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A Drosophila gene, HNF-4(D), was selected by cross-
hybridization with a probe to rat HNF-4 (hepatocyte
nuclear factor 4), a steroid hormone receptor super-
family member that plays an important role in liver-
specific gene expression. The Drosophila gene matched
the mouse gene in 60 out of 66 amino acids in the zinc
finger DNA binding domain and in 140 out of 206 amino
acids in the domain that specifies dimerization and ligand
binding. HNF-4(D) is expressed in developing Drosophila
embryos in mid-gut, fat bodies and malpighian tubules,
a striking similarity to its limited expression in the adult
intestine, liver and kidney of the mouse. Furthermore,
Drosophila mutant that has a chromosome deletion
spanning the HNF-4(D) locus fails to develop tissues
where HNF-4(D) is expressed during late embryogenesis.
These findings together with the earlier realization that
the rat hepatocyte nuclear factor 3 (HNF-3) and forkhead,
a Drosophila gene required for anterior and posterior gut
formation, had virtually the identical DNA binding
domain, lead us to speculate that a group of genes that
participate in gut formation of invertebrates has survived
in evolution to perform similar functions in mammals.
Key words: DNA binding domain/Drosophila/embryogenesis/
HNF-4(D)/transcription factor

Introduction

In the development of specialized vertebrate cells such as
the hepatocyte, the possibility of a regulated cascade of
transcription factors extending from the fertilized egg to an
adult differentiated cell implies the potential existence of a
very large number of serially-dependent regulatory proteins.
Nevertheless, in the face of a possibly protracted effort to
understand hepatocyte development, a large effort has been
made to identify and clone genes encoding transcription
factors that participate in adult liver-specific transcription
(C/EBP, HNF-1,-3,-4, LAP and DBP; for review see Lai
and Darnell, 1991; Sladek and Darnell, 1992). The eventual
aim of this work is to understand developmental decisions
that allow different primitive endodermal cells to make the
choices that result in becoming the secretory cells of the
salivary gland, thyroid gland, pancreas and liver or the
various epithelia of the gastro-intestinal tract and gall bladder.
While these recently cloned transcription factors from
hepatocytes (C/EBP, HNF-1,-3,-4, LAP, DBP) are only
found in a limited number of adult cell types (Landschulz
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et al., 1988; Frain et al., 1989; Baumhueter et al., 1990;
Descombes et al., 1990; Lai et al., 1990; Mueller et al.,
1990; Sladek et al., 1990), none of these proteins is strictly
liver-specific. For example HNF-1 and -4 are found also
in the kidney (Baumhueter et al., 1990; Sladek et al., 1990)
and C/EBP is found in brain and fat cells, all tissues that
are not of a endodermal origin (Birkenmeier et al., 1989;
Ruppert et al., 1990; Xanthoupoulous et al., 1989).

Recently it was realized that one family of these proteins,
the hepatocyte nuclear factor 3 (HNF-3) family, has a highly
conserved novel DNA binding domain that is also highly
conserved (86 of 110 amino acids) in the Drosophila
homeotic gene forkhead (Weigel and Jackle, 1990; Lai ez al.,
1991). Since forkhead plays a critical role in the embryo-
genesis of the gut, malpighian tubule and salivary gland
(Jurgens and Weigel, 1988; Weigel et al., 1989a,b), it seems
logical that HNF-3 could have important early embryonic
functions in the mouse. Thus the cloned mammalian
transcription factor genes that encode the adult liver factors
may allow more rapid access to learning about mammalian
endodermal choices than we could earlier have had reason
to hope.

In this paper we describe the isolation of a Drosophila
homolog to HNF-4, a steroid hormone receptor superfamily
member that helps activate transcription of a wide array of
genes in the liver (Costa et al., 1989; Sladek ez al., 1990;
Mietus-Snyder et al., 1992). The identity in amino acid
sequence between the presumed functional domains of
HNF-4 and the Drosophila homolog is striking: 60 out of
66 amino acids in the zinc finger DNA binding domain and
140 out of 206 amino acids in the protein domain responsible
for dimerization and ligand binding in the protein. The
mRNA of the Drosophila HNF-4 counterpart is deposited
in eggs uniformly (a maternal mRNA) and is only detected
in the terminal regions during late nuclear divisions preceding
cellularization, it then disappears before gastrulation and then
reappears in the mid-gut, fat bodies and malpighian tubules
in later organogenesis. Furthermore, a Drosophila mutant
that has a chromosome deletion spanning the HNF-4(D)
locus, which therefore does not express HNF-4(D)
zygotically, fails to develop the tissues where HNF-4(D) is
expressed during normal late embryogenesis. These results
support an essential role of HNF-4 in early gut formation
and in organogenesis that may have been preserved during
evolution from invertebrates to vertebrates.

Results

A Drosophila HNF-4 homolog

To search for a Drosophila HNF-4 homolog, a Drosophila
genomic DNA library was screened under moderately
stringent conditions (see Materials and methods) with a
labeled rat cDNA probe encoding the zinc finger domain
of the rat HNF<4 [HNF-4(R)] sequence. Positive clones were
selected and the cross-hybridizing segments identified, cloned
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and sequenced. As the sequencing of the genomic DNA
clones progressed, it became obvious that indeed a close
sequence relationship existed between the probe and scattered
regions of the Drosophila genomic DNA. Since many steroid

1 MHADALASAYPAASQPHSPIGLALSPNGGGLGLSNSSNQSSENFALCNGN
51 GNAGSAGGGSASSGSNNNNSMEFSPYNNLNGSGSGTINS SQOQLOOOO0OO0S
101 PTVCAICGDRATGKEYGASSCDGCKGFFRRSVRKMHQYTCRFARNCVVDK

* * * * * *

151 DKRNQCRYCRLRKCFKAGMKXEAVONERDRISCRRTSNDDPDPGNGLSVI
201 snvnanm&smmunw
251 WAKQIPAFNELQLDDQVALLRAHAGEHLLLGLSRRSMHLKDVLLLSNNCV
301 ITRHCPDPLVSPNLDISRIGARIIDELVIVMKDVGIDDTEFACIKALVFF
351 DPNAKGILNEPHRIKSLRHQILNNLEDYISDRQOYESRGRFGEILLILPVIQ
401 SITWQMIEQIQFAKIFGVAHIDSLLQEMLLGGELADNPLPLSPPNOSNDY
451 QSPTHTGNMEGGNQVNSSLDSLATSGGPGSHSIDLEVOHIQALIEANSAD
501 DSFRAYAASTAAAAAAAVSSSSSAPASVAPASISPPLNSPKSQHQHQOOHA
551 THQQOOESSYLDMPVKHYNGSRSGPLP TQHSPQRMHPYQRAVASPVEVSS
601 GGGGLGLRNPADITLNEYNRSEGSSAEELLRRTPLKIRAPEMLTAPAGYG
651 TEPCRMTLKQEPETGY
Fig. 1. Deduced amino acid sequence of Drosophila HNF-4 protein.
Nucleotide sequence (not shown) of HNF-4(D) cDNA was based on
05-2-1 clone and verified from at least one other source. The probable

initiator methionine is marked 1, the asterisks denote the cysteines that
make up the two zinc fingers of the DNA binding domain.

thyroid hormone receptor genes have widely scattered exons,
it seemed likely this was the case for the HNF-4-related
Drosophila gene as well.

A cDNA sequence containing the complete coding region
was achieved by selection and sequencing of a Drosophila
HNF-4 [HNF-4(D)] clone from an ovary cDNA library. The
Drosophila cDNA is capable of encoding a 666 amino acid
protein (Figure 1), longer than the 455 amino acids of the
rat and 465 amino acids of the mouse proteins. Comparing
the sequences of the Drosophila and rat (or mouse) sequence
revealed a striking identity in the zinc finger (DNA binding)
domain: 60 of 66 amino acids are identical. The 12 amino
acids immediately after the zinc finger are also completely
conserved (Figure 2B). This is a higher degree of identity
than between any Drosophila steroid receptor family
members (Figure 2A) or mammalian receptor family
members, even those that bind the same DNA site such as
the Arp-1 or glucocorticoid and mineralocorticoid receptors
(Evans, 1988; Sladek et al., 1990; Mietus-Snyder, 1992).
In addition to the sequence identity, the genomic coding
structure is the same in the two HNF-4 genes. One exon
encodes five of the eight cysteines of the two zinc fingers
and the following exon encodes the remaining three cystines
(Figure 2B). In most steroid family members, each zinc
finger (four cysteines) is encoded in a separate exon.

In addition to the DNA binding region, another section
of the protein between amino acid 222 and 432 in HNF-4(D),
and 163 and 369 in HNF-4(R) shows 68% amino acid
identity (140 of 206 amino acids, Figure 2B). This region
of the receptor proteins directs dimerization as well as ligand

A B
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Fig. 2. Comparison of HNF-4 proteins and members of steroid hormone receptors in Drosophila melanogaster; (A) Sequence and structure similarity
between HNF-4 proteins and members of steroid hormone receptor superfamily in D.melanogaster. The primary amino acid sequences of Drosophila
HNF-4(D) were compared with HNF-4(R) and Drosophila steroid hormone receptors using the FASTA program (Pearson and Lipman, 1988).
Percentages denote amino acid identity within the zinc finger (Zn) and ligand binding domains. The various genes include (HREC2C), a Drosophila
steroid hormone receptor-like protein (Henrich ez al., 1990); (CF1) Drosophila chorioin factor CF1 (Shea er al., 1990); (XR2C) Drosophila XR2C
protein (Oro et al., 1990); (SVP1) Drosophila seven-up protein type 1 (Mlodzik er al., 1990); (TLL) Drosophila tailless protein (Pignoni e al.,
1990); (E75A) Drosophila E75E protein (Feigl er al., 1989; Segraves and Hogness, 1990); (75B) Drosophila hypothetical 75B protein (Feigl et al.,
1989; Segraves and Hogness, 1990); (FTZF1A) Drosophila fiz-f] protein (Lavorgna et al., 1991); (KNIRPS) Drosophila knirps protein (Nauber

et al., 1988); (EGON) Drosophila embryonic gonad protein (Rothe et al., 1989); (KNR1) Drosophila knirps-related protein (Oro et al., 1988).

(B). Comparison of the putative Drosophila HNF-4 protein with rat HNF-4. Amino acid sequences of Drosophila HNF-4 [HNF-4(D)] and rat
HNF-4. [HNF-4(R)] were compared using the FASTA program. (3) indicates amino acids that are identical; () indicates conservative amino acid
changes. Sequences were aligned for maximum similarities by introducing gaps (hyphens). 60 out of 66 of the HNF-4(R) amino acids in the DNA
binding domain (double underlined) are identical, while 140 out of 206 amino acids in the presumptive ligand binding domain (single underlined) are
identical. Asterisks denote the splicing junction in the DNA binding domain that has been conserved between mouse and Drosophila (see text).
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binding in those family members known to bind ligands
(Evans, 1988). There is no known ligand for HNF-4. This
high level of sequence identity contrasts with 20—40%
identity between different members of the superfamily in this
region (Figure 2B). Thus by sequence comparison and gene
structure, HNF-4(R) and HNF-4(D) are very closely related.

HNF-4(D) is a site-specific DNA binding protein

The close similarity in amino acid sequence in the zinc finger
region of HNF-4(R) and HNF-4(D) strongly suggests that
HNF-4(D) is also a DNA binding protein. To test this
possibility, we inserted the HNF-4(D) sequence into a
transcription vector, produced the corresponding mRNA and
translated it in vitro. The HNF-4(D) is 666 amino acids long
compared with HNF-4(R), which is 455 amino acids long.
The translation product of the HNF-4(D) mRNA, when
mixed with a labeled deoxyoligonucleotide carrying an
HNF+4 binding site, produced a specific gel retardation band
that migrated more slowly than the characteristic HNF-4(R)
band and was competed specifically by the unlabeled HNF-4
binding site. An antibody directed against the conserved
region of the two proteins also recognized the HNF-4(D)
translation product (Figure 3).

HNF-4(R), like all steroid thyroid family members, forms
homodimers (Sladek et al., 1990), but does not form
heterodimers with several members of the superfamily that
have been tested, presumably because their dimerization
domains are too dissimilar (F.M.Sladek, unpublished
observation; Mietus-Snyder et al., 1992). However, when
the HNF-4(R) and HNF-4(D) mRNAs were co-translated
and then tested in the gel-shift assay, the translation products
formed an intermediate gel-shift band indicative of
heterodimer formation (Figure 3). This is further evidence
of the close relationship between these two proteins, which
has been maintained throughout a great evolutionary
distance.

Chromosomal location of HNF-4(D)

To begin the analysis of possible functions for HNF-4(D),
a digoxygenin-labeled probe was prepared and hybridized
to chromosome preparations from the salivary glands of wild
type third instar larvae. One single band of hybridization
was found in the left arm of chromosome 2, in the general
region of 29E (data not shown). A number of strains that
have deletions spanning this region are known, all of which
are lethal in homozygotes (Wustmann et al., 1989). In the
salivary glands of heterozygotes, where one half of the
polytene chromosome has a deletion in the 29E region,
resulting in split salivary gland chromosomes, hybridization
occurred to only half of the polytene chromosome 2
(Figure 4). This confirms that the HNF-4 gene is deleted
in one of the strains giving rise to the heterozygous flies.

The mRNAs of HNF-4(D)

A radiolabeled probe from a coding region of the HNF-4
gene was prepared for use in Northern blots to identify the
size and time of appearance of mRNAs from the gene. Two
mRNA bands of ~4.6 and 3.3 kb were observed in several
different RNA samples. A strong signal was observed in the
earliest sample (0—2 h), which contained mostly early
embryos. The 2—4 h and 4—6 h samples had only a trace
of each mRNA and later samples (8—12 h and 16—24 h)
again contained significant amounts of mRNA, with the
8—12 h predominantly containing the 3.3 kb transcript and
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the 16—23 h predominantly containing the 4.6 kb species
(Figure 5A).

In situ hybridization

In order to determine more carefully the time of mRNA
presence and determine its localization within the fertilized
egg, in situ hybridization to detect the HNF-4(D) mRNA
was carried out. The strongest reaction was in stage 1 and
2 embryos where the mRNA was uniformly distributed.
Furthermore, in situ hybridization of the ovaries indicated
that this RNA was deposited in the egg by the nurse cells
(data not shown). During cleavage stages, retention of the
mRNA to the peripheral regions of the syncytial blastoderm
was noted. Just before cellularization, the only detectable
stain in the syncytial blastoderm was terminal, with the
posterior end being stained more strongly than the anterior
[Figure 5B (a—d)].

From ~2-3 h to 6 h after fertilization, there was no
detectable HNF-4(D) mRNA. The mRNA then reappeared
between 6 and 8 h, initially in the endodermal cells cor-
responding to the invaginating posterior midgut primordium
and later also in the anterior midgut primordium [Figure 5B
(e—f)]. The stain grew more intense and definitely
conformed to the distribution of the dividing endodermal cells
in the midgut, which form Y-shaped internal structures
(Figure 6b; see Poulson, 1950). The cells of the foregut and
hindgut contained little or no HNF-4(D) mRNA. Still later
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Fig. 3. In vitro synthesized Drosophila HNF-4 protein binds to a
mammalian HNF-4 DNA recognition site and forms heterodimers with
rat HNF-4. HNF+4 proteins (rat or Drosophila or truncated versions of
these proteins) were prepared in vitro and used in gel-shift assays in
the absence (—) or presence (+) of competing unlabeled
oligonucleotide or various antisera to rat HNF-4 as indicated (see
Materials and methods). Lanes 1—5, HNF-4(D) protein. PI is the
preimmune serum. Anti-DL is a rabbit antibody against a portion of
the rat HNF-4 DNA binding and ligand binding domains that are
conserved in Drosophila. Anti-C is an antibody against the very C-
terminus of the rat HNF-4 that is not conserved in Drosophila; lanes 6
and 7, in vitro transcribed HNF-4(D) RNA was mixed with HNF-4(R)
RNA and then co-translated in vitro. An intermediary band was seen
(lane 6) which can be supershifted by anti-C antibody (lane 7); lanes 8
and 9 HNF-4(R) protein; lanes 10 and 11, RNA encoding the
truncated HNF-4(D) protein was either mixed with the RNA coding
for the full length HNF-4(D) and co-translated (lane 10) or translated
alone (lane 11). The intermediary band can be seen (lane 10).
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Fig. 4. Cytological analysis of HNF-4(D). In situ hybridization of the salivary gland polytene chromosomes from a third instar larva of the strain
TE196X1 (Wustmann, 1989) that is heterozygous for a deficiency at 29E2-F1 to 30C2-4. Using a digoxygenin-UTP-labeled HNF-4(D) genomic
DNA fragment (encodes a part of the ligand binding domain), hybridization was detected on half of the heterozygous chromosome around

region 29E.

stages (stage 14/15) show a variety of tissues that contain
HNF-4(D) mRNA. These include fat bodies, malpighian
tubules, salivary glands and one cluster of cells on either
side of each of the abdominal segments of the embryo, the
nature of which is uncertain but may be related to the
peripheral nervous system or endocrine system
[Figure 5B(g—h), Figure 6(b—c)]. Note that the HNF-4(D)
staining in the malpighian tubules was confined to the distal
part of each tubule [Figure 5B (g—h)]. This distal region
of the tubule contains dividing cells that are responsible for
the elongation of the malpighian tubules. At the end of stage
15, when the fused midgut has contracted to form four loops,
the most staining in the midgut was observed in the midgut
caeca and in the first and fourth loops from which gut
primordia (nests of imaginal cells rather than imaginal disks)
arise in larvae (Poulson, 1950; Figure 6f).

Comparison of distribution of HNF-4(D) mRNA with
forkhead mRNA

It was recognized recently that the Drosophila homeotic gene
Jorkhead had significant amino acid identity within the DNA
binding domain of three members of the HNF-3 family of
mouse transcription factors (Weigle and Jackle, 1990; Lai
etal., 1991).

A panel of embryos stained for forkhead mRNA was
assembled to compare with the distribution of HNF-4 mRNA
(Figure 6). As described elsewhere (Weigle et al., 1990),
the initial expression of forkhead mRNA was in the terminal
region at late synctial blastoderm stage. While we have not
been able to compare exactly the same embryos for the time
course of appearance in terminal cells of HNF-4(D) and
Jorkhead mRNA, during late stages of gut development, the
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internal forkhead staining followed a different pattern from
HNF-4(D). A sharp division is seen [Figure 6(a—e)]
between foregut, hindgut and midgut with forkhead in the
foregut and hindgut and HNF-4(D) in the midgut. forkhead
mRNA was present in the salivary gland and the malpighian
tubules, as was HNF-4(D), but not in the fat bodies where
HNF-4(D) mRNA was prominent [Figure 6(a—e)].

Phenotypic analysis of the chromosome deletion
mutant

One of the Drosophila mutant strains that have chromosome
deletions spanning the HNF-4(D) locus (Figure 4) was used
to search for an HNF-4(D) developmental function. While,
as expected, the maternal expression of the HNF-4(D) was
not affected in the embryos homozygous for the deletion,
the zygotic expression after about stage 10 was expected to
be abolished. forkhead mRNA staining was used as a marker
to crudely assess the embryonic development in these
homozygotes. Early mid-gut, malpighian tubule and salivary
gland development appeared to be normal (Figure 7A and
B). However, after stage 10, when the HNF-4(D) mRNA
reappears in wild type embryos, there were clearly visible
defects in midgut, malpighian tubule and salivary gland
development in the mutants. Both the anterior and posterior
midgut failed to further invaginate, the malpighian tubules
failed to grow and the salivary gland invagination was
arrested [Figure 7 (C—F)]. At around stage 16, the endo-
dermal part of the midgut was clearly missing, the
malpighian tubules were not formed and the salivary glands
did not invaginate properly and were reduced significantly
in size [Figure 7 (G and H)]. The foregut and hindgut
development was much less affected.



Discussion

We have described here a previously undetected Drosophila
gene that has a striking sequence similarity to the mammalian
transcription factor termed HNF-4, a positively acting
member of the steroid hormone receptor superfamily of
transcription factors (Sladek et al., 1990). Like HNF-4(R),
the Drosophila protein can dimerize and bind to a DNA site
defined as an HNF-4 site. Thus it seems highly likely that
HNF-4(D) is also a positively acting transcription factor. The
close sequence similarity of the rat and the Drosophila
proteins raises the question of homologous function of the
two proteins. The rat protein is a prominent constituent in
adult liver, intestine and kidney nuclear extracts and can
positively activate genes that are transcribed preferentially
in these tissues. HNF-4(R) is not present in most other adult
tissues (Sladek ef al., 1990). Even though the tissue
distribution of HNF-4(D) in adult flies is unknown, in late
Drosophila embryos, i.e. stage 15, the mRNA is found in
the midgut, fat bodies and malpighian tubules (excretory
organs), a startling recapitulation of its distribution in adult
mouse intestine, liver and kidney. This highly conserved
tissue distribution between mouse and Drosophila strongly
suggests that HNF-4 may play a critical role during
organogenesis of these tissues that has been conserved
throughout animal evolution. The phenotype of Drosophila
mutants with large chromosome deletions spanning the
HNF-4(D) locus significantly substantiated this speculation.

Embryos homozygous for such deletions were drastically
altered in midgut, malpighian tubule and salivary gland
formation around stage 10, when the zygotic expression of
HNF-4(D) started. In contrast, the development of both
foregut and hindgut was much less affected. A point of
particular interest was the localized expression of HNF-4(D)
mRNA [Figure 6b and Figure 5B (g and h)] within the
midgut and malpighian tubules. As tested by preliminary
antibody staining experiments, HNF-4(D) protein shows a
similar localization (data not shown). HNF-4(D) is highly
expressed in the part of the midgut that corresponds to
regions of the dividing endodermal cells that are responsible
for the further invagination of the anterior and posterior
midgut (Poulson, 1950). The rest of the midgut shows little,
if any, HNF-4(D) expression. In the developing malpighian
tubules, the HNF-4(D) protein appears to be localized in the
very distal tip, the region in which cell division and tubule
elongation occurs (Skaer, 1989). These locations are in
accord with the arrest in the deletion strain of the endodermal
midgut invagination and the cessation of the malpighian
tubule elongation after stage 10, the time at which zygotic
expression of HNF-4(D) begins in the wild type embryo.
Because the deletions in the 29E region are large, we cannot
be certain that the described phenotypes are due solely to
HNF-4(D) loss. But such is possible and the phenotypes cor-
relate well with the pattern of tissue distribution of
HNF-4(D).

Do HNF-4(D) or (R) have any functions earlier in
development than organogenesis? We have recently found
that in cultured hepatoma cells, HNF-4(R) is a required
positively acting factor in the expression of the genomic copy
of another liver-enriched transcription factor, the hepatocyte
nuclear factor 1 (HNF-1), a POU homeodomain protein that
is also strongly expressed only in liver, intestine and kidney
(Kuo et al., 1992). Thus HNF-4 may be higher in a develop-
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ment hierarchy that leads to liver (endodermal) differentia-
tion. Thus we were particularly interested in any very early
role that HNF-4(D) might play as a guide to early effects
in mammals.

HNF-4(D) has a very strong maternal mRNA signal that
is uniformly distributed in the fertilized egg. Though we do
not yet know the distribution of HNF-4(D) protein at this
stage, we did observe the restriction of HNF-4(D) RNA in
the terminal regions at the end of syncytial blastoderm
preceding cellularization, with the expression at the posterior
terminus being stronger than that of the anterior. The termini
of the embryo contain the blastoderm anlagen of internal
organs, including the midgut. Cells in the anterior region
invaginate to become foregut and anterior midgut, while cells
at the posterior end of the embryo contribute both to hindgut
and to posterior midgut. While no detectable HNF-4(D)
RNA was found during early gastrulation and midgut
invagination, the mRNA reappears in the invaginating
posterior and anterior midgut around stage 10. This
expression pattern suggests that HNF-4(D) may be a
component of the terminal organizer system, which gives
rise to the unsegmented larval parts (acron and telson) and
internal organs including midgut. Unlike the anterior—
posterior or dorsal —ventral system, the maternal terminal
patterning seems to require a locally activated signal
transduction pathway. forso, a maternally encoded protein
that by sequence analogy is a transmembrane tyrosine kinase,
is a key component of this system. forso mutants lack the
structures posterior to the seventh abdominal segment and
internal organs including hindgut and posterior midgut.
(Nusslein-Vollhard et al., 1987; Klinger et al., 1988;
Strecker et al., 1989). Two gap genes, tailless and
huckebein, seem to execute the forso-initiated developmental
pathway of the gut. zailless mutants fail to develop hindgut
and the posterior midgut is reduced in size, while huckebein
mutants lack the midgut anlage completely. Furthermore,
tailless and huckebein double mutants are forso phenocopies
and torso gain-of-function mutants are dependent on tailless
and huckebein gene products (Pignoni ef al., 1990; Weigel
et al., 1990). However, it remains unknown what, if any,
maternally contributed transcription factors exist in the
hierarchy between torso, tailless and huckebein. torso is a
tyrosine kinase cell surface receptor that is activated by its
ligand in the embryonic poles and transmits its signal via
the downstream gene D-raf, a serine-threonine kinase
(Nishida et al., 1988; Ambrosio et al., 1989). It seems
logical that some maternally provided transcription factors
should be required to respond to the signals produced by
torso or D-raf, which will in turn activate the two gap genes
tailless and huckebein. It seems possible that the maternal
expression of HNF-4(D) mRNA and its retention in the
limited posterior position just before cellularization are
related to railless and/or huckebein expression. Specific
mutations in the HNF-4 locus that would result in a maternal
deprivation of HNF-4 mRNA are required to test this
possibility.

Regardless of the resolution of the possible early func-
tion of HNF-4(D) and any analogous early function in mice,
the findings to date raise the interest in HNF-4 as an impor-
tant gene in the differentiation of various specialized cell
types that arise from both endoderm and mesoderm. In
analogy with the function of Antennapedia in determining
the segment identity in flies and of hox proteins in vertebrae
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Fig. 5. Expression of Drosophila HNF-4 RNA during embryogenesis. (A). Northern blot analysis of total RNA from wild type embryos collected
during different embryonic stages using an HNF-4(D) genomic DNA fragment containing part of the ligand binding domain as a probe. A probe for
ribosomal protein RP49 served as a control. (B) In situ hybridization to whole mount wild type embryos. Embryos are stained with antisense
HNF-4(D) RNA probe, labeled with digoxygenin-UTP. All views are lateral, with anterior to the left, unless otherwise indicated. (a) Stage 2.
Staining of HNF-4(D) is uniform throughout the embryo. (b—e) Transition from late stage 3 to the end of stage of 5. Staining of HNF-4(D) can be
visualized around the periphery of the embryo. (b, late stage 3/4), then is localized at the posterior terminus of the embryo (c and d, stage 4/5), and
finally disappears at the end of cellulization, before gastrulation (e, stage 5). The unstained cells at the posterior terminus are the pole cells. (f) Stage
11. Staining of HNF-4(D) reappears in the developing posterior midgut primordium (pmg). (g—h) Stage 14, dorsal view (h). Staining of HNF-4(D)
can be visualized in the midgut (mg), fat bodies (fb), malpighian tubules (mt), and salivary gland (sg, not seen here due to optical section).

formation in mice (Akam, 1989; Kessel and Gruss, 1990),
we suggest that HNF-4(R) and HNF-4(D) conservation and
the conservation between forkhead and the HNF-3 family
suggests conservation throughout animal evolution of a net-
work of genes responsible for gut formation.

Materials and methods

Isolation of genomic and cDNA clones

Rat HNF-4 5’ end probe containing most of the zinc finger DNA binding
domain was labeled with 3P by random priming (Feinberg and Vogelstein,
1983). The probe was used to screen a Drosophila \EMBL3 genomic DNA
library as described in Maniatis et al. (1982) with modifications (Sladek
et al., 1990). Hybridization was at 42°C with 2XSSPE, 0.1% SDS,
5XDenhardt’s solution, 0.1 mg/ml denatured salmon sperm DNA and
1 ng/ml of denatured probe. The highest stringency wash was 1XSSC, 0.1%
SDS at 42°C. About 40 positive plaques were obtained out of a screen of
6% 10° phages. One of them, D2, was fully analyzed by restriction mapping
and hybridization with probes from both the zinc finger and ligand binding
domains of the rat HNF-4. Several fragments that hybridized to the rat
sequence were subcloned and sequenced using the dideoxy method (Sanger
et al., 1977). One of the fragments, a 0.5 kb BamHI—EcoRI fragment
(D2BE3) containing part of the ligand binding domain, was used to screen
a Drosophila NXZAPII ovary cDNA library as described above, hybridiza-
tion and washing were carried out at 65°C. Five positive clones were
obtained, one of which, 05-2-1, was fully sequenced by subcloning or
sequencing with internal oligonucleotides. The sequence matched known
genomic sequences. The other clones were partially sequenced, all matching
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05-2-1 clone in the coding region, but were all truncated within the coding
region.

Mobility shift assay and in vitro translation of HNF-4(D)
Drosophila HNF-4 cDNA clone 05-2-1 in pBluescript SK(—) was linearized
with either Xbal (in the 3’ polylinker) or Hpal (within the coding region,
at position 1858) and transcribed in vitro with T7 polymerase. In vitro trans-
lation using rabbit reticulocyte lysate and [*H]leucine was performed as
recommended by the manufacturer (Promega). Rat HNF4 (from clone pf7)
was synthesized as described by Sladek er al. (1990). Gel mobility shift
(DNA binding) assays (Fried and Crothers, 1981) were carried out in 15 pl
reactions in shift buffer (20 mM HEPES pH 7.9, 40 mM KCI, 2 mM
MgCl,, 1 mM DTT and 0.5 mM EGTA pH 8.0) and contained 2 ug
polyd(-C), 0.5—2 ul in vitro translated protein mixture and 0.5 ng double-
stranded APF-1 probe labeled with 3P by the Klenow fragment (Sladek
et al., 1990). Reactions were incubated at room temperature for 30 min.
Unlabeled APF-1 probe as specific competitor and antisera were added as
indicated. 6 ul of shift reaction were loaded on a 6% polyacrylamide gel
run in 25 mM Tris—borate and 0.25 mM EDTA at 4°C to separate protein
bound DNA complexes from free probes.

In situ hybridization to polytene chromosomes

Polytene chromosomes were prepared from the salivary gland of late third
instar larvae of either wild type or strain TE196x1 according to Pardue (1986)
with minor modifications. Chromosomes were denatured in 0.07 N NaOH
and hybridized with 0.5 kb segment of HNF-4(D) genomic DNA (D2BE3)
labeled with digoxygenin-UTP by random priming (Boehringer Mannheim).
Hybridization was carried out at 37°C in the presence of 3xSSC, 50%
formamide and 0.1 mg/ml denatured salmon sperm DNA. Signal detection
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Fig. 6. Tissue distribution of HNF-4(D) RNA is distinct from that of forkhead (fkh) during late embryogenesis. Wild type embryos are stained either
with digoxygenin-UTP labeled HNF-4(D) antisense RNA probe (a—c and f), or a fkh probe (d—e). (a) Stage 12/13. Both anterior (amg) and
posterior (pmg) midgut primordium are stained by HNF-4(D) probe. (b) Stage 13/14, dorsal view. The anterior and posterior midgut are stained in
Y-shaped configuration. HNF-4(D) staining in the fat bodies (fb), malpighian tubules (mt), salivary gland (sg) and clusters of ectodermal cells on
either side of each of the abdominal segments (arrowhead) are also evident. Note the absence of the staining in the foregut (fg) and hindgut (hg).

(c) Stage 15, dorsal view. The midgut (mg) has already formed a closed tube. (d—e) Stage 13/14(d) and 14/15(e). fkh staining in the foregut and
hindgut, but not in the midgut. Also notice the absence of the staining in the fat bodies. Salivary glands and malpighian tubules show strong fkh
staining. (f) Stage 16, dorsal view. Midgut convolutions are clearly visible. HNF-4(D) staining in the midgut is most visible in the first and fourth
convolution (arrowhead) and midgut caeca(gc).

Fig. 7. Phenotypes of the chromosome deletion mutant TE196X1. Wild type embryos (A, C, E and G) and embryos homozygous for the
chromosome deletion (B, D, F and H) are stained with digoxygenin-labeled fkh antisense RNA probe. (A and B) Stage 9, lateral view; (C and D)
Stage 11, lateral view; (E and F) Stage 13/14, lateral view; (G and H) Stage 15/16, dorsal view.

was performed with alkaline phosphatase conjugated antidigoxygenin anti- agarose — formaldehyde gel as described in Sambrook et al. (1989). The
body as described elsewhere (Tautz and Pfeifle, 1989). RNA was transferred to Immobilon-N (Millipore) and probed according

to the protocol suggested by the manufacturer. HNF-4(D) mRNA was
Northern blot analysis detected with a 0.5 kb [>’P]JdATP random-primed genomic fragment

Total RNA was extracted from different stages of wild type embryos (D2BE3). The high stringency wash was with 0.1 XSSC and 0.1% SDS
according to Jowett (1986). RNA (5 pg/lane) was electrophoresed ina 1% at 65°C for 30 min. The filter was probed with the control ribosomal protein
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(RP49) probe first and re-probed with HNF-4(D) probe without stripping.
The autoradiography with the HNF-4 probe was exposed for 5 days with
two intensifying screens at —70°C. Mouse rRNA (28S and 18S) was used
as size markers.

In situ hybridization to whole mount embryos

Embryos were collected, fixed and hybridized with RNA probes according
to Tautz and Pfeifle (1989) with minor modifications. Fragments of
HNF-4(D) or fkh cDNA were cloned into transcription vector pBluescript
KS(—) and transcribed in the presence of digoxygenin-UTP with either T3
or T7 RNA polymerase to generate antisense or sense RNA probes. Size
reduction of the RNA probes was carried out in 60 mM Na,CO; and
40 mM NaHCO; (pH 10.2) at 65°C for 40 min. Embryonic stages were
judged according to Campos-Ortega and Hartenstein (1985).

Identifying TE196X1 embryos homozygous for the
chromosome deletion

Embryos homozygous for the chromosome deletion were recognized either
by the lack of HNF-4 RNA staining (after stage 11, from parents with
Df/SMS5) or by the lack of lacZ RNA staining (before stage 11, from parents
with Df/SM6Bevelac). SM6Bevelac is the second chromosome balancer
that carrys P[ry+, eve-lac8.0] which gives even-skipped-like expression
of the lacZ reporter gene (provided by S.Beckendorf).
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