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A fork head related multigene family is transcribed In
Xenopus laevis embryos
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JOACHIM H. CLEMENTand WALTERKNOCHEL*

Abteifung Biochemie, Universitat UIm, UIm, Germany

ABSTRACT We have isolated and sequenced ten different members of the fork head/HNF-3
multigene family from Xenopus laevis which have been termed Xenopus fork head domain rei at.
ed IXFDI genes 1 to 10. Another four isolated genes IXFD' genes} represent pseudo-allelic variants
which arose by an ancient tetraploidization within this species. Whereas all genes of this multi.
gene family exhibit a high degree of sequence homology within the evolutionary conserved fork
head domain, sequences outside this module are substantially different. Based upon sequence
homologies over the entire coding sequences, XFD-7/T represent the Xenopus homologs to the
rodent hepatocyte nuclear factor HNF-3n, while XFD-3/3' encode the homol09s to HNF-3B. Here
we present an analysis of the temporal transcription pattern of XFD genes 1 to 10 during embryo.
genesis and in some adult tissues. Eight of these XFD genes are activated during embryonic devel-
opment, but show different and distinct transcription profiles. The localization of transcripts was
determined by whole-mount in situ hybridization, Although transcription of individual XFD genes
partially overlaps, each gene is characterized by means of a specific spatial pattern of transcrip-
tional activity.

KEY WORDS: XnlOpllJ lrwvis, embJ)'ogt'flf.~iJ.Iorll hfYld. wl1Ole-mounl in J;lu hJbJidi:.alion

Introduction

Control of gene expression during embryonic development in
higher eucaryotic organisms depends on a multitude of different
transcription factors which - in form of a complex network - reg.

ulate the temporal and spatial activation of their target genes.
According to some evolutionary conserved sequence modules
most of the hitherto known factors can be classified into a limit-
ed number of different multigene families. Examples for such
modules are the homeobox (helix-turn-helix), the helix-Ioop-
helix, the leucine zipper and the zinc finger motif. Another con.
served module has been discovered by sequence comparison
of the Drosophila gene fork head to rodent genes encoding
hepatocyte nuclear factors 3 (HNF-3) (Weigel and Jackie, 1990;
Lai et al., 1991). The corresponding proteins share a highly con-
served DNA binding domain of about 110 amino acids, the fork
head/HNF-3 domain. Meanwhile. this module has been detect-
ed in a variety of genes from different eucaryotic organisms
ranging from yeast to primates and its tertiary structure has
been determined (Clark el al., 1993; for review see Lai el al.,
1993).

A previous search for fork head related genes in Xenopus
revealed the existence of a multigene family (XFD genes:
Xenopus fork head domain related genes), all members of which
sharing this conserved module albeit at varying degrees of

homology (Knochel ef a/.. 1992). We have analysed so far the
temporal and spatial transcription of XFD-1 and XFD-2 genes
during embryogenesis (Knochel et al., 1992; Lef et al.. 1994).
XFD-1 has independently been described as pintallavis (Ruiz i
Altaba and Jessell, 1992) and the pseudo-allele XFD-I' has
independently been characterized as XFKHI (Dirksen and
Jamrich. 1992). Both genes are activated aher midblastula tran-
sition (MBT; Newport and Kirschner, 1982) in the dorsal lip. Their
transcripts are sUbsequently localized within notochord and
neural floor plate. XFD-2/2' is immediately activated at the onset
of zygotic transcription in the animal hemisphere. At late blastu-
la stage, transcripts are found in the marginal zone, i. e. within
mesodermal cells which will invaginate into the blastoporus dur-
ing gastrulation (Lef el al., 1994). These results and recent
reports on the embryonic expression of two Xenopus homologs
of rodent HNF-3 factors (Boice et al., 1993; Ruiz i Altaba el al..
1993) suggest, that members of the XFD family participate in the
complex network of transcription factors which is required for
pattern formation and tissue differentiation during early embryo-
genesis.

Here we report the sequences of some additional members of
the XFD multigene family. Ten different genes have been
analysed by RNase protection experiments for their temporal
transcription pattern during embryogenesis. Except for two
genes, where we failed to detect any transcripts. we show by
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whole-mountin situ hybridization that transcription of each indi-

vidual gene is restricted to distinct tissues. Even if we observe
some partial tissue overlap, each gene displays a unique pattern
of spatial transcriptional activity.

Results

A fork head related gene family in Xenopus laevis
Xenopus laevis gastrula stage cDNA and genomic libraries

were hybridized under reduced stringency with a labeled probe
encoding the fork head domain (fkh) of Drosophila melanogaster
(Weigel et al.. 1989; Weigel and Jackie. 1990). This approach
led to the isolation of six different genes designated as Xenopus
fork head domain related (XFD-1 to 6) genes (Knochel et al..
1992). Meanwhile. by performing further screenings. we suc-
ceeded in the isolation of additional four genes termed as XFD-
7 to 10. Moreover, due to the known genome duplication in

--

Fig. 1. Fork head domains (110

amino acids) of Xenopus XFD
genes compared to the corre.
sponding domain of the
Drosophila tkh gene. XFD genes
are subdivided into three distinct
subfamifies according to their
degrees of homology. Rates of Iden-
tity are shown for each gene with
respect to the fkh gene. Amino acids
which are identical to those of the
fkh gene are highlighted. Note the
sequence similarities (non-highlight-

ed amino acids) within each type of
subfamily.

Xenopus (Bisbee et al.. 1977; Knochel et a/.. 1986). we have
identified pseudo-allelic versions of XFD genes 1. 2. 3 and 7.
These XFD' sequences have also been isolated as cDNAs. By
comparison to their individual counterparts it became obvious
that a close sequence homology is not confined to their fork
head domains but extends over their entire sequences. Since
temporal and spatial expression patterns of these closely related
genes are also indistinguishable. it is reasonable to assume that
these sequences represent pseudo-alleles rather than different
isoforms. Figure 1 shows a compilation of nucleotide derived
amino acid sequences of 14 XFD fork head domains represent.
ing 10 different types of genes in comparison to that of the
founder sequence fkh. According to their varying degrees of
identity we have subdivided the XFD genes into three different
subfamilies. Except for the second group which is rather hetero-
geneous all members of a given subfamily show striking
sequence similarities. Whereas the DNA binding domains
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Fig. 2. Amino acid sequences of the pseudo-allelic variants XFD-3/3' and XFD-7/7', the Xenopus homologs of rodent HNF-3~ and HNF-3a,

respectively. Amino acids are aligned to the rat HNF-3fJ and HNF-3a sequences at highest homology. Invariable amino aCids are highlighted. XFO-7'
fully corresponds to XFKH2, XFD-3 deviates from the recently reported X{3-1 sequence at three positions (50.. SIR; 102: 511 and 31 7: ElK). Note the sifF

nllicant sequence homologies not only within the fork head domain (underlined) but also at the N- and C-terminal regions of the corresponding proteins.

encoded by the first subtamily (XFD-3, 7 and 1) share more than
80% identity with the Ikh protein, members 01 the third group
(XFD-2 and XFD-l0) show a rather weak homology (about
45%), thereby indicating only a distant relationship, The second

group (XFD-4, 5, 6, 8 and 9) comprises rather different types 01
sequences; however, XFD-6 and XFD-9 fork head domains

share 92% identity, Although they diverge from each other out-
side their fork head domains, they probably belong to a distinct
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Fig. 3. RNase protection analysis of XFD-3 and XFD-7 transcripts
during Xenopus embryogenesis. Each50 fig RNA from oocytes and
embryos at different developmental stages (B, blastula; G, gastrula; N,
neurula; S, somite segregation; T. hatched tadpole) were hybridized with
corresponding antisense RNAs (see Materials and Methods). After
RNase digestion, protected fragments were run on a polyacrylamide gel
and visualized by autoradiography. (C) Control experiment with 50 mg
tRNA; P, radiolabe/ed probes used. Integrity of RNA preparations were
checked by RNase protection by using an antisense probe of EF-1a
(Poring et aI, 1990).

subfamily which is characterized by the recognition of similar tar-
get sequences.

Four of the presented sequences have independently been
isolated in other laboratories: XFD-1' corresponds to XFKH1
(Dirksen and Jamrich, 1992), XFD-1 to pintallavis (Ruil i Altaba
and Jessell, 1992), XFD-7' to XFKH2 (Boice et al., 1993) and
XFD-3 to frog HNF-3~ (clone X~-1) (Ruil i Altaba el al., 1993).
Furthermore, it is interesting to know whether any of the XFD
sequences might correspond to those which have been
described for other species. Table I shows the closest
homologs that have been found by computer aided comparison
of various fork head domains reported for other species.
However, despite the striking homologies found for individual
genes, it is not justified to draw any conclusion on species
homologs; such a statement should also require sequence
conservation outside the fork head domain. So far we have
only observed such a conservation for XFD-4 which corre-
sponds to the MFH-1 sequence at mouse (Miura et al., 1992)
and for XFD-3 and 7 which are the Xenopus homologs of
rodent HNF-3~ and" (Lai el al., 1990; Lai et al., 1991), respec-
tively (see below).

Our data support the present view that the fork head
domain defines an evolutionary conserved, DNA binding motif
found to be present in many transcription factors from all
eucaryotic organisms. Fork head related genes in Xenopus
constitute a multigene family which, based upon sequence
variation, may be subdivided into distinct subfamilies. The
number of genes actually belonging to this Xenopus multigene
family remains to be elucidated. Data presented here and from
other laboratories suggest that at least 20 to 30 genes account
for this motif.

XFD.3 and XFD-7 are Xenopus homologs to rodent HNF-3f3
and HNF-3"

We have isolated and sequenced four different cDNAs from
a gastrula stage cDNA library which encode two pseudo-allelic
pairs of Xenopus fork head related transcription factors (termed

XFD-3/3' and XFD-7/T). Based upon sequence homology and
transcription behaviour during embryogenesis and in adult tis-
sues, XFD.7IT most likely represent the Xenopus homologs to
the previously identified rodent hepatocyte nuclear factor HNF-

3" (Lai el al., 1990), while XFD-3/3. encode the homologs to

HNF-3~ (Lai el al., 1991). Interspecies comparison reveals that
sequence homologies are not only apparent within the highly
conserved fork head domains but also in the N- and C-terminal
parts of corresponding proteins located outside this domain
(see Fig. 2). It has to be noted that XFD-7' exactly corresponds
to XFKH2 (Boice et al., 1993) and the fork head domain of
XFD-3 has recently been reported to be identical to that of the
XB-1 sequence (Ruil i Altaba et al., 1993). Although for the lat-
ter we noticed three amino acid exchanges over the entire
region, we suppose that both types of sequences are derived
from allelic variants of the same gene. Here we show the com-
plete amino acid sequences for the pseudo-alleles of both
types of proteins. XFD-3/3' exhibit 95% identity, XFD-7/7'
exhibit 94% identity. These values do well agree with our
assumption that we have isolated the pseudo-allelic variants.
Within the fork head domains we find three amino acid
exchanges for XFD-3/3' and two for XFD-7/7'. The overali
homology between the rat and Xenopus proteins is about 70%.
Interestingly, within the fork head domain there is only one
exchange between rat HNF-3~ and XFD-3 and only two
exchanges between rat HNF-3cx and XFD-7 which indicates a
higher selective constraint on the DNA binding module than on
the regions outside this motif. Although being derived tram very
different species, we predict that the resulting proteins will bind
to identical target sequences.

Temporal transcription of XFD genes during embryonic
development

We have analyzed next the temporal transcription patterns of
XFD genes during embryonic development. Figure 3 shows
RNase protection experiments performed with antisense probes
derived from XFD-3 and XFD-7 sequences. To check for the
integrity of our RNA preparations we routinely performed con-
trols with an antisense probe of the translation factor EF-1a
(Krieg et al., 1989; Poting et al., 1990). This gene is activated at
midblastula transition and transcripts are ubiquitously distributed
in all adult tissues. The results demonstrate that transcription of
XFD-7 precedes that of XFD-3. While XFD-7 transcripts are
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alreadydetectedatblastulastage,XFD-3 isfirstdetectablewith-

in gastrula stage RNA. However, XFD-3 transcripts accumulate
more rapidly, so that they are prevailing at neurula stage but

become less abundant at later stages. XFD-7 transcripts accu-
mulate until hatching but there is a decrease at tadpole stages.
Both genes are transcribed in the liver of adult frogs. We also
detected XFD-3 and XFD-7 transcripts in lung (see Fig. 4) which
corresponds to previous findings on rat HNF-3rL and ~, respec-
tively (Lai et al., 1991; Xanthopoulos et al., 1991), as well as
XFD-3 transcripts in brain.

The results obtained from RNase protection experiments
performed with 10 different XFD genes are summarized in fig-
ure 4. It is interesting to note, that none of these genes is mater-
nally expressed but most of them are zygotically transcribed
during embryogenesis. Except for XFD-5 and XFD-8, where we
failed to detect any transcripts during embryogenesis, the
remaining eight genes are activated at specific developmental
stages. Each XFD gene is characterized by a distinct time inter-
val at which transcriptional activity is observed (since the pseu-
do-allelic variants behave similar or identical, they are not
included in Fig. 4). The very early transcription of XFD-2 and the

activation of XFD-1/1
.
genes after midblastula transitionhave

already been reported elsewhere (Knochel et al..1992; Lef et

al.,1994). The temporal transcription patterns of XFD-6 and
XFD-9 genes significantly differ, although both genes share very

similar fork head domains. The same holds true for XFD-2 and

XFD-10. In this case we also observe very differentpatterns of

transcriptiondespite a 90% homology between theirfork head

domains.
Our data reveal that various members of the fork head multi-

gene family are transcribed during Xenopus embryogenesis.
Transcription of each gene is characterized by a distinct tempo-

ralpatternand even incase of highlyrelatedforkhead domains

these patternsare significantlydifferent.They differby the time

pointof activationand by the stage at which the highesttran-

script level is accumulated. Some genes are most abundantly
transcribed already at blastula and gastrula stages (XFD-I,
XFD-2, XFD-4 and XFD-6), others at neurula stage (XFD-3) and
some are activated later reaching highest levels of transcription
during tailbud stages. The differential patterns observed give rise
to the question whether transcription of these genes is ubiqui.
tous or whether it is restricted to defined embryonic tissues.

Localized transcription ofXFD genes
We have analyzed next the spatial distribution of XFD tran-

scripts in embryos at different developmental stages by use of

the whole-mount insituhybridizationtechnique (see Fig.5).The

most remarkable features determined for each of the XFD genes

are outlined as follows,

XFD-l
This gene isactivatedafterMBT inthe dorsallipand tran-

scripts accumulate during gastrulation within the notochord.
Neurula stage embryos do also show transcription within the
neural floor plate. In accordance to its transcription in dorsal axi-
al mesoderm this gene has been reported to be activated by
activin A in isolated animal caps but not by basic fibroblast
growth factor (Dirksen and Jamrich, 1992; Knochel et al., 1992;
Ruiz i Altaba and Jessell, 1992).
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Fig. 4. Transcription patterns of XFD genes during embryogenesis
and in adult tissues. TranscriptIon of XFD genes 1 to 10 was Investi-
gated by RNase protection analysis using RNAs isolated from different
embryonic stages and adult tissues as indica red. Observed rranscript
(evels are as foffowing: (-) not derected; (.I.Jbarely detectable; (+J low lev-

el; (++J high level; (+++J very high level. NO: not determined.

XFD-2
There is strikingly high transcriptionalactivityalready at blas-

tula stage. The burst of transcriptional activity is documented by
intense colour within nuclei of the animal hemisphere. In late
blastula embryos transcripts accumulate along the marginal
zone. These cells enter at gastrula stage the blastoporus not
only from dorsal but also from ventral and lateral sides.

XFD-3

At stage 23, the Xenopus homolog of HNF-3~ is preferential-

ly transcribed within the neural floor plate. There is no transcrip-

tion in the notochord but transcripts are visible in the midbrain,
the hindbrain and in cranial neural crest cells. The hatching lar-
vae show transcription in the foregut which is indistinguishable
from that presented for XFD-7.

XFD-4
Gastrula and neurula stage embryos show transcription in

pre-somitogenic mesoderm but not in the notochord. While at
later developmental stages transcripts in somites become less
abundant, they continue to be present in the tip of the tail. We
also observe transcripts in pronephros and pronephric duct. At
hatching we detect transcripts within heart and foregut but also
in the hindbrain and pharyngeal pouches.

XFD-6
Transcription of this gene is restricted to neural crest cells.

There are two major sites of transcription at the lateral border of
the anterior neural plate in neurula stage embryos. One repre.
sents a population of more superficially located cells which dif-
ferentiate to neural crest cells originating from the rhomben-
cephalon. These cells segregate as stripes during neurulation.
The second locus is more anterior and within a deeper layer of
cells representing neural crest cells which probably originate
from the mesencephalon.

XFD-7
The Xenopus homolog of HNF-3a is transcribed at neurula

stage in the notochord but not in the neural floor plate. During
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tailbud stages it becomes also activated in the neural floor plate.
At stage 35. transcripts are present in rhombencephalon, mes-
encephalon. pharyngeal pouches, foregut and pronephros. At
stage 44 we detect transcripts in a restricted area of the gut
located at the right side of the embryo.

XFD-9
This gene is first transcribed at gastrula stage within the neu-

roectoderm. While transcripts of the anterior part are later found
in brain structures, cells along the trunk will differentiate into
neural crest cells. At somite segregation stages we observe
intense staining in the region of rotating somites. While somite
rotation proceeds, staining is shifted towards the posterior end of
the embryo until, at tail bud stages, it is located near the posteri-
or pole. Transcripts are also visible in cells surrounding the
pronephric duct and in neural crest cells migrating to the dorsal
fin but not in the notochord.

XFD-l0
Neurula stage embryos show transcripts in neuroectoderm

but also in pre-somitogenic mesoderm. Strong signals are
observed in the anterior but also in the posterior region of neu-
roectoderm and in the dorsal and ventral circum blastoporal col-
lar. At somite segregation stages we observe transcripts in all
parts of the differentiating brain and, especially, in neural crest
cells which probably give rise to the hyoid and anterior branchial
arches.

In summary, we have shown that each individual XFD gene is
characterized by a specific pattern of tissues which display tran-
scriptional activity. Although in case of some distinct tissues we
observe simultaneous transcription of two or more XFD genes,
none of these genes behaves identical to another one regarding
its overall activity, i. e. the complete set of tissues where it is tran-
scribed.

Discussion

Here we describe a Xenopus multigene family which is relat-
ed to the Drosophila gene fork head by sharing a conserved 110
amino acid DNA-binding domain, the fork head domain. Ten dif-
ferent members of this XFD multigene family have been charac-
terized by means of their coding sequence and by their temporal
and spatial expression during embryogenesis. Obviously, the
majority of these genes is transcribed during development which
suggests that corresponding gene products contribute to the
multitude of transcription factors required for normal gene
expression during embryogenesis. Further, we have isolated
some additional cDNAs displaying more than 90% homology
over their entire sequence length to those already isolated.
Thus, it seems reasonable to assume that they represent pseu-
do-allelic variants due to the known genome duplication event in

- - ---

this species some 50 million years ago (Bisbee et al., 1977;
Knochel el al., 1986). According to the varying extent of homol-
ogy within the fork head domain the XFD genes have been sub-

divided into three different subfamilies. Such subdivision corre-
sponds to findings from other organisms and to sequence
alignments reported previously (Clevidence el al., 1993; Sasaki
and Hogan, 1993; Murphy el al" 1994). However, except for
XFD-3 and XFD-7 which clearly are the Xenopus homo logs of
rodent HNF-3a and 3~ (Lai el al., 1991) and probably for XFD-4
which might represent the counterpart to mouse MFH-1 (Miura
el al., 1993) it is rather uncertain which of the remaining
Xenopus genes represents a homolog to one of those genes
having been described in other species.

XFD- I to 10 have been analysed for their temporal transcrip-
tion pattern during embryogenesis. Except for XFD-5 and XFD-
8 we find distinct temporal patterns for transcription of individual
XFD genes during development. The earliest gene to be activat-
ed is XFD-2; at late blastula we also observe transcripts of XFD-
1, XFD.4, XFD.6 and XFD-7. At gastrula stage we observe tran-
scription of XFD-3, XFD-9 and XFD-10. Thus, there is a
sequential activation of XFD genes and. for most cases, we
show that transcripts accumulate at a specific developmental
stage followed by a considerable decrease. Localized expres-
sion has already been reported for XFD.1, XFD-2, XFD-3 and
XFD-7 (Knochel el al., 1992; Dirksen and Jamrich, 1992; Ruiz i
Altaba and Jessell, 1992; Boice el al., 1993; Ruiz i Altaba el al.,
1993). Here we confirm these data and extend them by obser-
vation of additional features. For example we observe substan-
tial amounts of XFD-2 transcripts within nuclei of animal caps
and we demonstrate localization of XFD-7 transcripts in
pronephros and later, in swimming tadpoles, at a defined part of
the gut. XFD-3, the Xenopus homolog to rodent HNF-3~ is tran-
scribed in the neural floor plate but not in the notochord. HNF-3~
expression in the floor plate has also been reported for other
organisms (Ang el al., 1993; Monaghan el al., 1993; Sasaki and
Hogan, 1993) and the corresponding protein has been postulat-
ed as a regulator of floor plate development (Sasaki and Hogan,
1994). However, in contrast to Xenopus, HNF-3~ is also tran-
scribed in the notochord. Despite considerable efforts, a mam-
malian homolog to the Xenopus XFD-1 gene which is tran-
scribed in notochord has hitherto not been found. This failure led
to the hypothesis that HNF-3~ in higher organisms may com-
pensate for the combined action of XFD-1 and XFD-3 in frogs
(Ruiz i Altaba el al., 1993). The distribution of XFD.6, XFD-9 and
XFD-10 transcripts is mainly restricted to neuroectoderm and
neural crest cells but transcription of each gene displays some
unique features. Already at neurula stage, XFD-6 is only tran-
scribed in two cell populations which later give rise to neural
crest cells derived by the hindbrain and by the midbrain. XFD.9
is mainly observed in neural crest cells at the middle part of the
embryo during somite segregation stages, especially at the bor-

Fig. 5. localization of XFD gene transcripts in Xenopus embryos by whole-mount in situ hybridization. XFD-1: embryos at gastrula (stage 11)
{A,BI and transverse section through an embryo at early neurula (srage 13) ICI. XFD-2: blastula (stage 8) embryo ID), section through the animal cap
IE) and late gastrula (stage 12) embryo IF). XFD-3: transverse section rhrough an embryo (stage 23) at the anterior hindbrain region (GI. stage 231HI
and tal1bud (stage 28) (I) embryos. XFD-4: embryos at stage 16 (JI. stage 321KI and stage 37 (ll. Arrows IJI denote pre-somitogenic mesoderm,
arrowhead IK) points towards intense staining at the tip of the taif. XFD-6: embryos at stage 17 (MI. stage 19 IN) and stage 23 (01. Arrows and arrow.
heads denote two types of cell populations differentiating to cranial neural crest cells of the hindbrain (arrows) and midbrain (arrowhead). XFD-7: neu-
rula (stage 15) (PI, stage 35 (0) and stage 44 (R) embryos. Arrowhead (R) points at localized transcription in a defined area of the gut at the right side
of the embryo_ XFD-9: Embryos at stage 16 (S), stage 25 (T). stage 35 (UI and transverse section through a stage 36 embryo (VI at the middle part.
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Arrowheads in (T) denote the border between segmented and unsegmented somitic mesoderm. arrowheads in (U) point at intense staining near the

posterior pole XFD-l0: Neurula (stage 15) embryo (WI. lateral view of a neurula Istage 16) embryo (XI and dorsal view at an embryo at stage 24/25
(V), Arrowheads in (V) point at a cranial neural crest cells. b, blastocoel; bp, blastoporus; d and v, dorsal and ventral lip of blastoporus; f, neural floor
plate; g, foregut; h, heart; n, notochord; p, pronephros



X. laevis highest name of from reference
gene homology gene (organism)

(domain)

XFD-1 89% HNF-3a rat Lai et al., 1990
XFD-2 86% fkh-10 mouse Schutz, unpublished

XFD-3' 99% HNF-3P' rat Lai et at., 1991
XFD-4' 96% MFH-I' mouse Miura et al., 1993
XFD-5 94% fkh-4 mouse Kaestner et al., 1993
XFD-6 99% HFH-2 rat Clevidence et al., 1993
XFD-Y- 98% HNF-3a' rat Lai at al., 1990
XFD-8 86% fkh-6 mouse Kaestner et al., 1993
XFD-9 98% HFH-B2 rat Clevidence et al., 1993
XFD-10 91% fkh-9 mouse Schutz, unpublished

252 J, Lef et ai,

TABLE 1

INTERSPECIES COMPARISON OF XFD GENES WITH FORK HEAD
RELATED GENES FROM OTHER SPECIES

Computer aided amino acid comparison of XFD genes was performed
with the following sequences: fork head (Weigel et al., 1989), HNF.3aJ~/y
(Lai ef al., 1990; 1991), FDI to 5, slpl, slp2 (Hacker et al., 1992), BF-1
(Taoand Lai, 1992),HTLF(Li etal., 1992b),ILF (Li etal., 1992a), lin-31
(Miller et al., 1993),fkh1 to 6 (Kaestneret al., 1993),HFH-1to 7, HFH-
B2, HFH-B3 (Clevidence eta/., 1993), H3, H8, 5-3 (Hromas etal., 1993),
qin (Li and Vagi, 1993), HCMI (Zhu el ai, 1993); HFH-ES.1 (Ang et aI.,
1993). MFH-1 (Miura ef al.. 1993), PES-I (Hope, 1994), HFKHI, 2, 3
(Murphy et at., 1994). Sequences yielding the highest rates of identity
within their fork head domain to individual XFD genes are cited. For
those genes which are indicated by an asterisk a striking sequence
homology exists also for the regions which are located outside the fork
head domain.

der of rotating somites, until it is finally present within a region
near the posterior pole. XFD-10 is visualized at tailbud stages
within distinct neural crest cells probably giving rise to formation
of gill arches. Initial transcription of XFD-4 is similar to that
reported for its putative mouse homolog MFH-1 (Miura el al.,
1993). At neurula stage, XFD-4 transcripts observed in non-
notochordal structures of the mesoderm, mainly in pre-somito-
genic mesoderm. At later development we observe transcripts in
parts of the brain, in pronephros and, finally, in the tip of the tail.
Since this gene is also transcribed in the heart and in the foregut,
it is activated in derivatives of all three embryonic germ layers.
The notion, that transcription of this gene during embryogenesis
is not confined to derivatives of a specific germ layer, holds also
true for many other XFD genes. Thus, it will be interesting to
learn how these genes are activated and, on the other hand, how
their protein products interfere with other factors in transcription-
al control mechanisms during embryogenesis.

Materials and Methods

cDNA and genomic library screening

Two gastrula stage cDNA libraries and three genomic libraries were
hybridized with a 350 bp DNA fragment encoding the entire fork head
domain of the Drosophila gene fork head (kindly provided by H. Jackie,
Gbttingen, Germany). Hybridization was performed with the random
primed 32p labeled probe in 0,5 M sodium phosphate (pH 7.2), 7% SDS,
1% BSA and 1 mM EDTA at 58°C for 16 h. Final washing was done in
75 mM NaH2P04, 1 mM EDTA and 0.1% SDS at 60°C for 30 min. Inserts
of recombinant phages with positive autoradiographic signals were sub-
cloned into pUC 18 (Boehringer, Mannheim). Nucleotide sequences
were determined from both directions on an ABI 373 A sequencer using
fluorescent labeled primers or terminators.

RNase protection assay
To analyze the temporal expression of XFD genes we have cloned

the following restriction fragments into pSPT 18/19 vectors. XFD-1: a
484 bp Eco RI/Bgl II fragment starting 379 nucleotides 5' to the fork
head domain; XFD-2: a 241 bp Apa I/Bgl II fragment starting 136
nucleotides 5' to the fork head domain; XFD-3: a 339 bp Afl Ili/Bgi II
fragment starting 228 nucleotides 5' to the fork head domain; XFD-4: a
207 bp Ball/Rsa I fragment located inside the fork head domain; XFD-
5: a 240 bp Sst I/Hae III fragment located inside the fork head domain;
XFD-6: a 238 bp Sma IIPst I fragment ending 116 nucleotides 3' to the
fork head domain; XFD-7: a 304 bp Eco RI/Bgll1 fragment starting 102
nucleotides 5' to the fork head domain; XFD-8: a 200 bp Pst I/Bal1 frag-
ment starting 134 nucleotides 5' to the fork head domain; XFD-9: a 340
bp Pst IIPvu II fragment ending 78 nucleotides 3' to the fork head
domain; XFD-10: a 163 bp Bam HI/Hpa I fragment starting 72
nucleotides 5' to the fork head domain. The in vitro transcription was
performed with a commercially available kit (Boehringer, Mannheim)
according to the manufactures protocol. 32P_CTP labeled antisense
RNA was hybridized with 50 J.lg RNA, each of oocyte, different devel-
opmental stages [blastula (stage 7-9), gastrula (stage 10 -12), neurula
(stage 13-16), early somite segregation stage (20 - 26), tail bud (stage

25-30) (stage classification according to Nieuwkoop and Faber, 1967)],
adult tissues or yeast tRNA. The same RNA preparations were used in
separate control experiments with labeled antisense transcripts from a

311 bp Pvu IIIPst I fragment of the EF-1a sequence pXEF 7 (Pbting et
a/., 1990). Hybridization and RNA digestion were performed as

described (Melton et a/., 1984).

Whole-mount in situ hybridizations
The localization of XFD transcripts in Xenopus embryos was

analysed by using the whole-mount in situ hybridization technique (Tautz

and Pfeifle, 1989; Hemmati-Brivanlou etat., 1990; Harland, 1991). Some
technical modifications were introduced. After puncturing the blastocoel
or gastrocoel with a fine needle the embryos were transferred into dis-
tilled water for 5 min, fixed in freshly prepared MEMPFA (0.1 M MOPS
(pH 7.4), 2 mM EGTA, 1 mM MgS04, 4% paraformaldehyde) at room

temperature for 90 min and stored at - 20"C in ethanol. Antibody incu-
bation was done in maleic acid buffer (100 mM maleic acid (pH 7.5),150
mM NaCI) with 2% blocking reagent (Boehringer, Mannheim) and 20%
heat-treated lamb serum.
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