Arx mutants? Concerning the differen-
tial specification toward either the o or the PP cell fate (questions
a and b), a logical explanation would be that both fates exclude
each other. This could be easily achieved by a mutual inhibition
of 2 transcription factors — as occurs with Arx and Pax4 at early
developmental stages — with one factor promoting the o cell fate,
and the other the PP cell lineage; whether Arx is one of them is
unclear. Alternatively, the selective presence of a cofactor, differen-
tial posttranslational modifications of Arx, an unsuspected func-
tion of Pax4, a developmental stage-dependent role of Arx, and/or
different Arx protein thresholds could explain the favoring of one
lineage over the other. It is clear that further work is required to
discriminate between these possibilities: a yeast 2-hybrid screen to
uncover potential Arx-binding partners and a clustered analysis of
the transcriptome of the different loss- and gain-of-function lines
in our hands are ongoing and should allow further insight into the
mechanisms involved.

As for the differences in PP cell contents between the loss-of-func-
tion and gain-of-function animals (questions ¢ and d): The mis-
expression of Arx in the endocrine tissue clearly demonstrates its
involvement in PP cell genesis. However, the molecular mechanisms
linking Arx to the PP cell lineage are still unclear. In fact, in the
endocrine tissue of Arx and/or Pax4 mutants, the PP cell content
was not found to be statistically modified. One should underline
that this analysis was strongly complicated by the small number of
PP cells in a normal islet: it could well be that the modifications in
PP cell contents following Arx or Pax4 depletion cannot be statisti-
cally ascertained without a major increase in the number of sam-
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ples. Interestingly, with the use of a microarray approach coupled
to quantitative RT-PCR, an approximately 1.9-fold decrease in PP
transcripts or PP cell-associated marker mRNA was evidenced in
Arx mutants (P. Collombat, unpublished observations), indicat-
ing that Arx deletion may in fact induce a decrease in the PP cell
number. However, the magnitude of the modifications of the PP
cell content, if this is true, would be much reduced as compared
with those in double-transgenic animals. Furthermore, adding to
the complexity of the model, the endocrine cell ablation experi-
ments mentioned previously have revealed that the loss of PP cells
might be associated with a loss of B and 0 cells. This finding may
suggest that in addition to the involvement of Arx, PP cell genesis
may be related to 3 and 8 cell genesis. It is therefore clear that a full
understanding of the molecular mechanisms underlying PP cell
genesis will require a tour de force involving multiple approaches,
such as (a) the characterization of the putative partners and targets
of Arx, but also of Pax4; (b) the determination of potential post-
translational modifications of both factors during pancreas mor-
phogenesis; (c) the characterization of Pax4 expression during late
embryogenesis and throughout adulthood; and (d) the combined
lineage-tracing analysis of Arx-, Pax4-, and PP-expressing cells in
WT, loss-of-function, and gain-of-function genotypes.

Our study demonstrates that the misexpression of Arx is able to
cell-autonomously convert differentiated f3 cells into cells display-
ing oo and PP cell characteristics, but it also points to the existence
of a plasticity of differentiated p cells. In this respect, several stud-
ies previously suggested that a particular endocrine cell fate might
be reversible. Indeed, Wang et al. (38) have demonstrated in vitro
that the overexpression of a dominant-negative form of Pdx1 in
INS-1 cells induces a dramatic reduction in 3 cell-specific mark-
ers and a concomitant increase in o cell determinants. Similarly,
following the deletion of the Pdx1 gene in f cells, a diminution in
the B cell content was evidenced concurrently with an augmenta-
tion in the number of a cells (14). Most interesting was the obser-
vation of numerous cells expressing both insulin and glucagon,
suggesting a transitional state during the conversion of f3 into
a cell phenotypes. Although Arx expression was not assayed in
such studies, the similarity between these and the present find-
ings suggests that common mechanisms leading to a phenotype
conversion might be involved.

In conclusion, our analysis demonstrates that Arx is both nec-
essary and sufficient to instruct endocrine progenitor cells to
adopt a glucagon-producing cell identity at the expense of the
Volume 117
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B and 8 cell lineages. Furthermore, Arx appears to have an unsus-
pected role in promoting the PP-producing cell fate. Importantly,
when ectopically expressed in mature adult § cells, Arx is able to
respecify the p cell phenotype and bestow these cells with o or PP
cell properties. In light of the antagonistic interaction between
Arx and Pax4 activities during the specification of the endocrine
pancreas, it is conceivable that the misexpression of Pax4 and/or
the inhibition of Arx might promote the exclusive specification
of endocrine progenitors toward the {3 cell lineage and/or convert
endocrine cells into 3 cells, thereby opening interesting perspec-
tives for therapeutic purpose.

Methods

Generation of transgenic animals. The strategy used to generate the cArxOE
mouse line is depicted in Figure 1. Transgenic animals were further bred
with Pdx1Cre, Pax6Cre, or InsCre mice (17, 34, 35) and genotyped by a com-
bination of fluorescence microscopy for GFP examination and genotyp-
ing PCR for the Cre and P-galactosidase genes. In a second breeding scheme,
cArxOE mice were crossed with an inducible Pdx1Cre line. The tamoxifen
induction was performed as described previously (39) in 4-week-old ani-
mals that were examined a week later. Animal care and experimental use
were approved by the Nidersixhsisches Landesamt fiir Verbraucherschutz
und Lebensmittelsicherheit board, Oldenburg, Germany.

Immunobistochemistry. Tissues were fixed in 4% paraformaldehyde over-
night at 4°C and embedded in paraffin, and 6-um sections were applied
to slides. These sections were assayed as described previously (24). In order
to perform codetection experiments, the GFP signal found in transgenic
animals was eliminated through an extended time of incubation in warm
paraffin (up to 2 days) and pressure-boiling of the sections in unmasking
solution (Vector Laboratories) according to the manufacturer’s instruc-
tions. Immunohistochemical assessment of B-galactosidase expression
was performed with the VECTASTAIN ABC kit (Vector Laboratories) with
diaminobenzidine tetrahydrochloride as a substrate. The primary antibod-
ies used were the following: mouse monoclonal anti-insulin, anti-gluca-
gon (1:1,000; Sigma-Aldrich), anti-Ngn3 (1:500), and anti-f-galactosidase
(1:1,000; Promega); guinea pig anti-insulin, anti-glucagon (1:1,000; Sigma-
Aldrich), and anti-PP (1:200); and rabbit anti-somatostatin (1:600; Dako),
anti-PP (1:200; Dako), anti-Glut2 (1:500; Chemicon), anti-Pdx1 (1:500;
Chemicon), anti-Brn4 (1:1,000; Chemicon), anti-Nkx6.1 (1:3,000), anti-
Nkx2.2 (1:1,000; kindly provided by T. Jessell, Columbia University, New
York, New York, USA), anti-Brn4 (1:2,000; kindly provided by G. Rosenfeld,
Howard Hughes Medical Institute, La Jolla, California, USA), anti-Pax6
(1:500; kindly provided by S. Saule, CNRS UMR 146, Orsay, France), anti-
Arx (1:1,000), anti-CART (1:1,000), anti-MafA (1:1,500; kindly provided by
I. Artner, Vanderbilt University Medical Center, Nashville, Tennessee, USA),
and anti-MafB (1:500; kindly provided by I. Artner). The secondary antibod-
ies used (1:1,000; Invitrogen) were 594 Alexa anti-mouse, 488 Alexa anti-
mouse, 594 Alexa anti-rabbit, 488 Alexa anti-rabbit, 594 Alexa anti-guinea
pig, and 488 Alexa anti-guinea pig. The stained sections were analyzed by
confocal microscopy (Olympus).

Glucose, insulin, and glucagon level determinations. Glucose levels (mg/dl)
were determined with the OneTouch Glucose monitoring kit (Johnson &
Johnson) with 15 ul of peripheral blood. Blood glucose levels are repre-
sented as an average + SEM (in certain cases, glucose levels exceeded the

600 mg/dl detection threshold of the apparatus; this later value was then
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used for statistical purposes). Insulin and glucagon levels were quantified
with the use of RIA (Linco) according to the manufacturer’s instructions.

B-Galactosidase staining. Pancreatic tissues were isolated and fixed in 4%
paraformaldehyde overnight. Next, the embryos and tissues were washed in
PBS and then incubated in staining solution (4 mM K3[Fe(CN)]6), 4 mM
K4[Fe(CN)6], 0.02% NP-40, 0.01% Na-deoxycholate, 5 mM EGTA, 2 mM
MgCl,, and 0.4 mg/ml 5-bromo-4-chloro-3-inodolyl-D-galactopyranoside.
Before sectioning, tissues were dehydrated through ethanol series, cleared
in toluene, and embedded in paraffin for further sectioning.

Transfection of insulin-producing cell lines. To allow a constitutive expres-
sion of Arx, MING6 and BTC3 insulin-producing cell lines were transfected
(Lipofectamine; Invitrogen) with the construct displayed in Figure 1 (top)
after removal of the GFP cassette in Cre-expressing bacteria. The original
construction (expressing GFP) was used as transfection control. Data were
collected 48 hours after transfection.

Quantitative RT-PCR analysis. RNA isolation, cDNA synthesis, and RT-
PCR were carried out with the QuantiTect SYBR Green RT-PCR kit (QIA-
GEN) and validated primers (QIAGEN; Supplemental Table 1) according
to the manufacturer’s instructions. The PCR reactions and detection were
performed on a Mastercycler ep realplex cycler with the use of GAPDH and
HPRT]1 as internal controls for normalization purposes.

Statistics. The different methods used for data comparisons are described
in the text and legends. Briefly, single factor ANOVA coupled to Newman-
Keuls test was used for multiple population comparison, whereas a 1-tailed
Student’s ¢ test was applied to compare populations with single variance.
Pvalues lower than or equal to 0.05 were considered significant.
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