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ABSTRACT Wehaveanalyzed the genomic DNA sequence and embryonic expression pattern of the
zebrafish hox-3.4 gene. Two exons, encoding a protein with a total size of 232 amino acids, were
identified within a 3.5 kbp genomic region. Besides the homeodomain, which is identical to that of the
human HOX3D and mouse Hox-3.4 genes, the first 58 residues of the N-terminal domain in the
predicted Hox-3.4 protein share 48% sequence identity with the gene product of the human cognate.
Some of the N-terminal sequence elements are also conserved relative to the two other members of
the Hox-1.3/Hox-2.1/Hox-3.4 paralogy group. In addition, the paralogous genes share a significant
degree of sequence identity in non-coding regions. This conservation is particularly evident in the
promoter regions of the cognates hox-3.4, Hox-3.4, and HOX3D, where a 180 bp TATA-box-containing
element with a 60% identity is located. This is in agreement with the previous finding that the HOX3D
promoter region contains response elements for other Hox proteins and retinoids. Also with respect
to embryonic expression, the zebrafish hox-3.4 gene is very similar to its mammalian counterparts.
Within the central nervous system of 16, 24, and 48 h embryos, hox-3.4 transcripts were detected
throughout most of the spinal cord from a boundary at the posterior end of the hindbrain. In 16 h

embryos the hox-3.4 gene is also active within a restricted region of the tailbud.
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Introduction

Following the first identification of homeobox sequences in the
ANT-C and BX-C homeotic gene clusters of Drosophila melanogaster
(McGinnis et al., 1984a,c), a large number of related homeobox
genes (Hox)have been characterized in different vertebrate species,
including Xenopus laevis (Carrasco et al., 1984), chicken (Rangini
et al., 1989), mice (McGinnis et al., 1984hb), human (Levine et al.,
1984), and zebrafish (Eiken et al., 1987). The strong conservation
of both DNA sequence and gene organization among Hoxgenes from
different species implies that the clusters had a common ancestor,
HOM-C (homologous to the Drosophila ANT-C and BX-C clusters in
juxtaposition; Beeman, 1987), from which they all have evolved.
Relatively high levels of Hox gene expression are detected in the
central nervous system (CNS) of vertebrates, in which the gene
organization reflects the expression pattern, i.e. 3'-anterior-early/
5'-posterior-late (Dollé et al., 1989, |zpisua-Belmonte et al., 1991).
Gene paralogues display similar anteroposterior (A-P) but different
dorsoventral (D-V) expression patterns, indicating that duplications
ofthe Hoxcluster (up to four copies in higher vertebrates; Acampora
et al., 1989; Graham et al., 1989) might have provided a possibility

to direct development of a more complex CNS, not only by the
positional information along the A-P axis but also in the D-V
orientation (Graham et al., 1991). The correlation between Hox
expression and the segmental organization of the hindbrain sug-
gests that Hox proteins participate in the determination of segmen-
tal identities rather than establishing the individual segments
(Wilkinson et al., 1989; Hunt and Krumlauf, 1991). Experimental
manipulation of Hox gene expression in Xenopus and mouse
embryos have provided more direct evidence for this assumption.
Ectopic expression of Hox-1.1 in transgenic mice leads to posterior
transformations in tissues anterior of the regions normally express-
ing Hox-1.1 (Puschel et al., 1991). Conversely, loss of function,
either by Hox-3.1 disruption in mouse (Le Mouellic et al., 1992) or
anti-Xlhbox1 antibody injections in Xenopus (Wright et al., 1989),
displayed anteriorization of a subset of embryonic cells, resulting in
transformed vertebrae (Hox-3.1) or hindbrain structures (X/hbox1).

Abbreviations used in this paper: CNS. central nervous system: A-P,
anteroposterior; D-V, dorsovenural: RA, retinoic acid; ORF, open reading
frame.
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Fig. 1. Genomic organization of the hox-3.4 gene. (Part A) shows the restriction enzyme map of the two genomic clones carrying the zebrafish hox-
3.4 homeobox. (PartB) Below, represents the total subcloned region. The size-bar corresponds to 1000 bp in part Aand 250 bp in part B. The two predicted
exons of the hox-3.4 gene are indicated below the map in B. (Part C) shows the 3.5 kbp sequenced region, and (Part D) the restriction fragment used
as a probe for in situ hybridization experiments. Abbreviations: B, BamHl; C, Clal; E, EcoRI; H, Hindili; K, Kpnl; X, Xbal.

Furthermore, these data confirmed that each Hox paralogue has a
unigue function that cannot be replaced by another gene from the
same subfamily.

Establishment of the «Hox codes», i.e. the combination of func-
tionally active Hox genes that will specify the identity of a body
region, can be influenced by endogenous molecules like retinoic
acid (RA) and peptide growth factors. RA, a posteriorizing morphogen,
influences the expression of Hox genes according to their individual
sensitivity, both in whole embryos (Kessel and Gruss, 1991;
Morriss-Kay et al., 1991) and in tissue cell culture (Boncinelli et al.,
1991; Arcioni et al., 1992). It was suggested by Kessel and Gruss
(1991) that during gastrulation, ingressing cells are exposed to a RA
signal generated from midline embryonic structures, and will respond
with a sequential activation of more and more Hox genes, leading
to nonidentical, overlapping expression domains of Hoxgenes along
the anteroposterior axis.

Some of the Drosophilahomeoproteins have been shown to work
as transcription factors (Biggin and Tjian, 1989; Han et al., 1989;
Winslow et al., 1989; Jaynes and O'Farrell, 1991). In vertebrates,
little is known about the repressing/derepressing activities of the
Hox gene products. However, the characterization of the human
HOX3D promoter sequence revealed potential targets for multiple
regulatory mechanisms acting independently (Arcioni et al., 1992),
among them trans-activation by three, more posteriorly expressed,
Hox gene products, i.e. HOX3C, HOX4D and HOX4C proteins, in
addition to the mouse Hox-4.3 protein (Arcioni et al., 1992).
Alignment of the promoter regions from the HOX3D gene and its
mouse homologue (Hox-3.4) showed conservation in all identified

regulatory targets (Arcioni et al., 1992). Thus, the vertebrate
homeoproteins display evolutionarily conserved regulatory functions
mediated by sequence-specific DNA-binding.

In zebrafish (Brachydanio rerio), strong similarities to the mouse
Hox genes have been observed, both with respect to the gene
organization and DNA sequence (Eiken et al., 1987; Njglstad et al.,
1988a,b, 1990; Molven et al., 1990, 1992). Evidently there are at
least two Hox gene clusters in zebrafish, corresponding to the
mammalian HOX-2 and -3 complexes (Njelstad et al., 1988b, 1990).
In this paper we describe the genomic DNA sequence of the
zebrafish hox-3.4 gene, which encodes a homeoprotein homologous
to the human HOX3D gene product. Additional sequence conser-
vations were identified in the non-coding regions including the
promoter. Results obtained by in situ hybridization analysis of the
embryonic zebrafish hox-3.4 expression pattern are also consistent
with the spatial distribution of transcripts reported for the murine
Hox-3.4 gene (Gaunt et al., 1990).

Results

Identification of the zebrafish hox-3.4 protein-encoding sequence

Two recombinant lambda-EMBL3 clones, C25 and C26, contain-
ing genomic zebrafish DNA, were previously shown to carry the hox-
3.4homeobox sequence (Eiken, et al., 1987; Njelstad et al., 1990).
The unique Kpn I-site in lambda C25, found in the homeobox region
of hox-3.4 (Eiken et al., 1987), was used to identify the hox-3.4-
containing subclones (Fig. 1). DNA sequencing of a 3.5 kbp region,
including 1.7 kbp downstream and 1.8 kbp upstream of the Kpn |
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Fig. 2. The genomic sequence including the hox-3.4 coding region. Exons 1 and 2 are indicated by translation into the one-letter code below the DNA-
sequence. Conserved peptide sequences, the IYPWM-pentapeptide and the homeodomain, are underlined, and two possible splice sites are indicated
by arrowheads (¥). In the 5' non-coding region, the promoter proximal ATG, and three stop-codons — in all three reading-frames — preceding the
translational start are marked with bold characters, as well as the transiational start. In the 3' sequence, five possible poly(A)-addition signals (AATAAA)
are also underlined. Furthermore, three translational stop-codons, in all three reading-frames, downstream of exon 2 are marked with bold characters.
The EMBL Data Library accession number for the zebrafish hox-3.4 sequence is X68324.

site, was performed on both strands. Within this DNA sequence two
open reading frames (ORFs) were predicted to correspond to the
hox-3.4 coding sequence (Fig. 2; see below). Comparisons to the
HOX3D coding sequence revealed that the longest ORF (of 161
amino acids) contained exon 1 (Fig. 3). Within this exon, sequences
encoding the N-terminal MSSY residues and the IYPWM pentapeptide
(preceding the splice site; Mavilio et al., 1986), which are common
among homeoproteins, were identified. The second ORF (of 71 aa)
encoded a homeodomain identical to that of HOX3D, preceded by
three and followed by seven residues (Fig. 2). The predicted
translational start for exon 1 was found to be similar to the
consensus sequence, PUCCATGG (Kozak, 1986 and 1987). Fur-
thermore, translational stop codons were located just upstream of

the predicted translational start in all three reading-frames (bold in
Fig. 2). An additional ATG was identified in the sequence, more
promoter proximal, but this potential translational start site is not
related to the consensus sequence and the translated product
would only be 17 residues. Other aspects of the hox-3.4 sequence
are consistent with the structural organization of the human HOX3D
gene. Thus, in both genes, a conserved promoter region is located
just upstream of the predicted translational initiation site (see
below). Furthermore, the introns of the HOX3D and hox-3.4 genes
are of approximately the same length, 699 and 801 nucleotides,
respectively. In the zebrafish gene the intron sequence i flanked by
a putative donor splice site with a sequence homology of 6 out of
9, and an acceptor splice site with 12 out of 16 nucleotides identical
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EXON 1

hox-3.4 MSSYVGRSFSKQTQDASSCRMHTEDNYGAHSEFHES . . - . vuvvanas

HOX-2D ===m=ANa=Y==SPN

<NYAYEGLDLGGSFSSQIPTNSLRREAINTTD. . RARSSAAVORTQOSCSAL

=C=G====51T=PPPA=5~==HGVIMAANE . .==HEDRE. .. .. A===h

hox-2.1 ====FVN===GRYPNGP . . ===TS=5AMNASYRDSGTMHSGSYG=N=N=M==SVNR=TSTGHFGAVGDNSRVFQ. . SPAPETRFRQES===LA
Hox-2.1 ====FVN===GRYPNGPDYQLL. . .===5G=SL5G. SYRDPAAMHTGSYG=N=N=M==8VNR==AS5S SHFGAVGES SRAFPASAKEPRFROATS===L5
Hox-1.3 ==:??\T--CSRYEE§£DXQE-...===D--SVS=.QFRDSASMHSGRYG—E-H;§==§V§R-§SGHFGSGERRRSYAAGASAAPAEPEYSQFATSTHS
hox-3.4 Gecietsnrenceacssesss SREEVSTHGYNPLSHGLLSQKAEGNMEVMEKPSGKSSRRYONGD . . YESDKQQTNSTQRONQSQPQIY PWMTKLHMSH
HOX-3D Aiiiivrananciansses sAPGHAPGRDERR==NP=MY====ARPA. . . LEERA===GEIKEEQ. ... . AQTGQPAGLS=PPAP==========w===
hox-2.1 SPEPLPCSNSESFGTQRLFAP=DQSTT=A=N=~LN=NTHFTEIDEASASSETEEASHRANNSAPRTQOKQETTATSTTSATSDGQA===F===F===I==
Hox-2.1 SPESLPCTNGDS. .. . HGAKP=ASSPSDQATPASSSANFTEIDEASASSEPEEAASQLSSPSLA. . . RAQPEFMATSTAAPEGQT===Fa==R=w=J==
Hox-1.3 PPPDPLPCSAVAESPGSDSHHGGKNSLGNSSGASANAGSTHISSREGVGTASRAEEDAPASS .. . v. . EQAGAQSEPSPAPPA========R===T==
X1HboxS5 EFR==s==om=sza==
EXON 2

hox-3.4 ESD GKRSRTSYTRYQTLELEKEFHENRYLTRRRRIEIANNLCLNERQIKIWFQNRRMKWKKDSK LKVKGGL *

HOX-3D =Tr socEwsse-sEsssoETeessEssaTee T M=S=EA=- *

HOX-2.1 DMTGP= ===A ==SMSLATAGSAFQP *
Hox-2.1 DMTGE= ==SMSLATRGSAFQP *
Hox-1.3 DNIGGPE ===A - ==SMSMAAAGGAFRP *
Hox-3.4 =T= smamemesscssss=mmmcscssss-eesss e e M=S=FEA- *

X1Hbox5 =T= =mmsss=o=x sEEs—smmmssssSS———Emsessa=—= s =T= Y=§=DSM *

Fig. 3. Comparisons of the putative zebrafish hox-3.4 protein with homologous and paralogous peptides. A/ianments of the peptide sequences,
encoded by exon 1, of hox-3.4, HOX3D (human), hox-2.1 (zebrafish), Hox-2.1 {mouse), and Hox-1.3 (mouse) are shown at the top. Included also are the
16 last residues from exon 1 of XIHbox5. The comparison of the exon 2 encoded peptides from the hox-3.4, HOX3D (Arcioni et al., 1992), XIHbox5 (Fritz
and De Robertis, 1988),hox-2.1 (Njelstad et al., 1988b), mouse Hox-3.4 (Gaunt, etal., 1990), Hox-2.1 and Hox-1.3 (Fibi, et al., 1988} is shown below. Amino
acids identical to the hox-3.4 sequence are indicated with =, while conserved changes are underlined. The dots have been introduced to achieve maximum

alignment of homologous sequences.

to the respective consensus sequences. Downstream of the pre-
dicted coding sequence of hox-3.4 there are also several possible
poly(A}-addition signals (AATAAA, indicated in Fig. 2).

The hox-3.4 gene product

The zebrafish hox-3.4 homeobox was previously identified to be
closely related to the Scr homeobox with a high homology to the
mouse Hox-2.1 and Hox-1.3 homeoboxes (90% on the peptide-
level; Eiken et al., 1987). Recently a third member of the same
subfamily of mouse Hox genes was identified. the Hox-3.4 gene
(Gaunt et al., 1990), which was found to contain a homeodomain
identical to that of the zebrafish gene (Fig. 3). Since the human
HOX3Dgene (Simeone et al., 1988) and the Xenopus XiHbox5gene
(Fritz and De Robertis, 1988) were suggested to be homologues of
the mouse Hox-3.4 gene (Gaunt et al., 1990), we included all three
homeodomains in the comparison to hox-3.4 (Fig. 3). All four
homeodomains were found to be identical with one single excep-
tion, XIHbox5, which has one conserved amino acid substitution in

the C-terminal region. The second exon of all four Hox-3.4 cognates
encodes a total of 71 aminoacids, including 3 residues preceding
and 7 residues following the homeodomain. The three most N-
terminally located amino acids encoded by exon 2 were identical in
the human, mouse and frog genes, while the zebrafish contained
one conserved amino acid exchange (Fig. 3). The C-terminal,
however, is somewhat diverged in the fish and frog cognates as
compared to the mammalian derivatives,which are identical. More
extensive differences are presentin the corresponding region of the
hox-3.4 paralogues hox-2.1 (zebrafish), Hox-2.1 (mouse) and Hox-
1.3 (mouse), where the N- and C-terminals are extended by 2 and
8 residues, respectively (Fig. 3). For the Anip/Scr proteins the
functional specificities, other than DNA-binding, were shown to be
located in regions outside the homeodomain (Gibson et al., 1990).
Thus, a comparison between functionally related proteins would
reveal a higher homology in such regions, while more distant
relations would be less homologous.

Comparison of exon 1-encoded sequences from hox-3.4 with the
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A
PROMOTOR ELEMENT
(region 6; hex-3.4 / HOX3D)
BOX B BOX A
186 CCCTGTCTATCARTAACCTCCTGGGS. o  ATCAAGCCA . ATTTATGACT GGCCAGGAGCTGCACGTGATTCTATTTAAACATTCC 266
2121 -GGC # 2205
-158 -GGCT--C----C-—--——-—-— C——A~,TCr—=——==== A--mmm——— Gy GCTCCAGT———-—~=- s s GGC~C-- =75
BOX C
267 ATATTTGGGCATTACACGTCGTATCARGRARRAAAGAARATGAT TTCCTCCACCTATAAATCCTGCTCTTTTTTAGGACAAGGCC 351
2206 gt C k' Calonniey G-G- D e R R TG-C-A--———.GG--A----AAMA 2280
-74 T e s s s i TG---A----.GG--A--—--AARC +1

INTRON ELEMENT

(region 15; hox-3.4 / HOX3D)

hox-3.4 1082 TCCTCTTGAGTTTTATAGGCCAAACGCAGGAAAT.....
HOX3D 2842 ---G-C

hox-3.4

HOX3D 2921

Fig. 4. Conserved DNA sequence-elements in the two hox-3.4 cognates. Sequence comparisons of the two conserved DNA elements identified by
computer analysis between hox-3.4 and the human HOX3D (Arcioni et al., 1992). (R) The 180 bp promoter element with the three defined regulatory
target sites marked: BOX A, BOX B, and BOX C (see text for details). The mouse Hox-3.4 sequence, homologous to the promoter region, was included
according to Arcioni et al. (1982). |B) The 141 bp intron element homologous in the two cognate genes.

corresponding parts of HOX3D and the paralogues (zebrafish hox-
2.1, mouse Hox-2.1 and Hox-1.3) revealed extensive differences
(Fig. 3). On the basis of the variable exon length, the peptides can
be divided into two categories. First the hox-3.4 cognates, encoding
161 and 151 amino acids-long exon 1-peptides, and secondly the
three longer paralogues of 193 residues for the zebrafish, and 187
for the mouse derivatives. The protein sequence alignment (Fig. 3)
also showed that the protein sequences encoded by the two ends
of exon 1 are the most conserved. In the middle part of this protein
region the sequence conservation is quite low, especially when the
paralogues are compared. Thus, the overall identity between the
hox-3.4 and HOX3D homeoproteins is only 56%, and this homology
is mainly concentrated in the N-terminal and the «extended
homeodomain» — including the 14 |ast residues encoded by exon
1 in addition to exon 2. Only 48% of the first 58 N-terminal amino
acids are identical between the two cognates. The corresponding
comparison to the paralogous peptides gave an identity not exceed-
ing 32%. The vextended homeodomain», on the other hand, showed
a94% identity between the two cognates and 81%to the paralogues.

Identification of conserved sequence elements in non-coding
regions of hox-3.4 cognates and paralogues

Computer comparisons of the hox-3.4 genomic sequence with
HOX3Dand hox-2.1 sequences revealed many regions of homology.
Qutside the coding sequence, two conserved DNA elements were
identified in the hox-3.4/HOX3D cognates. The first corresponds to
a 180 bp promoter element of 60% sequence identity (Fig. 4A; see

discussion). The second element of 141 bp which is 73% identical
is located within the intron sequence in the two cognates (Fig. 4B).
The remaining sequence elements, which vary in length between 15
and 40 bp and share a 60-90% sequence identity, are scattered
throughout the gene (data not shown), but only a few of these
elements are located in similar positions.

In the comparison between the two paralogous zebrafish genes
(hox-2.1 and hox-3.4), a similar result was obtained as for the two
hox-3.4 cognates (data not shown). However, the number of
conserved elements as well as the average length and the level of
sequence conservation are reduced.

Expression of the hox-3.4 gene during early development

To analyze the hox-3.4 expression pattern, in situ hybridization
to parasagittal tissue sections from zebrafish embryos was per-
formed. Using a probe that covered the complete hox-3.4 gene
(indicated in Fig. 1), embryos of three different developmental
stages were studied (Fig. 5). The hox-3.4 mRNA level was found to
be relatively low at all three stages, and the detection of expression
was limited (at least at the 24 and 48 hour stages) to the central
nervous system (CNS) with an anterior border located within the
caudal hindbrain. This expression extends posteriorly throughout
the spinal cord. Reconstruction of the embryos by camera lucida
drawings showed that the hybridization signal had its anterior
borderinthe caudal-most (ninth) hindbrain segment, Ca3 (Hanneman
et al., 1988}, which is located rostral of the first myotome (data not
shown). This expression pattern was maintained from the 16 to the
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48 h stage. The relative movement of the anterior border during
development (cf. Fig. 5B to E) corresponds to the length reduction,
or compression, of the hindbrain (Trevarrow et al., 1990). One ex-
ception from the CNS-limited expression was observed at the 16 h
stage. In the tailbud a restricted area showed an enhanced hox-3.4
expression (Fig. 5G and H) that was not observed in the older
embryos.

Cross-sections of the hatching embryo in the rostral spinal cord
(Fig. BA and B) and at the level of the finbuds (Fig. 6C and D) also
revealed the hox-3.4 expression in the CNS. Hybridization signals
were not observed in muscle tissue (Fig. 6B and D). However, the
hox-3.4 expression, possibly present in this tissue, might have
been below the detection level. Mesodermal expression of Hox
genes in vertebrates has previously been identified in regions
located posterior relative to the CNS expression (Gaunt et al., 1990;
Molven et al., 1990). The mRNA seemed to be more or less
uniformly distributed across the neural tube in the rostral parts of
the CNS (Fig. 6B), while the expression became more ventrally
localized in the sections at the level of the finbuds (Fig. 6D). Further
posterior, the hybridization signal was weaker, as observed on the
sagittal sections (Fig. 5D and F), and to distinguish between uniform
or ventral distribution of hox-3.4 mRNA became impossible. Finally,
no hox-3.4 mRNA could be detected in the finbuds (data not shown).

Discussion

Conservation of sequence and functional specificity in protein
products of the hox-3.4 cognates and paralogues

From comparisons to other recently described vertebrate
homeobox-containing genes, we concluded that hox-3.4 is the
zebrafish homologue of the human HOX3D, mouse Hox-3.4 and frog
XIHbox5 genes (Fig. 3), which were previously suggested to be
cognates, by Gaunt and co-workers (1990). All four genes contain
identical homeodomains, except for one amino acid substitution in
the XIHbox5 protein. Comparisons of the complete gene products
was not possible for the mouse and frog derivatives, since only the
C-terminal sequences have been published (Fritz and De Robertis,
1988; Gaunt et al., 1920). However, direct alignment of the amino
acid sequences derived from hox-3.4 and the human HOX3D genes
revealed a total identity of 56%. In the N-terminal region, including
the first 58 amino acids, 48% of the amino acid residues are
identical. Less conservation is present in the middle part of the
protein (position 59-147), where the sequence identity is only 18%.
Thus, the level of conservation between these Hox-3 coghates is
considerably lower than for the corresponding cognates in the Hox-
2 complex (Njglstad et al., 1988b).

An interesting aspect concerns the relationship between the
evolutionary divergence of cognate genes and the conservation of
functional specificity of the corresponding protein products. The
results obtained from analyses of the functional specificity of
homeodomain proteins from Drosophila are somewhat contradic-
tory. Studies on hybrid proteins of Dfd and Ubx indicated that the
homeodomain, due to its target-specificity, was responsible for the

regulatory specificity (Kuzoira and McGinnis, 1990; Dessain et al.,
1992). However, similar studies on hybrid proteins of Antp and Scr
indicated a requirement for additional sequences to completely
define the functional specificity (Gibson et al., 1990). On the basis
of these results, also a model for the functional structure of the Antp
protein in Drosophila was suggested. According to this model, the
Antp-peptide can be divided into two major regions, the potentiating
portion, which included the most N-terminal two thirds, and the
homeodomain-containing specifying portion, at the C-terminal ofthe
protein (Gibson et al., 1990). It was proposed that the potentiating
portion could be further subdivided into an N-terminal general
potentiating region, determining the overall levels of Antp activity,
and a specific potentiating region, located closer to the middle of
the protein, which could be involved in adjusting the level of activity
in specific cells. Consistent with this model, the C-terminal speci-
fying portion of the hox-3.4 and HOX3D proteins are almost identi-
cal. In the potentiating region, however, only the general portion at
the N-terminal is strongly conserved in the two cognates. This may
suggest that the mechanisms regulating the overall activity of hox-
3.4 and HOX3D have been preserved, while the circuits for specific
adjustments in certain cells have been modified through evolution.
Similarly, the proteins derived from the zebrafish and mouse Hox-
2.1 cognates share the highest level of sequence identity in the
regions corresponding to the location of the specifying portion (C-
terminal) and the general potentiating region (Njolstad et al.,
1988b). These domains are also partially conserved relative to the
paralogues hox-3.4 and HOX3D, while the sequences in the pro-
posed specific potentiating region are almost completely diverged.

Since regions with an elevated level of polar, non-acidic amino
acids — serine and threonine or proline — have been shown to be
involved in transcriptional activation (Tanaka and Herr, 1990), the
distribution of ser/thr and pro residues within the different
homeoproteins were calculated. In the predicted hox-3.4 protein,
24% of the exon l-encoded amino acids are serine or threonine,
while proline residues constitute only 3%. A somewhat different
distribution is present in the human cognate, which has equal
amounts of the two categories, 13% of each. The paralogous genes
encode peptides similar to that of hox-3.4 with a ser/thr content of
21-28%, while the proline levels vary from 5% (zebrafish hox-2.1) to
9-10% for the murine Hox-2.3 and Hox-1.3 genes. Overall, it seems
as if the preference for polar amino acids has been altered towards
serine/threonine residues in the zebrafish proteins and more
proline residues in mammals.

Multiple non-coding sequence elements are conserved among
cognates and paralogues of the hox-3.4 gene

In the DNA-sequence comparisen between hox-3.4 and HOX3D
additional regions of homology were found outside the coding
regions. One of the most interesting conservations was the promoter
element of about 180 bp (Fig. 4A) with a 0% homology between the
two species. The human promoter was found to be, at least to some
extent, cell- or tissue-specific in the expression systems tested for
the human derivative, and to contain one retinoic acid-responsive

Fig. 5. Detection of hox-3.4 transcripts in the CNS of different embryonic stages. /n situ hybridization to parasagittal sections of zebrafish embryos,
shown in bright-field (A, C, and E) and dark-field (B, D, and F). Three different developmental stages were used; 16 h (A and B), 24 h (C and D), and 48
h (E and F). The restricted expression identified on parasagittal sections in the tail-bud of 16-h-old embryos. (G and H) show the tail-bud in bright-field
and in dark-field, respectively. Abbreviations used: h, hindbrain; sc, spinal cord; y, yolk; m, mesoderm; n, notochord, and p, pigmentation.
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Fig. 6. Analysis of dorsoventral distribution of hox-3.4 transcripts in the CNS. /n situ hybridization to cross-sections of zebrafish embryos at the 48
h stage, shown in bright-field |A and C) and dark-field (B and D). The section shown in A and B comes from the rostral spinal corathindbrain region, while
the section in C and D comes from the level of the finbud. Abbreviations used: se, spinal cord, m, myotome, n, notochord; and p, pigmentation.

element and two homeoprotein binding sites (Arcioni et al., 1992).
When compared to the murine Hox-3.4/-2.1/-1.3 paralogy group,
the HOX3D promoter was found to be almost identical to its cognate
(Hox-3.4), while the paralogous promoters (Hox-2.1 and Hox-1.3)
contained more divergent sequences in all three regulatory elements
(Arcioni et al., 1992). Alignment of the hox-3.4 upstream sequence
to the human promoter showed that the two homeodomain-binding
sites (box B and C; Fig. 4A) were highly conserved, implying a
functional conservation of the regulatory elements. The RA-respon-
sive element, on the other hand, contained less conservation and
the 10 base-pairs long palindromic sequence — suggested to be
essential for the RA-induced binding (boxA; Fig. 4A; Arcioni et al.,
1992) — was found to be reduced to only 6 bp in the hox-3.4
sequence. However, this may reflect alternative or a more degener-
ate binding-specificity involved in Hox gene regulation in zebrafish.
The protein responsible for RA-induced binding in the embryonal

carcinoma cells was not identified but previously identified RA
receptors were unable to activate HOX3D transcription (Arcioni et
al., 1992).

Besides the promoter, one surprisingly large region of 142 bp,
located within the intron (Fig. 4B), was found to be 73% identical in
the two cognates. Additional, shorter stretches of homology (60-
90%) are also scattered throughout the genes. The majority of these
elements have different locations within the two cognates. Also no
common binding sites for known transcription factors were identi-
fied in a computer search for such consensus sequences. There-
fore, it remains unclear whether it is regulatory or structural
demands that have preserved these elements. However, this widely
scattered distribution of potential cis-acting elements may relate to
the results obtained from transgenic analyses of Hox-1.1 and Hox-
2.6 regulation (Puschel et al., 1991; Whiting et al., 1991). In both
cases, large DNA regions, including the introns and downstream



sequences, were found to be necessary for establishing normal
expression patterns, This suggests that the hox-3.4 cognates may
also have several functionally equivalent regulatory elements at
different locations within the genes. The identification of a similar
but more limited extent of related sequence elements in the
zebrafish hox-2.1 paralogue (data not shown) may reflect a partial
conservation of the regulatory network which control the expression
of these duplicated genes.

Expression of the hox-3.4 gene in the embryonic CNS

By in situ hybridization to parasagittal sections of zebrafish
embryos (at 16, 24 and 48 h) we detected hox-3.4 mRNA in the
spinal cord and the caudalmost regions of the hindbrain (Fig. 5).
There was no detectable expression in more anterior parts of the
CNS. The mouse homologue, Hox-3.4, was found to be expressed
in the spinal cord with an anterior limit at the spinal cord / hindbrain
border, at 12.5 days p.c. (i.e. after somite formation is completed;
Gaunt et al, 1990). This was also observed for the Hox-2.1
expression (Wilkinson et al., 1989), suggesting a similarexpression
pattern for the different paralogues in the anterior-posterior axis
(Gaunt et al., 1990). Northern-blot analysis of poly(A*) RNA revealed
that the zebrafish hox-2.1 gene was expressed at least as early as
from the 12.5 h stage (i.e. at the 6-somite stage; Njglstad et al.,
1988b) and by in situ hybridization the mRNA was mainly detected
in the CNS with an anterior border within the posterior hindbrain
(Njglstad et al., 1990). Similar results were obtained for hox-2.2
(Njolstad et al., 1990). As in the case of hox-3.4, mesodermal
expression was not detected for the two zebrafish genes. However,
immunohistochemical analyses of zebrafish embryos with an antibody
raised against the Xenopus Xlhbox1 protein, which probably cor-
responds to the hox-3.3 gene-product (Molven et al., 1990), also
revealed expression in mesodermal (myotomal and notochord)
tissues of 16 and 22 h embryos. In addition, cells in the proximal
finbuds were stained by this antibody. These data demonstrate that
zebrafish Hox genes are expressed in mesodermal tissues, and
judging by the intensity of the antibody stainings, the protein level
is approximately the same as in the CNS. However, this might not
directly reflect the relative amount of hoxmRNA in the two tissues,
since post-transcriptional regulation may have increased the pro-
tein level in muscle cells. Consistent with this alternative, the three
murine Hox paralogues, Hox-3.4, Hox-2.1, and Hox-1.3, all show
mesodermal expression, but the hybridization signal was much
weaker then in the CNS (Gaunt et al., 1990). These results suggest
that the sensitivity of the in situ hybridization method used for
zebrafish is not sufficient for detection of expression in the
mesoderm.

Graham et al. (1991) compared the dorsoventral expression
pattern for two genes, one from the HOX-2 and one from the HOX-
3 cluster, in parallel cross-sections from mouse (12.5 days p.c.).
They found the two genes to be expressed in different patterns
through the cross-sections, while two genes from the HOX-2 cluster
showed an almost identical D-V patterning. The authors suggested
that the variety of expression patterns across transverse sections
of the neural tube might reflect the hox cluster responses to
different dorsoventral cues. Thus, the variation in expression
pattern might provide the potential to specify different positions in
the more complex vertebrate nervous system. The observation that
hox-3.4is not expressed uniformly within cross-sections at the level
of the finbuds, in 48-hour-old embryos (Fig. 6A-D), indicates a
similar situation in zebrafish.
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The specific hox-3.4 tailbud expression found in 16 h
embryos (Fig. 5G and H) has not been observed previously
for vertebrate Hox family genes. Tailbud expression was
reported for a Xenopus homologue to the Drosophila pair-
rule gene even skipped (the Xhox3-gene; Ruiz i Altaba and
Melton, 1989). However, the tailbud expression of Xhox3
was observed at the late neurula-early tailbud stage and it
disappeared when somitogenesis was completed, while in
zebrafish, the hox-3.4 tailbud expression has disappeared
long hefore somitogenesis is completed at about 30 h after
post-fertilization.

Materials and Methods

Subcloning and sequencing of the zebrafish hox-3.4 gene

The hox-3.4 gene was subcloned from two lambda EMBL3 clones, which
were previously shown to contain the hox-3.4 homeobox region (Eiken et al.,
1987) into the pGem7zf(+) vector, obtained from Promega Biotec. Con-
structs suitable for sequencing of both strands were made and the complete
genomic sequence of the gene was determined, using the chain termination
procedure (Sanger et al., 1977). The EMBL Data Library accession number
to the complete hox-3.4 sequence is X68324.

Computer comparisons of different Hox sequences

Computer comparisons were performed with the Sequence Analysis
Software, package version 7.0, obtained from the Genetics Computer Group
(Devereux et al., 1984).

In situ hybridization on tissue sections

Zebrafish embryos, at three different developmental stages, were
manually dechorionated and sectioned appropriately for in situ hybridization
according to Krauss et al. (1991).
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