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ABSTRACT Transient segmentation in the hindbrain is a
fundamental morphogenetic phenomenon in the vertebrate
embryo, and the restricted expression of subsets ofHox genes
in the developing rhombomeric units and their derivatives is
linked with regional specification. Here we show that pattern-
ing of the vertebrate hindbrain involves the direct up-
regulation of the chicken and pufferfish group 2 paralogous
genes, Hoxb-2 and Noxa-2, in rhombomeres 3 and 5 (r3 and r5)
by the zinc finger gene Krox-20. We identified evolutionarily
conserved r3/r5 enhancers that contain high affinity Krox-20
binding sites capable ofmediating transactivation by Krox-20.
In addition to conservation of binding sites critical for
Krox-20 activity in the chicken Hoxa-2 and pufferfish Hoxb-2
genes, the r3/r5 enhancers are also characterized by the
presence of a number of identical motifs likely to be involved
in cooperative interactions with Krox-20 during the process of
hindbrain patterning in vertebrates.

The developing central nervous system in vertebrates plays an
important role in head morphogenesis because it generates
cranial neural crest, which gives rise to the bone and connective
tissue of the face (1). In the hindbrain, axial patterning is
achieved through a process of segmentation, in which the
developing metameric units (termed rhombomeres) form lin-
eage-restricted cellular compartments (2-4). Grafting exper-
iments in avian embryos have demonstrated that the rhom-
bomeres and their cranial neural crest derivatives have a
prepattern and will generate structures typical of their ante-
rioposterior origin in a cell-autonomous manner when placed
in ectopic locations (5, 6). On the basis of expression patterns
and phenotypes in gene disruption experiments in the mouse,
the family ofHox homeobox genes are widely believed to play
a fundamental role in regulating the anterioposterior identity
of the rhombomeres and neural crest (reviewed in refs. 7-11).
While Hox genes are an integral part of the process of
specifying regional variation in the developing hindbrain, little
is known about the cascade of events that regulate their
expression or segmentation itself. Therefore, considerable
effort has been placed upon identifying the upstream regula-
tory factors that impose segment-restricted expression of the
Hox genes as a means of beginning to unravel the molecular
mechanisms underlying the generation of segments and their
axial specification.

With respect to this question, transgenic and mutational
studies have recently shown that the zinc finger gene Krox-20
is an essential component in controlling hindbrain segmenta-
tion. Krox-20 is normally expressed in rhombomeres 3 and 5 (r3
and r5), and in embryos with homozygous null alleles of the
gene, these segments partially form but are not maintained in
later stages of development (12, 13). Furthermore, Krox-20 has
been shown to directly regulate the Hoxb-2 and Hoxa-2 genes
in r3 and r5, through cis-acting sequences in the 5'-flanking
regions of the genes (14, 15). While the Krox-20 binding sites
in the enhancers of these two Hox genes are necessary for
regulatory activity, they are not sufficient to direct expression
of a lacZ reporter in transgenic mice, suggesting that additional
factors are required.
The process of hindbrain segmentation appears to be evo-

lutionarily conserved in vertebrates because the number of
rhombomeres, the neuroanatomical organization and the pat-
terns of expression of many genes, including transcription
factors, tyrosine kinase receptors, and signaling molecules,
also display a high degree of conservation (reviewed in ref. 2).
Use of transgenic mice to functionally test regulatory regions
of Hox genes, combined with sequence comparisons, has
proved to be very useful in delimiting critical conserved motifs
implicated in regulation of segmental expression (16-20).
Therefore, we wanted to use a similar strategy of evolutionary
comparison with other vertebrates to determine ifKrox-20 had
a common role in regulating Hox genes in r3 and r5. Further-
more, we hoped that conservation of motifs in addition to
Krox-20 binding sites themselves, might be a first step in
helping to identify the cofactors required by Krox-20 for
regulatory activity. In this study, we have functionally tested
5'-flanking regions of the chicken Hoxa-2 and the Fugu
(pufferfish) Hoxb-2 genes and performed sequence compari-
sons with the mouse genes. Our findings show that the general
degree of sequence identity in 5'-flanking regions between
group 2 paralogs is low, but we detected conserved Krox-20
binding sites and a new associated motif potentially involved in
cooperating in -segmental regulation. Therefore, we conclude
that roles for Krox-20 in r3 and r5 are conserved in other
vertebrates.

MATERIALS AND METHODS
Whole-Mount in Situ Hybridization, DNA Constructs, and

Transgenic Analysis. Whole-mount in situ hybridization of

Abbreviations: r3 and r5, rhombomeres 3 and 5; dpc, days post coitum.
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mouse embryos was performed as described (21) with use of
specific fragments from the Hoxa-2 and Hoxb-2 genes to
generate a T7 transcribed riboprobe labeled with digoxigenin.
A set of fragments 5' to the chicken Hoxa-2 ATGwere inserted
in the vector 1084 (construct 8 of ref. 22) and used as reporter
constructs in the transgenic experiments (see Fig. 2). The
embryos shown on Fig. 1 E andF were generated with a 1.2-kb
EcoRI fragment (Fig. 2, construct 2) and a 0.5-kb EcoRI/DraI
fragment (Fig. 2, construct 4), respectively. A pufferfish 2.8-kb
region encompassing the first exon, the intron, and 1.8 kb 5' to
the ATG (Fig. 2, construct 6) was used to obtain the embryo
shown in Fig. 1G. Transgenic embryos were generated by
microinjection of fertilized eggs from crosses between F1
hybrids (CBA x C57). PCR analysis and ,B-galactosidase
staining of embryos were performed as described (14, 17, 18,
22).

Sequencing of the Chicken Hoxa-2 and Fugu Hoxb-2 r3/r5
Enhancers. Both strands of all regulatory regions were se-
quenced by the dideoxynucleotide method on an Applied
Biosystems ABI373A DNA sequencer according to the man-
ufacturer's instructions. Two phages overlapping the pufferfish
Hoxb-2 5' region were obtained by walking upstream from the
Hoxb-1 locus. The HindIII/NotI fragment tested represents an
end clone from the phage N26-8, which contains 1.8 kb 5' of
the pufferfish Hoxb-2 ATG.

Comparative Analysis of Regulatory Sequences. The se-
quence homology search was performed first by pairwise
comparisons using the GCG programs BESTFIT and BETTERFIT
on both strands. ICATOOLS and PRINTREPEATS programs (23)
were then used to search larger tracts of sequence for short
similarity blocks, to analyze in more detail the conserved
regions, and to generate the multiple nucleotide sequence
comparison.

RESULTS
Identification and Mapping of a Chicken Hoxa-2 r3/r5

Enhancer. In the mouse, the anterior expression boundaries of
the group 2 paralogous genes differ. Expression of Hoxa-2
maps to the rl/r2 junction (8) and Hoxb-2 to the r2/3
boundary (24); however, within their domains of expression,
some specific segments have elevated levels (reviewed in refs.
9 and 11). For both of these genes, there is an up-regulation of
expression in r3 and r5, and only in the case of Hoxb-2 is there
additionally strong staining in r4 (Fig. 1 a and b). The r3 and
r5 domains are those we have previously shown to be directly
regulated by Krox-20 (14, 15). This is illustrated by the obser-
vation that enhancers from the Hoxb-2 gene (Fig. lc) and the
Hoxa-2 gene (Fig. ld) will impose r3/rS-restricted expression
on a lacZ reporter gene when tested in transgenic mice.

FIG. 1. Analysis of the r3/r5 up-regulation of group 2 Hox gene paralogs and homologs in transgenic embryos. (a and b) Whole-mount in situ
hybridization of 9.5-days post coitum (dpc) (a) and 9.0-dpc (b) mouse embryos with Hoxb-2 and Hoxa-2 probes, respectively. Note the high levels
in r3 and r5. (c and d) Staining in 9.5-dpc transgenic mouse embryos driven by the Hoxb-2 and Hoxa-2 r3/r5 enhancers, respectively. (e and J)
Transgenic mouse embryos (9.5 dpc) produced with a 1.2-kb EcoRI (Fig. 2, construct 2) and a 0.5-kb EcoRI/DraI (Fig. 2, construct 4) chicken
Hoxa-2 regulatory fragment, respectively. (g) Expression in a 9.5-dpc transgenic embryo containing a pufferfish 2.8-kb genomic fragment (Fig. 2,
construct 6) encompassing the first exon, the intron, and a 1.8-kb of sequence upstream of the ATG. OV, otic vesicle; nc, neural crest.
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FIG. 2. Mapping of the chicken Hoxa-2 and pufferfishHoxb-2 r3/r5

enhancer elements in transgenic mice. The relative positions of the
chicken Hoxa-2 and Hoxa-3 and the pufferfish Hoxb-2 genomic loci are
depicted on the left with the restriction fragments used in transgenic
analysis. At the right, the construct number (#) and the fraction of
embryos expressing the reporter lacZ gene in r3 and r5 are indicated.
RI, EcoRI; D, DraI; RV, EcoRV; H, HindIII.

The chicken Hoxa-2 gene has a pattern of expression similar
to that of the mouse with an anterior boundary mapping to
rl/r2; however, the levels of expression in r3 and r5 were not
obviously higher (25). This raised the question as to whether
the chicken Hoxa-2 gene was controlled by Krox-20. Therefore,
we subcloned the chicken Hoxa-2 gene and its 5'-flanking
region extending to the next upstream gene (Hoxa-3) and
mapped the relative positions of their initiation ATGs (Fig. 2).
Because the r3/rS enhancer of the mouse gene is located
upstream, we first looked for potential Krox-20 binding activity
in this region. Bacterially expressed Krox-20 protein was used
in in vitro analysis to immunoprecipitate fragments in the
Hoxa-2/Hoxa-3 intergenic region. We found that a 1.2-kb
EcoRI fragment (Fig. 2) was preferentially bound by the
protein (data not shown).
We also generated a series of constructs linking the 5'-

flanking regions of the chicken gene to a lacZ reporter gene
under the control of a basal heterologous promoter (Fig. 2).
The functional activity of these constructs (1-5) was tested in
transgenic analysis. Constructs 1 (0/7) and 3 (0/6) had no

activity in transgenic embryos, whereas construct 2, carrying a

1.2-kb EcoRI fragment, generated specific transgene staining
in r3 and r5 (Fig. le). In the majority of the embryos generated
with construct 2, the expression in r5 was at high levels and
uniformly distributed throughout the body of the rhom-
bomere. In contrast, r3 displays patchy groups of positive cells
either dispersed in multiple foci in the rhombomere or spe-
cifically localized and confined to its boundaries (Fig. le). The
difference in r3 staining is not due to a temporal alteration, as

embryos harvested at earlier and later times display a similar
pattern in r3. Therefore, the overall staining pattern is very
similar to that obtained with the mouse enhancer (Fig. ld) with
the exception of the lower level in r3, which appears to be a

genuine difference in the ability of the chicken elements to
function in mice.
The immunoprecipitation and transgenic results with the

1.2-kb EcoRI fragment suggest that Krox-20 is involved in
regulating the chicken Hoxa-2 gene in r3 and r5. Further
deletion constructs were tested to narrow down the minimal
enhancer elements with r3 and r5 activity. Construct 4 (3/7)
containing an 0.5-kb EcoRI-Dral subfragment was able to
mediate r3 and r5 expression (Fig. lf). The pattern of expres-
sion stimulated by this fragment was similar to that with the
entire 1.2-kb enhancer. However, the number of positive embryos
expressing this pattern was generally lower compared with the
1.2-kb enhancer, as were the relative levels of staining in rhom-

bomeres of positive embryos. This suggests that regions modu-
lating the relative efficiency of the r3/r5 enhancer might have
been deleted in the minimal EcoRI-Dral construct.
An r3/r5 Enhancer in the Fugu Hoxb-2 5'-Flanking Region.

Based on the success in identifying a conserved enhancer in the
Hoxa-2 gene from chicken, we wondered if similar regulatory
regions are conserved in the Hoxb-2 gene and if this conser-
vation could extend over a greater evolutionary distance. From
initial in situ hybridization analysis of the Hoxb-2 gene in
zebrafish embryos, the boundary of expression appears to map
to the same r2/r3 boundary as in the mouse (data not shown).
Again, there is no apparent up-regulation ofHoxb-2 expression
in r3 and r5 that could obviously be used to implicate Krox-20
in its control, despite the fact that Krox-20 is indeed expressed
in r3 and r5 in zebrafish hindbrain (26). Therefore, we used a
similar approach to that described above for the chicken
Hoxa-2 gene and tested a 1.8-kb 5'-flanking region of the Fugu
(pufferfish) Hoxb-2 gene for regulatory activity in transgenic
mice. We used the pufferfish Hoxb-2 gene instead of the
zebrafish, because we are currently involved in a systematic
study of the organization of the Hoxb complex in the puffer-
fish, which has a model compressed genome (16, 19, 20, 27).
As shown in Fig. lg, construct 6 generates weak segment-

restricted expression of the transgene in r3 and r5. In some
embryos, the staining was localized in a narrow band in the
middle of r5 or in few patches of cells of the otic vesicle (data
not shown). The patterns were not as robust as those obtained
with the mouse and chicken fragments, but there was highly
restricted expression in r3 and r5. This result suggests that
specificity has been preserved, and some aspects of the rhom-
bomeric regulation are mediated by elements within this
region. We have previously noted in mouse and chicken
analysis that Krox-20 binding sites alone are not sufficient to
direct r3/r5 expression, so it is also possible that the pufferfish
fragments are missing elements required for its full activity.
Conserved Krox-20 Binding Sites in the Chicken and Puff-

erfish Enhancers. Together the functional results with the
chicken and pufferfish genes support the idea that Krox-20 has
a conserved role in Hox regulation; hence, we performed an
extensive set of sequence comparisons to identify conserved
motifs. First, we screened for Krox-20 binding sites in the
chicken Hoxa-2 r3/r5 regulatory region to verify our assump-
tion that Krox-20 might be involved in mediating the activity of
the enhancer by binding directly to the DNA. Indeed, a single
Krox-20 binding site (5'-GCGTGGGTG-3') was found in the
500-bp EcoRI-Dral fragment, and it is identical to the high-
affinity site located in the mouse Hoxa-2 enhancer (15) (Fig.
3B). We have previously shown by electrophoretic mobility-
shift assays that bacterially expressed Krox-20 protein will bind
to this sequence from the mouse gene and form stable
high-affinity complexes (15). The relative distance of these
sites from the respective ATG initiation codons was similar, 2.0
kb for the mouse gene and 1.8 kb for the chicken (Fig. 3A). In
the mouse Hoxa-2 gene, this conserved Krox-20 binding site
was shown to be necessary for enhancer activity, and the
enhancer was activated by ectopic expression of Krox-20 in
transgenic mice. Therefore, by analogy to the mouse, the
conserved site in the functional chicken r3/r5 enhancer is
highly likely to represent a target for direct transactivation by
Krox-20. This strongly supports a common role for Krox-20 in
vertebrates in the up-regulation of at least the Hoxa-2 gene in
r3 and r5.

In a similar manner, sequence analysis of the functional
pufferfish Hoxb-2 enhancer region revealed a single Krox-20
site (5'-GTGTGGGCG-3') that differs by only 2 bp from the
site in the mouse and chicken Hoxa-2 genes (Fig. 3B). One of
these bases, the T at position 2, is identical to that in the
Krox-20 binding site identified in both the human and chicken
Hoxb-2 gene. C or T at this position appear equally compatible
with Krox-20 binding, as an electrophoretic mobility-shift
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FIG. 3. Map and schematic representation of conservation be-
tween the mouse Hoxa-2 and chicken Hoxa-2 r3/r5 enhancer elements.
(A) The Krox-20 binding sites and the adjacent highly conserved motif
(BoxA) are indicated by a solid ellipse and a hatched rectangle,
respectively. The shaded boxes in the conserved block (CB1) show the
presence of five identical motifs within the stretch of homologous
sequence. Note that the Krox-20 binding site and CB1 are situated at
similar positions with respect to the ATGs in both genomic sequences.
(B) Alignment of the Krox-20 binding sites from the respective genes
and their consensus sequences. The human sequence (28) has TG at
positions 7 and 8, which would make it a weak site. (C) The BoxA
sequence adjacent to the Krox-20 site in the Hoxa-2 enhancers.

assay with the mouse Hoxb-2 sequence has shown that bacte-
rially expressed Krox-20 can form high-affinity complexes in
vitro (14). The remaining difference is the C at position 8, at
which a T is usually present in other characterized sites;
however, the human Hoxb-2 gene is also variant in this
position, containing a G. We have used double-stranded
oligonucleotides corresponding to the sequence of the puff-
erfish Krox-20 site as a competitor in electrophoretic mobility-
shift assays with labeled versions of known high-affinity
Krox-20 sites and found that it effectively blocked complex
formation (data not shown). Therefore, the pufferfish site is a
valid Krox-20 binding site.

Using the sequence information in this paper, it is possible
to generate the consensus Krox-20 site (5'-G-C/T-GT-
GGGTG-3') by comparing it to the active in vivo sites in our

previous transgenic analysis of the Hoxa-2 and Hoxb-2 genes
from human, mouse, chicken, and pufferfish enhancers, where
available (Fig. 3B). During the duplication and divergence of
the vertebrate Hox complexes, high-affinity Krox-20 binding
sites have been conserved in the 5'-flanking region of the
group 2 paralogous genes, again supporting the idea that there
is a critical role for Krox-20 in up-regulation of segment-
restricted expression in r3 and r5 in the vertebrate hindbrain.
A Conserved Motif (BoxA) Associated with the Krox-20 Site

in Hoxa-2. The Krox-20 site in the mouse Hoxa-2 gene has been
shown to be necessary for regulatory activity of the enhancer
(15); however, it is not sufficient for r3/r5 expression. Re-
cently, analysis of the mouse and chicken Hoxb-2 gene revealed
that a sequence motif (termed Boxl) adjacent to the Krox-20
binding site at a distance of 17 bp is also absolutely required
for r3/r5 enhancer function in transgenic mice (29). This has

opened up the possibility that other factors may participate in
modulating the ability of Krox-20 to bind to its target sites
and/or cooperate with it to stimulate transactivation. There-
fore, we paid particular attention to the sequences immediately
surrounding the Krox-20 site in chicken Hoxa-2. On the 5' side
of the Krox-20 sites, 3 bp upstream in the mouse gene and 8 bp
upstream in the chicken, there is a region with 11 of the 12 bp
identical. We have referred to this element as BoxA (Fig. 3A
and C) and looked for motifs related to those observed in the
Hoxb-2 Boxl motif. The precise sequence of the Boxl element
in Hoxb-2 is not present; however, within BoxA we noted that
there is smaller core of 6 bp (5'-CTTTNN-3' with a preference
of GT for the last 2 bp) that is partially conserved with Hoxb-2
Boxl sites, although the spacing of this core is different.
Searches using this site have revealed no homology with
binding sites of known transcription factors. Functional anal-
ysis will be required to determine if these BoxA motifs are
required for Krox-20 activity of the Hoxa-2 enhancers.
Other Conserved Blocks in the Hoxa-2 r3/r5 Enhancers. In

previous experiments, which demonstrated that Krox-20 is a
direct regulator of mouse Hoxb-2 expression in r3 and r5, it was
shown that a 578-bp fragment containing the high-affinity
Krox-20 site and the adjacent Boxl motif is not sufficient in
single copy to mediate r3/r5 expression of a lacZ reporter gene
(14, 29). However, addition of a 122-bp 5'-flanking region
linked to this 578-bp fragment was able to direct high levels of
r3/r5 transgene expression. Furthermore, multimerization of
the 578-bp region alone also generated the proper r3/r5
staining (14). These experiments suggested that the specificity
for restricted expression in r3 and r5 probably resides in the
578-bp region containing the Krox-20 sites, but that other
elements in the 122-bp region may be involved cooperatively
or independently in regulating the efficiency of these Krox-
20-mediated activities. Therefore, we were interested in
searching for additional conserved blocks in larger regions
surrounding the Krox-20 binding sites in the mouse and chicken
Hoxa-2 genes.

Surprisingly, the overall sequence similarity of a 1-kb region
containing the Krox-20 sites was relatively low between the
chicken and mouse Hoxa-2 enhancers. There was one con-
served block (CB1) of about 200 bp downstream of the Krox-20
sites with 75% identity between mouse and chicken (Fig. 3A).
The identity within the 200 bp was concentrated in five
colinear subdomains of 33, 29, 12, 32, and 22 bp. In the mouse,
the CB1 domain lies in the minimal r3/r5 enhancer, which
generates high levels of restricted expression in both r3 and r5.
However, in the chicken gene, CB1 lies in the larger 1.2-kb
r3/r5 enhancer but not within the minimal 500-bp EcoRI-Dral
enhancer. Since both have weak r3 expression, CB1 cannot be
used to account for the lower levels of staining in r3 of the
chicken enhancer. However, as noted above, the 500-bp Eco-
RI-DraI enhancer (construct 4) was less efficient in transgenic
assays when compared with the full 1.2-kb enhancer (construct
2). Therefore, it is tempting to speculate that CB1 might be
involved in modulating the efficiency of the r3/r5 enhancer,
and it will be important to specifically test the functional role
of motifs in this domain. We also looked for CB1-related
sequences in the 1.8-kb pufferfish 5' Hoxb-2 enhancer but
found no matches. If such homologous regions exist, they are
outside of the fragment we tested, which might account for the
relatively low efficiency of transgene expression with the
pufferfish enhancer.

DISCUSSION
The experiments presented in this paper serve to reinforce the
value of evolutionary approaches in studying the developmen-
tal regulation of vertebrate Hox genes. Regulatory regions
from the chicken and pufferfish Hox genes are able to interact
with upstream factors, such as Krox-20, in the heterologous
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mouse system and generate the appropriate patterns of seg-
mentally restricted expression of a lacZ reporter gene. Hence,
in addition to the extensive conservation of Hox proteins and
a similar chromosomal organization of the Hox clusters, there
appears to be a considerable degree of conservation in the
underlying molecular mechanisms that regulate their expres-
sion. Although we have focused on the conserved aspects of
segmental regulation to find common components, it will be
equally important to investigate those patterns that differ
between species, as this could represent a means for the
generation of evolutionary diversity.
Krox-20 Has a Common Role. In the mouse, Krox-20 is

clearly an important component in regulating the events that
lead to the full morphogenetic development of r3 and r5. Both
Hoxb-2 and Hoxa-2 are direct targets of Krox-20 in r3 and r5,
and the loss of their function in this domain could be respon-
sible for the abnormalities observed in the Krox-20 mutants
(12, 13). Loss of Hoxa-2 alone in targeted mouse mutants has
no detectable segmental abnormalities (30, 31), although this
could be a consequence of functional compensation by Hoxb-2,
and it will be essential to make Hoxa-2/Hoxb-2 double mutants
to determine if these are the sole components. It is important
to note that a number of other genes, such as the Sekl
segmentally expressed tyrosine kinase of the EPH family, are
also expressed at high levels in r3 and r5 at the same time as
Hoxa-2 and Hoxb-2 (32, 33). Therefore, Krox-20 could play a
more general role in regulating genes displaying r3/r5-
restricted expression.

Results from these experiments reinforce the concept that
Krox-20 plays a similar role in patterning the hindbrain of other
vertebrates. Krox-20 expression in r3 and r5 is conserved in
chick, fish, frog, and mouse embryos (26, 34-36), although the
dynamics of appearance and down-regulation varies between
species. Furthermore, the boundaries and patterns ofHox gene
expression in these species are identical to the mouse, to the
extent currently tested. Our regulatory analysis demonstrates
that the similar patterns of Hox expression are generated by
conserved r3/r5 regulatory enhancers in the chicken and
pufferfish genes. The sequence comparisons identified con-
served high-affinity Krox-20 binding sites that would provide
targets for the transactivation by Krox-20. The presence of
nearly identical Krox-20 binding sites in six of the genes we
have examined shows that the major mechanisms generating
r3/r5-restricted expression are the same between vertebrates.
Although our experiments highlight the conserved role of

Krox-20 in regulating early aspects of the patterning of regional
identity, we do not favor the idea that Krox-20 is a segmen-
tation gene itself. The phenotypes in the Krox-20 mutant
embryos show that r3 and r5 form properly but fail to be
maintained (12, 13). This might be achieved through its
regulation of the Hox genes, because they could have a role in
proliferative related processes, in a manner similar to that
suggested in limb development (37). However, there may be a
number of other Krox-20 targets that are involved in control-
ling the maintenance of the rhombomeres independent of the
Hox segment identity cascade. Because the expression patterns
of Krox-20 itself display segment-restricted domains mapping
to future r3 and r5 in other vertebrates (26, 34-36), we would
suggest that it is the genes implicated in establishing these
earlier patterns that are the true segmentation genes in
vertebrates.

Differences in r3 and r5 Regulation. We have stressed the
similar patterns of transgene expression mediated by the
chicken Hoxa-2 and pufferfish Hoxb-2 enhancers. With respect
to regulation in r5, in chicken we saw strong and uniform
staining of the reporter gene throughout all the cells of this
segment, and the timing of appearance corresponded to that of
the endogenous mouse Hox gene and Krox-20. In contrast, the
staining in r3 was patchy, weak, and temporally delayed. In a
recent transgenic analysis of a chicken Hoxb-2 r3/r5 regulatory

region, we also noted that lacZ reporter expression was weak
in r3 and strong in r5 (29). This result illustrates that there is
a consistent difference in the ability of the chicken Hoxa-2 and
Hoxb-2 enhancers to effectively function in r3 as compared
with r5.

This difference cannot be attributed to Krox-20 alone,
because we know that it is present at the proper times and can
interact with the site for regulation in r5. These high-affinity
Krox-20 binding sites in the chicken genes are also identical to
those in the mouse enhancers, and transgenic analysis of the
mouse regulatory regions indicates that the Krox-20 sites are
necessary but not sufficient for r3/r5 activity. Therefore,
additional factors must be involved in mediating the ability of
Krox-20 to activate r3 expression, and the cofactor require-
ments for r3 and r5 appear to be different. Our preliminary
mutational analysis of the mouse Hoxa-2 enhancer also sug-
gests that separate cis-acting elements in addition to the
Krox-20 binding site may be required for regulation in different
rhombomeres. Hence, even though Krox-20 shows restricted
expression in r3 and r5 and is necessary for regulating the Hox
target genes, the presence of additional components restricts
its activity and provides another level of control in patterning
the regional identity of hindbrain segments.

Search for Krox-20-Associated Motifs. Our comparative
sequence analysis was directed toward identifying conserved
blocks of sequence between species that might correspond to
cis-acting sites for these additional factors. However, the
Hoxa-2 analysis was unlike the comparative studies of Hoxb-4
and Hoxb-1, where we found a few large (100-200 bp) domains
of sequence identity outside the coding regions that corre-
sponded to functionally conserved regulatory regions (16-20).
With the exception of CB1, there were no large blocks of
sequence identity in the 2-kb enhancers. In fact, we had to rely
on our developing knowledge of the Krox-20 sites defined by
previous in vivo analysis to identify the Krox-20 binding sites
themselves. This suggested that the additional factors must be
interacting with small individual elements dispersed in the
region rather than with a set of tightly clustered sites.

Adjacent to the Krox-20 site in the chicken Hoxa-2 enhancer,
8 bp upstream we found a 12-bp motif in which 11 of the 12
bases were conserved in the mouse enhancer. This sequence
was called BoxA and was similarly positioned 3 bp upstream in
the mouse gene (Fig. 3). It is tempting to assume that this
conserved sequence might be functionally relevant because of
its proximity to the Krox-20 binding sites. In support of this
idea, we have recently demonstrated that there is a short
conserved motif (Boxl) in a region flanking the Krox-20
binding sites in the chicken and mouse Hoxb-2 r3/r5 enhancers
(29). This element is spaced 17 bp upstream and mutational
analysis has indicated that it is required for enhancer activity
in transgenic mice. The Boxl motif does not match a consensus
sequence for any known transcription factor binding site
described to date, nor does the sequence precisely correspond
to the BoxA motif we found in this study. However, we noted
that there is a core of similarity, 5'-CTTTNN-3' with a
preference of GT for the last two bases, that is present in both
BoxA and Boxl. On this basis, BoxA is a reasonable candidate
for one of the cis-acting elements involved in cooperation with
Krox-20, and it will be essential to directly test its functional
role in a manner similar to that used to test Boxl.
The Relative Degree of Sequence Conservation Within

Regulatory Regions. The four vertebrate Hox complexes have
arisen by duplication and divergence from a common ancestral
cluster (reviewed in refs. 7, 9, 10, 37, and 38). In the cases like
those we have detailed above, in which paralogous genes are
expressed in similar domains and regulated by conserved
enhancers, we expected that there would be considerable
sequence similarity between the 5'-flanking regions of the
chicken, mouse, and human genes. For example, how confident
could we be of the putative role of the BoxA motif if there were
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FIG. 4. Schematic alignment of the r3/r5 enhancer elements of group 2 Hox genes from mouse, chicken, pufferfish, and human. A multiple
graph comparing the r3/r5 regulatory elements, where curves connect homologous blocks (solid squares) of sequence in the regulatory domains.
The Krox-20 binding sites (indicated by a solid triangle) and the BoxAs (indicated by a solid rectangle) are situated at similar locations with respect
to the ATGs in all six fragments and joined with a thicker curve. Block 12 is the homology CB1 in the mouse and chicken Hoxa-2 genes described
in Fig. 3. The solid boxes (blocks 1-13) represent short stretches of at least 70% sequence identity dispersed along the enhancer elements of all
four species. Regions of the mouse and chicken genomic DNAs between the ATGs and the enhancers that have not been sequenced are depicted
with a broken line. For ease of interpretation, the Boxl motif in the Hoxb-2 genes that is related to BoxA in Hoxa-2 is noted as BoxA.

a large number of 12-bp runs of sequence identity throughout
the flanking regions. Therefore, we felt it might be necessary
to compare regions from even more evolutionary distant
vertebrates, such as the pufferfish, to minimize nonfunctional
sequence similarities and more readily detect functional cis-
acting regulatory elements.

Fig. 4 illustrates the alignment of the sequenced enhancer
regions from the Hoxb-2 and Hoxa-2 genes of human, mouse,
chicken, and pufferfish. The relative positions of the high-
affinity Krox-20 binding sites are indicated (Krox-20) along
with the associated BoxA motif. For ease in interpretation and
because of the related core sequence, we have denoted the
Boxl motif of the Hoxb-2 genes as BoxA. With the exception
of block 12, representing the region CB1 described earlier (Fig.
3A), the blocks of sequence conservation (blocks 1-13) reflect
70% similarity between a number of short stretches of se-
quence dispersed in the enhancers. Many of the conserved
blocks are not organized in a colinear manner, as their
positions can vary between different enhancers. For example,
blocks 8 and 9 are upstream of the Krox-20 site in the
pufferfish enhancer and downstream of the site in the chicken
and mouse enhancers. The relative distances of several blocks
of homologies also vary considerably with respect to their
proximity to the Krox-20 binding site (for example, see refs. 2,
7, and 13). These alignments reveal that there is considerably
less conservation in the flanking regions of these Hox genes

than anticipated. Therefore, we are not encumbered with a
large number of blocks of homology, many of which are likely
to be nonfunctional sequences. If important functional do-
mains had resided within large conserved blocks of this region,
they would have been easily identified, as we found in the case
of Hoxb-4 (20). However, with the exception of CB1, the
relevant motifs appear small and/or divergent and their po-
sition can vary between species. This makes the identification
of functional domains by evolutionary sequence comparisons
very difficult.

Despite these limitations, our evolutionary comparisons of
the group 2 paralogs have been extremely useful in showing
that Krox-20 plays a conserved role in hindbrain segmentation.
We are beginning to identify additional cis-acting sequences
that cooperate in these regulatory processes, and it will be
important to isolate the factors that bind to them to determine
if they have restricted or more general/ubiquitous roles.
Clearly, the similarity in hindbrain morphology and organiza-
tion between vertebrates will greatly aid in building a complete
picture of the regulatory cascade, because it is underscored by
a conserved set of molecular mechanisms.
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