Int. J. Dev. Biol. 39: 789-798 (1995)

IPF1, a homeodomain protein with a dual function

in pancreas development
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ABSTRACT Insulin promoter factor 1 (IPF1), is a homeodomain protein which, in the adult
mouse pancreas, is selectively expressed in B-cells, and which binds to, and transactivates, the
insulin promoter via the P1 element. In mouse embryos, IPF1 expression is initiated when the
foregut endoderm commits to a pancreatic fate, i.e. prior to both morphogenesis and hormone
specific gene expression. At later stages of development the expression is restricted to the dorsal
and ventral walls of the primitive foregut at the positions where the pancreases will form. Mice
homozygous for a targeted mutation in the Ipf7 gene selectively lack the pancreas. The mutant
pups develop to term and are born alive, but die after a few days. The gastrointestinal tract with
its associated organs shows no obvious malformations. No pancreatic tissue and no ectopic
expression of insulin or pancreatic amylase could be detected in this region in mutant neonates or
embryos. These findings demonstrate that IPF1 is needed for the formation of the pancreas, and
suggest that IPF1 acts to determine the fate of common pancreatic precursor cells and/or to reg-
ulate their propagation. The lack of a pancreas in the /pf1-deficient mutants, the pattern of IPF1
expression and its ability to stimulate insulin gene transcription, strongly suggest that IPF1 func-
tions both in the early specification of the primitive gut to a pancreatic fate and in the maturation
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of the pancreatic B-cell.
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Introduction

The mammalian pancreas is a mixed exocrine and endocrine
gland that, in most species, arises from ventral and dorsal buds
which subsequently merge to form the definitive pancreas. In
both mouse and rat, the first histological sign of morphogenesis
of the dorsal pancreas is a dorsal evagination of the duodenum
at the level of the liver at the 22-25 somite stage (Wessels and
Cohen, 1967; Spooner et al., 1970). Shortly thereafter a ventral
evagination appears as a derivative of the liver diverticulum.
The epithelial cells lining these pancreatic rudiments subse-
quently differentiate and segregate into duct, acinar and
endocrine cells, secreting fluid/electrolytes, digestive enzymes
and hormones, respectively. These two pancreatic rudiments
later fuse to form a single pancreatic mass and their ducts usu-
ally fuse to form the main duct of the mature pancreas.
(Wessells and Cohen, 1967; Pictet and Rutter, 1972). Fate map-
ping experiments suggest that the different pancreatic cell types
have a common endodermal origin but the precise lineage rela-
tionship among these cell types remains unknown (Pictet et al.,
1976; Le Douarin, 1978). Using mouse in vitro explant cultures
it has been shown that the gut acquires the ability to form a pan-
creas around the 10 somite stage (Wessels and Cohen, 1967;
Spooner et al., 1970). In vivo, low levels of insulin gene tran-

scripts are already present and restricted to the dorsal foregut
endoderm at 20 somites, providing evidence of a premorpho-
genetic phase of pancreas development (Gittes and Rutter,
1992). The early onset of insulin gene transcription suggests
that pancreas- or insulin gene-specific transcriptional factors
may be present in this region prior to the onset of morphogene-
sis, and it is plausible that commitment of the endoderm to a
pancreatic fate involves the selective expression of such tran-
scriptional regulatory molecules.

In our search for transactivators of the insulin gene we isolat-
ed a ¢cDNA encoding a homeodomain protein, denoted insulin
promoter factor 1 (IPF1). In the normal adult mouse pancreas
IPF1 is only expressed in the B-cells, where it binds to and trans-
activates the insulin promoter (Ohlsson et al., 1993). In mouse
embryos, the IPF1 protein is detected only in the developing
pancreas and IPF1 expression is initiated at around the 10
somite stage which correlates temporally with the pancreatic
commitment of the endoderm. To test the hypothesis that IPF1
plays a role in the pancreatic commitment of the foregut endo-
derm we have generated IPF1-deficient mice. The homozygous
mutant mice develop to term, but die 2-4 days after birth. These
mice show no morphological signs of a pancreas, and no pan-
creatic exocrine or endocrine tissue or markers can be detected
in the region of the duodenum from which the dorsal and ventral
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pancreas normally develop. No other parts of the gastrointestinal
tract, including the liver, show any obvious abnormalities. IPF1 is
thus required for pancreas formation and these results suggest
that IPF1 acts in the pancreatic precursor cells and that IPF1 is
involved in the determination of these cells, their propagation, or
both.

Results

Cloning of cDNAs encoding IPF1

The B-cell specific expression of the rat insulin | gene is
dependent on 350 bp of 5' flanking DNA which harbors both a
strong B-cell specific enhancer and a premoter element with low
intrinsic activity (Edlund et al., 1985; Karlsson et al., 1987). DNA-
protein interaction studies have shown that at least four different
nuclear DNA-binding proteins interact with five distinct regions
within the enhancer and that one protein, IPF1, interacts with the
conserved P1 promoter site, TAATGGG, which is located at posi-
tion -80 to -74 (Ohlsson and Edlund, 1986; Ohlsson et al., 1988,
1991). The P1 element, which is a very well conserved element
of the promoter region of various mammalian insulin genes
(Steiner et al., 1985), resembles a binding site for homeodomain
proteins. The previously isolated LIM homeodomain protein Isl-1
has been shown to bind to the P1 element /n vitro in EMSA
assays. However, by using anti-Isl-1 antibodies it was demon-
strated that nuclear IPF1 was not antigenically related to Isl-1
(Karlsson et al., 1990; Ohlsson et al., 1991). The cDNAs encod-
ing IPF1 were isolated from a BTC1 Agt11 library. The full-length
c¢DNA encodes a protein of 284 amino acids with a calculated
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Fig. 1. Deduced amino acid sequence of IPF1. (A).
The homeodomain is boxed with a solid line, the unique
histidine in helix 3 is indicated by a star, 8 homology to

IPF1 the immediate early proteins of herpes class viruses
(Cheung, 1989) is boxed with a dashed line. (B)
%1Hbox8 Alignment of the homeodomains of Hir-A2, IPF1 and
XIHbox8, the stars represent identities. The unique his-
tidine is boxed. (C) Alignment of the known amino acid
IRFL sequence of XIHbox8 with the C-terminal half of IPF1
the, stars represent identities. (From Ohlsson et al.,
¥1Hbox8 1993. Reprinted with kind permission from EMBQO J.).

molecular weight of 31 kDa. The deduced amino acid sequence
reveals a homeodomain which is divergent from the
Antennapedia prototype and which contained a unique histidine
in position 45 of helix 3 (Fig. 1A, Ohlsson et al, 1993). This
homeedomain is not identical to any previously isolated mam-
malian homeodomain protein, but part of the homeodomain is
highly homologous to the known part of the homeodomains of
the XIHbox8 (100%) protein from Xenopus laevis and the Hir-A2
(86%) protein from the leech Helobdella triserialis (Fig. 1B,
Ohlsson et al., 1993), defining a specific class of homeotic pro-
teins (Wright et al., 1988; Weeden et al., 1990). All three of these
proteins contain a unique histidine in position 45 of helix 3. The
rat homologue of IPF1, STF-1/IDX-1, has also been isolated
(Wright et al., 1988; Leonard et al., 1993; Miller ef al., 1994).

IPF1 binds to and transactivates the insulin promoter

In vitro translated IPF1 RNA was shown to bind to the insulin
promoter P1 element when analyzed in an EMSA- assay (Fig.
2A, Ohlsson et al., 1993). Competition studies with wild-type and
mutant P1 sites (Ohlsson et al.,, 1991, 1993) showed that the in
vitro translation product (Fig. 2B, Ohlsson et al.,, 1993) had the
same binding specificity as the endogenous IPF1 (Ohlsson et
al,, 1991). Anti-IPF1 antibodies were shown to block binding of
nuclear IPF1 to the P1 site, but did not recognize other home-
odomain proteins including Isl-1 (Fig. 2C, Ohlsson et al., 1993).

Sequences immediately upstream of the insulin gene TATA
box, which include the P1 promoter site, have previously been
shown to be important for the transcriptional activity of the insulin
5'flanking DNA and to be preferentially active in pancreatic



Fig. 2. DNA-binding of in vitro

translated IPF1 and endoge-

nous nuclear IPF1. (A) Mobility

of in vitro translated recombinant A B
IPF1 and nuclear IPF1 in EMSA
using the wtP1 insulin promoter
site as probe (see Materials and
Methods). Lane 1, nuclear
extracts (3 ug) from BTC1 cells;
lane 2, in vitro translation mixture
(2 ul) pregrammed with sense
RANA of the IPF1 cDNA, and lane
3, in vitro translation mixture (2 ul)
programmed with anti-sense
RNA of the IPF1 cloned cDNA.
(B) DNA-binding specificity of in
vitro translated IPF1. Competition
analysis using the wt and mutant
variants of the P1 site (Ohlsson et
al., 1991) as a probe and in vitro
translation mixture programmed
with sense IPF1 RNA. Lane 1, no
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competitor; lane 2, wildtype P1 site as competitor; lane 3, mutant 1 as competitor; lane 4, mutant 2 as competitor; lane 5, mutant 3 as competitor
and lane 6, the insulin enhancer E2 site as competitor. (C) The protein encoded by the cloned cDNA is antigenically related to endogenous nuclear
IPF1. Antisera raised against a bacterially produced trpE/IPF1 fusion protein product recognize endogenous IPF1 in BTC1 nuclear extract. The P1 site
was used in EMSA with BTC nuclear extract (lanes 1-3) and in vitro translation mixture programmed with either sense IPF1 RNA (lanes 4-6) or sense
Isl-1 RNA (7-9). Lanes 1, 4 and 7 no addition of anti-sera; lanes 2, 5 and 8 antisera (2 ul) raised against the C-terminal part (including a part of the
homeodomain) of the cloned protein; lanes 3, 6 and 9 preimmunesera (4 ul).

endocrine cell lines (Edlund et al,, 1985). Mutations within this
P1 element were shown to result in a 2.5 fold drop in activity
compared to the wild type 5flank in BTC1 cells when analyzed
in a transfection assay (Fig. 3A, Ohlisson et al., 1993). The activ-
ity of the wildtype insulin 5'flank in BTC1 cells could also be fur-
ther increased by co-transfection with a vector which overex-
presses IPF1 (Fig. 3A, Ohlsson et al., 1993) but, as expected,
the mutant 5flank could not be transactivated by IPF1. In het-
erologous, non-pancreatic cells, such as CHO, IPF1 was able to
transactive a construct carrying 5 copies of the P1 site linked to
the B-globin TATA box (Fig. 3B, Ohlsson ef al., 1993) but this
construct on its own was shown to be 3-fold more active in the
BTC1 cells than in the CHO cells (Fig. 3B and C, Ohlsson et al.,
1993) and could be further increased by the overexpression of
IPF1 in the BTC1 cells.

IPF1 is selectively expressed in the aduit pancreatic B-cells

Northern blots reveal that IPF1 mRNA is restricted to BTC1
cells and is undetectable in a variety of other cell lines and tis-
sues (Ohlsson et al., 1993). By performing immunohistochemical
analysis on the adult mouse pancreas using anti-IPF1 antibod-
ies, we showed that no positive IPF1 staining could be detected
in the exocrine pancreas or within the ducts cells (Fig. 4A,
Ohlsson et al., 1993), but rather the expression was restricted to
the islets. Within the islets the staining is nuclear and parallels
the typical pattern for insulin producing cells, since the majority
of the cells are positive and these cells are all located in the cen-
ter of the islets. Double immunostaining using anti-IPF1 and anti-
hormone antibodies showed that IPF1 is not present in glucagon
and somatostatin producing cells (Fig. 4B and C, Ohlsson et al.,
1993). In summary, in the adult mouse IPF1 is restricted to the
pancreatic 3-cells where it binds to and transactivates the insulin

promoter, suggesting that IPF1 is directly involved in the control
of the B-cell specific activity of the insulin gene.

The early onset of IPF1 expression is correlated to pancre-
atic commitment of the foregut endoderm

To correlate the temporal pattern of IPF1 expression in the
foregut endoderm to the stage at which the gut is assumed to
commit to a pancreatic fate, we used anti-IPF1 antibodies in
whole-mount immunochistochemistry on mouse embryos at dif-
ferent stages of development. In vitro explant studies, in both the
rat and the mouse, suggest that the primitive gut acquires suffi-
cient ability to develop into a pancreas around the 10-12 somite
stage (Wessells and Cohen, 1967). Using whole-mount immuno-
histochemistry, a few IPF1 positive cells can first be detected in
the gut region at around the 10 somite stage (Fig. 5A). The num-
ber of IPF1 expressing cells increases as embryogenesis pro-
ceeds. At the 15 somite stage IPF1 expression is evident in both
dorsal and ventral foregut endoderm (Fig. 5B), and at 18-20
somites IPF1 is strongly expressed in both pancreas primordia
which now appear as protrusions of the dorsal and ventral
foregut (Fig. 5C). At this stage, the gut epithelium consists of
only one cell layer and, since the majority of the cells in the pan-
creatic anlagen seemed to express IPF1 (Fig. 5C), we analyzed
this in more detail by staining transversal sections of the gut from
a 20 somite embryo with the anti-IPF1 antibodies. A representa-
tive section is shown in Fig. 5D, and the analysis of consecutive
sections strongly suggests that, at this stage of development, all
the cells in the dorsal and ventral pancreatic primordia express
IPF1. High level IPF1 expression is maintained in the majority of
the cells in the pancreatic buds at the 27 somite stage (Fig. 5E).
At the 35 somite stage, when insertion of the dorsal pancreas on
the gut narrows and the stalk is being formed, a large proportion
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Fig. 3. Expression of the IPF1 gene in both B-cells and non R-cells
transactivates a reporter construct via the P1-site. (A) Mutation of
the P1 promoter site results in a decreased activity of the rat insulin | 5'
flank, and the stimulation of the activity of the 5'flank as a result of IPF1
expression is critically dependent on an intact P1-site. RSV and RSV/IPF1
recombinant expression vectors were cotransfected with the Tk-CAT,
Ins-CAT and Pl1mutlns-CAT reporter genes into BTC1 cells using an
internal control (-gal plasmid as described previously (\Walker et al.,
1983). (B) Multimers of the P1 site in front of a reporter gene is specifi-
cally trans-activated by the expression of the IPF1 gene in heterologous
cells. RSV, RSV-IPF1 and RSV-IsI1 recombinant expression vectors were
co-transfected with the B-globin and 5xP1 B-globin construct in CHO
cells. (C) Overexpression of the IPF1 gene in BTCT cells results in a fur-
ther up regulation of the activity of the P1 element. RSV and RSV-IPF1
recombinant expression vectors were co-transfected with the R-globin
and 5xP1 f-globin construct in BTC1 cells. The numbers given are nor-
malized to the internal control and represent at least 5 independent
transfection experiments. (From Ohlsson et al., 1993, Reprinted with
kind permission from EMBO J.).

of cells in the bud still express IPF1, whereas no or very few
IPF1 containing cells are present in the duodenum or the stalk
itself (Fig. 5F). We have also shown that at later stages of devel-
opment, when the different differentiated cell types start to
appear, the relative number of IPF1 expressing cells in the

developing pancreas decreases dramatically (Ohlsson et al.,
1993). The early onset of IPF1 expression in the gut at around
the time of pancreatic commitment, and the expression of IPF1
in probably all pancreatic precursor cells, suggest that IPF1
plays an important role in determination and/or differentiation of
not only the B-cells but rather in the establishment and propaga-
tion of all the pancreatic precursor cells.

IPF1-deficient mice selectively lack a pancreas

To test the hypothesis that IPF1 plays a role in the pancreat-
ic commitment of the foregut endoderm we have generated
IPF1-deficient mice by deleting exon 2, which encodes the
homeodomain of IPF1 (J. Jonsson and H. Edlund, unpublished
results), using homologous recombination in ESB-cells
(Jonsson et al., 1994). Newborn homozygous mutant mice do
not show any morphological abnormalities, except that they
appear slightly smaller than wildtype and heterozygous litter-
mates (Fig. A, Jonsson et al., 1994). The IPF1-deficient pups
are initially able to feed as indicated by the presence of milk in
their stomachs, but they soon become dehydrated and after a
few days they become immobile and die. The homozygous IPF1
mutants completely lack a pancreas, but there are no other
apparent abnormalities. The ducdenum from which the pan-
creas normally develops shows the normal C-shaped form (Fig.
6B and C, Jonsson et al., 1994). The intestines as well as the
liver and the common bile duct, which also develop from the
same part of the primitive foregut as the pancreas, appear nor-
mal in size and occupy their normal positions (Fig. 7, Jonsson et
al, 1984). The spleen, which is, in part, thought to be derived
from "pancreatic" mesoderm (Wessells and Cohen, 1967) also
appears normal in size and position in the homozygous mutants
(Fig. 7B, Jonsson et al., 1994). Thus, we conclude that IPF1-
deficiency leads to the selective loss of the pancreas. The new-
born homozygotes showed elevated urine glucose levels
(Jonsson et al., 1994) suggesting that the symptoms observed
and the cause of death are partly the result of insulin deficiency,
which leads to the development of diabetes, dehydration, coma
and death. The lack of the other islet hormones and exocrine
digestive enzymes may also contribute to the pathology. A sim-
ilar phenotype was previously observed using a diphtheria toxin
gene to ablate the pancreas in transgenic mice (Palmiter et al.,
1987).

To exclude the possibility that in the homozygous IPF1
mutants, morphogenesis but not cytodifferentiation, was arrest-
ed, we analyzed e15 embryos and neonates for ectopic expres-
sion of the pancreas-specific markers insulin and amylase. In
normal mice, pancreatic amylase and insulin were highly and
specifically expressed in the exocrine and endocrine pancreas,
respectively, whereas no pancreatic tissue and no ectopic
expression of insulin and amylase were detected in mutant e15
embryos or in neonates (Jonsson et al., 1994) showing that both
cytodifferentiation and morphogenesis of the pancreas are
arrested in the homozygous mutants.

In summary, the early expression pattern of IPF1 where a few
IPF1 positive cells can be detected in the gut region already at
the 10 somite stage (Fig. 5A), i.e. when the foregut endoderm
commits to a pancreatic fate, and the lack of a pancreas in the
Ipfi-deficient mutants, strongly suggest that IPF1 functions in
the determination and/or maintenance of the pancreatic identity



of common precursor cells, or in the regulation of their propaga-
tion.

Discussion

The transcriptional activity of the rat insulin | 5'flanking DNA is
to a large extent mediated by the enhancer element which con-
tains binding sites for a number of transacting nuclear proteins,
each contributing to the overall activity of the enhancer (Ediund
et al., 1985; Ohlsson and Edlund 1986, 1988; Karlsson et al.,
1987; German et al., 1992). Although the enhancer element is
dominant, it has previously been shown that the proximal "pro-
moter" sequences have a low intrinsic cell specific activity
(Edlund et al., 1985). Since IPF1 is restricted to the B-cells of
adult pancreas and binds to and transactivates the insulin pro-
moter via the P1 element (Ohlsson et al., 1991, 1993) it is very
likely that IPF1 in vivo contributes to the B-cell specific activity of
the insulin promoter. The P1 element is exiremely well con-
served in the promoter region of mammalian Ins genes and P1
like elements are also found within the regulatory regions of oth-
er B-cell specific genes such as glucokinase and islet amyloid
peptide (German et al., 1992) suggesting that IPF1 may have a
more general role in the regulation of B-cell specific gene
expression. The role of IPF1 in the development and mainte-
nance of the mature B-cell phenotype is presently being investi-
gated.

The ability of gut endoderm and its adherent mesoderm
(whole guts) to form a pancreas in vitro has been studied both in
the rat and the mouse, and the results show that the morpho-
logical and biochemical changes that occur during in vitro organ
culture correlate precisely with the events occurring in vivo
(Wessells and Cohen, 1967; Spooner et af., 1970). Whole guts
from 12 somite rat embryos developed both dorsal and ventral
pancreases (Spooner et al, 1970). Using a similar protocol in
the mouse it was shown that the capacity of the gut to form pan-
creatic tissue is acquired around the 10-somite stage (Wessells
and Cohen, 1967). Taken together, these results suggest that
the gut acquires sufficient ability to develop into a pancreas
around the 10 to 12 -somite stage. It has also been shown that
gut endoderm from 15-20 somite mouse embryos can develop
into a pancreas if combined with "non-specific" salivary meso-
derm, showing that at the 15 somite stage the endoderm is
determined and needs no further specific extrinsic input
(Wessells and Cohen, 1967). In the mouse, cells expressing the
IPF1 protein can first be detected in the primitive foregut endo-
derm at around the 10 somite stage (Fig. 5A) which correlates
with the time at which the gut explants acquire the ability to form
pancreatic tissue in vitro (Wessells and Cohen, 1967). At the

Fig. 4. IPF1 is restricted to the B-cells of adult mouse pancreas.
Cryostat sections (8 um) from adult mouse pancreas were stained with
affinity purified anti-IPF1 antibedies and anti-islet hormone antibodies.
(A) Staining (dark brown) with anti-IPF1 antisera showing that IPF1 is
restricted to the pancreatic islet cells and that IPF1 is localized to the
nucleus. (B,C) Costaining with anti-IPF1 antisera and anti-islet hormone
antibodies. The dark-brown nuclear staining represents the peroxidase
staining of IPF1, and the red staining represents alkaline phosphatase
staining of the different hormones. (B) Anti-glucagon antibodies. (C)
Anti-somatastatin antibodies.
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Fig. 5. IPF1 is specifically expressed in both the dorsal and ventral gut wall of early mouse embryos prior to morphogenesis and cytodif-
ferentiation. \Whole-mount immunohistochemistry on wild-type mouse embryos (A,B,C.E,F) using anti-IPF1 antisera. (A) 10-somite embryo, (B) 15-
somite embryo, (C) 20-somite embryo, (E) 27-somite embryo, (F) 35-somite embryo. (D} Immunohistochemistry on a 10 u cryostat section from a
20-somite embryo using anti-IPF1 antisera. Magnification x200.



early stages of pancreas development, prior to the onset of mor-

phogenesis and cytodifferentiation, IPF1 is most likely
expressed in all pancreatic precursor cells. This, and the selec-
tive loss of all pancreatic cell types in the mutant pups, suggest
a function for IPF1 in the determination and/or maintenance of
cell identity or propagation of a common pancreatic progenitor
cell.

The structurally related Xenopus X/Hbox 8 (Wright et al.,
1988) and rat STF-1/IDX-1 (Leonard et al., 1993; Miller et al.,
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Fig. 6. Ipf1 deficient mice lack a pancreas.
(A) A pair of newborn littermates, wild-type
{+/+) and Ipf1 (+*) mutant. (B) Photograph of
the stomach and duodenal region of a new-
born wild-type mouse as it appears after
removal from the abdomen. The arrows indi-
cate the pancreas. (C) Same as in (B) but
from an IPF1 (+) mouse. Note the complete
absence of a pancreas. Abbreviations; s,
stomach,; d, duodenum, p, pancreas. (From
Jonsson et al., 1994. Reprinted with permis-
sion from Nature. Copyright 1994 Macmillan
Magazines Limited).

1994) proteins, are also selectively expressed in the endoderm
of the duodenum and the pancreas but at present it is not
known whether these proteins represent functional homologs of
IPF1. XIHbox8, which, outside of the homeodomain is the most
divergent of these structurally related proteins (Fig. 1C, Ohlsson
et al., 1993), is restricted to epithelial cells of the duodenum and
the developing pancreas, but in the adults XIHbox8 is only
found in the nuclei of the pancreatic excretory ducts and no
expression is observed in the pancreatic islet cells (Wright et al.,
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1988). Using low stringency hybridization and PCR we have so
far failed to detect any Xenopus counterpart of IPF1 or, con-
versely, a murine counterpart of XiHbox8 (our unpublished
data). The expression pattern reported for STF-1/IDX-1 differs
slightly from that reported for IPF1 in that it is islet, rather than
B-cell, specific, but whether this is a true discrepancy or merely
a consequence of the purity and/or specificity of the antibodies
used remains to be elucidated. The LIM-homeo domain proteins
Isl-1 (Karlsson et al., 1990) and Imx-1 (German et al.,, 1992),
and the quail homolog of Pax-6, Pax-QNR (Turque et al., 1994),
are also expressed in the developing and adult pancreas.
Recently a novel homeobox gene, HB9, which is also highly
expressed in the pancreas has been isolated (Harrison et al.,
1994). The region-specific expression of IPF1, STF-1/IDX-1,
XIHbox 8, Isl-1, Imx-1 and HB2 may permit the identification of
putative inductive signalling pathways involved in the patterning

Fig. 7. The gut and its associated organs develop nor-
mally in Ipf1 -/- mice. (A) The intestines from a pair of 2-
day old wt (+/+) and mutant () pups. The arrow indicates
the pancreas. (B) Spleen (top) and liver (below) from a pair
of 2-day old wt (+/+) and mutant (-/-) pups. (C) Photograph
showing the common bile duct of & newborn wild-type
mouse. The arrow indicates the common bile duct. (D)
Same as in (C) but from an IPF1 () mouse. The arrow
indicates the common bile duct. (From Jonsson et al.,
1894. Reprinted with permission from Nature. Copyright
1994 Macmillan Magazines Limited).

of the primitive gut endoderm. The identification of target genes
of IPF1 in these primitive endodermal cells will be important for
our understanding of how IPF1 specifies the identity of these
cells and for our understanding of the axial patterning of the
endoderm.

It is interesting to note that when IPF1 expression is initiated
around the 10 somite stage, no "pancreatic" mesoderm or even
loose mesoderm is associated with the dorsal gut endoderm,
which is instead in close proximity to the notochord (Wessells
and Cohen, 1967). The notochord is known to be a source of
inductive signals that contribute to the regionalization of the
neural plate, possibly mediated by vertebrate members of the
Hedgehog family of signalling molecules (Yamada ef al., 1991;
Ericson ef al., 1992; Echelard et al., 1993; Krauss ef al., 1993;
Riddle et al., 1993; Roelink et al., 1994). A putative role of the
notochord and/or Hedgehog proteins in the early inductive




events leading to IPF1 expression and the formation of the pan-
creas can now be studied. At later stages of development, IPF1
expression becomes gradually restricted and is only evident in
the B-cells of the adult pancreas, suggesting that identification of
signalling pathways that regulate IPF1 expression may also con-
tribute to our understanding of the generation and maturation of
the pancreatic B-cells.

Materials and Methods

Isolation of cDNA clones

PCR reactions were carried out on a BTC1 Agt11 library using a set
of degenerate oligonucleotides complementary to a consensus
sequence of helix Il of known homeobox genes, in combination with
either of the two oligonucleotides included in the Agt11 insert screening
amplimer set (Ohlsson ef al., 1993). The PCR product of interest was
sequenced and subsequently labeled with (a3?P)dATP and used as a
probe to screen the TC Agt11 in order to isolate a full-length cDNA clone.

Nuclear extract preparation, EMSA and DNA transfections

Nuclear extract was prepared from BTC1 cells and the EMSA was
carried out as previously described (Ohisson and Ediund, 1986). The
oligonucleotides used in the EMSA assays have been described
(Ohlsson ef al., 1991, 1993). DNA transfections of BTC1 and CHO cells
were carried out as previously described (Walker et al., 1983).

Immunohistochemistry

Immunchistochemistry on cryosections of mouse embryos (10 pm)
and mouse tissue (8 pm) was performed as described previously
(Ohisson ef al, 1993; Jonsson et al, 1994). IPF1 was detected with
affinity-purified rabbit antibodies (Ohlsson et al., 1893), glucagon with
guinea pig anti-glucagon antibodies (Linco Inc), somatostatin with rabbit
anti-somatostatin antibodies (Sera-Lab). The anti-IPF1 primary antibod-
ies were detected with the ABC immunoperoxidase system (Vector
Laboratories Inc.), the glucagon primary antibodies with alkaline phos-
phatase-conjugated goat anti guinea pig immunoglobulins (Southern
Biotechnology Inc.) and the somatostatin primary antibodies with alka-
line phosphatase-conjugated goat anti-rabbit immunoglobulins
(Dakopatt)

Whole-mount immunohistochemistry

Whole-mount immunchistochemistry was carried out on e8-e10
mouse embryos as described previously (Ohlsson et al., 1993) but with
the following modifications. Embryos were fixed in 4% paraformaldehyde
in PB (0.1 M sodium-phosphate buffer pH 7.4) for 1-2 h, washed in
TBST, transferred in steps into methanol, blocked for endogenous per-
oxidase activity in methanol containing 3% hydrogen peroxide for 30-60
min. The embryos were then transferred back to TBST. Non-specific
binding was reduced by incubation in 10% normal goat serum in TBST.
Antibodies were diluted in TBST with 10% normal goat serum. The pri-
mary antibodies were detected with the ABC immunoperoxidase system
according to the manufacturers recommendation (Vector Laboratories
Inc., USA) with the exception that the ABC complex was diluted 2-fold
before incubation. After each antibody incubation, embryos were exten-
sively washed in TBST for at least 4 h with 4-6 changes.

Acknowledgments
We are indebted to Dr. Amanda Cockshuit for proof-reading.

References

CHEUNG, A.K. (1989). DNA nucleotide sequence analysis of the immediate-early
gene of pseudorabies virus. Nucleic Acids Res. 17: 4637-4646.

ECHELARD, Y., EPSTEIN, D., St-JACQUES, B., SHEN, L., MOHLER, J. and
McMAHON, J. and McMAHON, A. (1993). Sonic hedgehog, a member of a

Pancreas development requires IPF1 797

family of putative signaling molecules, is implicated in the regulation of CNS
polarity. Cell 75: 1417-1430.

EDLUND, T., WALKER, M.D., BARR, P.J. and RUTTER, W.J. (1985). Cell-specific
expression of the rat insulin | gene: evidence for a role of two distinct 5 flank-
ing elements. Science 230: 912-916.

ERICSON, J., THOR, S., EDLUND, T, JESSEL, TM. and YAMADA, T. (1992).
Early stages of motor neuron differentiation revealed by expression of home-
obox gene Islet-1. Science 256: 1555-1560.

GERMAN, M.S., WANG, J., CHADWICK, R.B. and RUTTER, W.J. (1992).
Synergistic activation of the insulin gene by a LIM- homeo domain protein and
a basic helix-loop-helix protein: building a functional insulin minienhancer com-
plex. Genes Dev. 6: 2165-2176.

GITTES, G.K. and RUTTER, W.J. (1992). Onset of cell-specific gene expression in
the developing mouse pancreas. Proc. Natl. Acad. Sci.. USA 89: 1128-1132.

HARRISON, KA., DRUEY, K.M., DEGUCH|, Y., TUSCANO, J.M. and KEHRL, J.H.
(1994). A novel human homeobox gene distantly related to proboscipedia is
expressed in lymphoid and pancreatic tissues. J. Biol. Chem. 269: 19968-
19975.

JONSSON, J., CARLSSON, L., EDLUND, T. and EDLUND, H. (1994). Insulin-pro-
moter factor 1 is required for pancreas development in mice. Nature 371: 606-
609.

KARLSSON, O., EDLUND, T., BARNETT-MOSS, J., RUTTER, W.J. and WALKER,
M.D. (1987). A mutational analysis of the insulin gene transcriptional control
region: expression in beta cells is dependent on two related sequences within
the enhancer. Proc. Natl. Acad. Sci. USA 84: 8813-8823.

KARLSSON, O., THOR, S., NORBERG, T., OHLSSON, H. and EDLUND, T. (1990).
Insulin gene enhancer binding protein Isl-1 is a member of a novel class of pro-
teins containing both a homeo and a cys-his domain. Nature 344: 879-882.

KRAUSS, S., CONCORDET, J-P. and INGHAM, P. (1993). A functionally conserved
homelog of the Drosophila segment polarity gene hh is expressed in tissues
with polarizing activity of zebrafish embryos. Cell 75: 1431-1444,

LE DOUARIN, N. (1978). The embryological origin of the endocrine cells associat-
ed with the digestive tract: experimental analysis based on the use of a stable
cell marking technique. In Gut Hormones (Ed. S.R. Bloom). Churchill
Livingstone, London, pp. 49-56.

LEONARD, J., PEERS, B., JOHNSON, T., FERRERI, K., LEE, S. and MONTMINY,
M.R. (1993) Characterization of somatostatin transactivating factor-1, a novel
homeobox factor that stimulates somatostatin expression in pancreatic islet
cells. Mol. Endocrinol, 7: 1275-1283.

MILLER, C.P., McGEHEE, Jr, R.E. and HABENER, J.F. (1994). IDX-1: a new
homeodomain transcription factor expressed in rat pancreatic islets and duo-
denum that transactivates the somatostatin gene. EMBO J. 13: 1145-1158.

OHLSSON, H. and EDLUND, T. (1986). Sequence-specific interactions of nuclear
factors with the insulin gene enhancer. Cell 45: 35-44.

OHLSSON, H., KARLSSON, K. and EDLUND, T. (1993). IPF1, a homeo-domain
containing transactivator of the insulin gene. EMBO J. 12: 4251-4259.

OHLSSON, H., KARLSSON, O. and EDLUND, T. (1988). A beta-cell specific pro-
tein binds to the two major regulatory sequences of the insulin gene enhancer.
Proc. Natl. Acad. Sci. USA 85: 4228-4231.

OHLSSON, H., THOR, S. and EDLUND, T. (1991). Novel insulin promoter- and
enhancer-binding proteins that discriminate between pancreatic «- and B-cells.
Mol. Endocrinol. 5: 897-904.

PALMITER, R.D., BEHRINGER, R.R., QUAIFE, C.J., MAXWELL, F., MAXWELLI,
I.H. and BRINSTER, R.L. (1987). Cell lineage ablation in transgenic mice by
cell-specific expression of a toxin gene. Cell 50: 435-443.

PICTET, R. and RUTTER, W.J. (1972). Development of the embryonic endocrine
pancreas. In Handbook of Physiology (Eds. D.F. Steiner and M. Frenkel).
American Physiology Society, Washington D.C., pp. 25-66.

PICTET, R., RALL, L.B., PHELPS, P. and RUTTER, W.J. (1976). The neural crest
and origin of the insulin-producing and other gastro-intestinal hormone-produc-
ing cells. Science 19: 191-193.

RIDDLE, R., JOHNSON, R., LAUFER, E. and TABIN, C. (1993). Sonic hedgehog
mediates the polarising activity of the ZPA. Cell 75: 1401-1416.

ROELINK, H., AUGSBURGER, A.. HEEMSKERK, J., KORZH, V., NORLIN, S.,
RUIZ | ALTABA, A., TANABE, Y., PLACZEK, M., EDLUND, T., JESSELL, T. and
DODD, J. (1994). Floor plate and motor neuron induction by vhh-1, a vertebrate
homolog of hedgehog expressed by the notochord. Cell 76: 761-775.




798 J. Jonsson et al.

SPOONER, B.S., WALTHER, B.T. and RUTTER, W.J. (1970). The development of
the dorsal and ventral pancreas in vivo and in vitro. J. Cell Biol. 47: 235-246.

STEINER, D.F., CHAN, S.J., WELSH, J.M. and KWOK, S.C.M. (1985). Structure
and evolution of the insulin gene. Annu. Rev. Genet. 19: 463-484.

TURQUE, N., PLAZA, S., RADVANYI, F., CARRIERE, C. and SAULE, S. (1994).
Pax-QNR/Pax-6, a paired box- and homeobox-containing gene expressed in
neurons is also expressed in pancreatic endocrine cells. Mol. Endocrinol. 8:
929-938.

WALKER, M.D., EDLUND, T., BOULET, A.B. and RUTTER, W.J. (1983). Cell-spe-
cific expression controlled by the 5' flanking region of insulin and chymotrypsin
genes. Nature 306: 557-561.

WEEDEN, C.J., KOSTRIKEN, R.G., MATSUMURA, |. and WEISBLAT, D.A. (1990).
Evidence for a new family of evolutionary conserved homeobox genes. Nucleic.
Acids Res. 18: 1808.

WESSELLS, N.K. and COHEN, J.H. (1967). Early pancreas organogenesis: mor-
phogenesis, tissue interactions and mass effects. Dev. Biol. 15: 237-270.

WRIGHT, C.V.E., SCHNEGELSBERG, P. and DE ROBERTIS, E.M. (1988).
XIHbox8: a novel Xenopus homeo protein restricted to a narrow band of endo-
derm. Development 104: 787-794.

YAMADA, T., PLACZEK, M., TANAKA, H., DODD, J. and JESSELL, T.M. (1991).
Control of cell pattern in the developing nervous system: polarizing activity of
the floorplate and notochord. Cell 64: 635-647.



