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ABSTRACT

The Vertebrate Dix gene family consists of at least three linked pairs of convergently
transcribed genes. The linked Dix genes demonstrate a striking degree of overlap in
expression patterns during development that is coincident with their genomic
organization and is relatively well conserved between teleost fish, such as the zebrafish,
and mammals. Two explanations for this overlap of expression are that there are cross-
regulatory interactions between the DIx genes or, in the case of the paired Dix genes, that
they share cis-acting regulatory elements. To test this second hypothesis, we compared
the homologous intergenic regions of the paired Dix genes between mouse and zebrafish.
We have identified elements in the intergenic regions of all the paired Dix genes that are
well conserved between zebrafish and mice and that may, at least partially, account for
the overlap in expression patterns of their neighboring Dix genes by acting as shared
enhancer elements. At least two of these elements are able to direct specific expression
in transgenic mice and, remarkably, also in analogous anatomical regions in transgenic
flies. Two of the elements identified are also the sites of regulation by the DIx proteins
themselves. An additional site of regulatory interactions between members of the Dix
family has been identified in the region upstream of the zebrafish dix4 gene which seems
to be dependant on expression of dlx3. These results indicate that interactions between
members of the Dix family are part of their normal function during development and that
there has been some degree of conservation of the elements directing expression of the
Dix genes during metazoan evolution. These results also suggest a mechanism by which
duplicated genes may be stabily maintained during evolution as well as a possible

explanation for the maintenance of the Dix genes as linked pairs in the genome.
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1. INTRODUCTION

“The microcosm: ontogeny. The macrocosm: cosmic history, human history,
organic development” (Gould, 1977). This statement from one of the opening chapters of
Gould’s Ontogeny and Phylogeny simply. and poetically, describes the far-reaching
importance of understanding development. Studying the mechanisms of how organisms
related to ourselves develop has had and continues to have far-reaching implications in
the medical and life sciences. At the same time. the realization that many of these
mechanisms are remarkably well-conserved in diverse phyla has added a completely new

dimension to the study of evolution.

In the last 10-20 years many of the molecular factors involved in metazoan
development have been identified. In embryos, transcription factors regulate the
patterning of the embryo as well as the determination of cell fates. This regulation may
be based on specific interactions between transcription factors and their target genes
and/or other transcription factors. A large number of transcription factors are sequence-
specific, DNA-binding proteins. Many different families of DNA-binding transcription
tactors have been identified in eukaryotic organisms, one example consists of the factors

coded for by the super family of homeobox genes.

The Dix genes make up one of the homeobox gene families that belong to the
super family of homeobox genes. The most well characterized members of the

homeobox gene super family are the vertebrate Hox genes and their Drosophila



homologues the homeotic cluster (Hom-C) genes. The Dix genes share a specific feature
with the Hox/Hom-C genes in that they are clustered in the genome. This feature is not
common to all homeobox genes, and while the significance of the clustering of the Dix
genes is only beginning to be understood, the significance of the clustering of the
vertebrate Hox genes is relatively better understood. This significance is largely based
upon the relationship between the clustering of the Hox genes and their expression as
well as regulation. Because of this, the mechanisms of the relationship between gene
clustering and their expression will be discussed. in terms of the Hox genes, in order to
present ideas that will be important for understanding the relationship between genomic

organization and regulation of expression of the D/x genes.

Leading up to this, the current state of knowledge of the evolution of the Hox and
Hom-C genes will be discussed. This will serve to illustrate not only how the modern
Hox genes arose but will also serve to introduce the importance of gene and larger
chromosomal duplication events in the evolution of clustered genes in particular and gene
families in general. In addition, this discussion on the evolution of the Hox genes will
illustrate the usefulness of examining homologous genes in diverse species to understand
how they have evolved. I will then bring together the topics of Hox gene regulation and
their evolution in a brief discussion of how the mechanisms that control gene expression

may be conserved in evolutionarily diverse organisms.

Following this introduction to the evolution and significance of the organization

of the Hox genes, the actual function of the products of homeobox-containing genes will
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be discussed. This section will include an examination of the ability of homeodomain
proteins to bind DNA, mediated by their homeodomains, and to regulate gene

transcription.

At this point, the evolution and relationship between genomic organization and
regulation of expression of the clustered Hox genes will have been discussed. as will have
the general function of homeodomain proteins, and the Distal-less-related family of
homeobox-containing genes will be introduced. [ will begin by introducing the first
member of this family that was identified, the single Drosophila Distal-less (DI) gene.
Relative to the other members of this family, the Drosophila DIl gene is the most well
characterized. in terms of physiological role and developmental regulation. Thus it
provides a useful starting point to begin to understand the role this gene family plays in
development as well as the factors that regulate its expression. Because of the tendency
for regulatory cascades to be re-used in nature as organisms evolve, the understanding of
the more simplistic setting in which the single Drosophila DIl acts can likely provide

hints on the regulation and function of the vertebrate D/x genes.

At this point the vertebrate Di/x genes will begin to be discussed. The D/x genes
from different vertebrate species will be briefly introduced as was done for the Hox
genes. The genomic organization and number of vertebrate D/x genes as well as their
invertebrate homologues will be incorporated into a reconstruction of the likely
evolutionary history of this gene family. The expression of the vertebrate Dix genes will

be described and then their proposed roles at the molecular level and at the level of the



entire organism as deduced from functional inactivation studies. This will complete the
description of the current state of knowledge pertaining to my research project and the
introduction will be completed with the statement of the problem addressed by my

project.

The Homeotic Genes

The homeodomain. or the genetic component which encodes it, the homeobox.
are named for the homeotic fly mutations which facilitated the discovery of this element.
The first Drosophila homeotic mutant was discovered by Calvin and Bridges in 1915
(Bridges and Morgan, 1923) although the term homeotic had been coined several years
before by the famous British biologist William Bateson (Bateson. 1894). Bateson used
homeotic to describe a malformation that substitutes the pattern ot one region to that of
another and he was referring to systems of reiterated elements in organisms such as the
petals of a flower, the segments of an arthropod or the vertebrae of vertebrates. Bateson
specifically used homeotic to describe a malformation in which there has not ““merely
been a change, but that something has been changed into the likeness of something else”.
This was consistent with the malformations observed in the bit/iorax mutant described by
Bridges and Morgan. This mutation has, as a phenotype, a partial conversion of the
haltere (a small balancing appendage on the thoracic segment directly posterior to that of
the wing) to a wing. The second Drosophila homeotic mutant identified was similar but

where the bithorax mutation involved an anteriorization (a posterior segment taking on



characteristics of a more anterior segment). the anrennapedia mutant (Gehring, 1967)

involved a posteriorization. The antennae of the adult fly are transformed into legs.

The subsequent cloning of the antennapedia and bithorax loci revealed that each
mutation mapped to a cluster of genes, the antennapedia complex (ANT-C) and bithorax
complex (BX-C) (Lewis. 1978). Both of these clusters are physically located close to one
another in the Drosophila genome and the BX-C contains 3 genes and the AN7-C. 5
genes. Interestingly. mutants in either of these loci map in order along the chromosome
to reflect the effects of the mutations on the antero-posterior axis of the fly. Thus, the
left-most (3°) mutations in a cluster affect the most anterior body parts. This is also
consistent with the expression patterns of these genes in that they are expressed spatially
and temporally in the order in which they sit in their clusters. Genes at the 3’ end of the
clusters are expressed first and more anteriorly than the genes more 5’ in the clusters.
Because these genes seem to have similar functions, although in different places, and are
localized to regions of the genome associated with gene duplication events. Lewis (1978)
proposed that the genes in these clusters may have evolved by duplication and divergence
from an ancestral gene. Such a mechanism of duplication then divergence had also been
postulated previouslv by Bridges and Morgan (1923), and such a diversification of the
homeotic genes could have contributed to the evolution of insects with their varied body

segments from ancestors having simpler repeating patterns of body segments.



Based on this proposal. Lewis (1978) predicted that if the genes in these
complexes did share a common ancestor and maintained a similar function, the genes
within the complexes should have similar structures. The cloning of the genes within
these complexes revealed this prediction to be true. Two independent groups identified a
highly conserved 180 bp element within several of the coding regions of the genes of the
HOM-C which consists of the AN7-C and BX-C (McGinnis et al., 1984; Scott and
Weiner. 1984). This element was named the homeobox and the protein domain it
encodes. the homeodomain. Subsequently, genes containing a homeobox were identified
not only outside the HOM-C in Drosophila, but in every eukaryotic species in which they
were searched for. The most recent comprehensive survey of homeobox genes lists over
200 different ones which have been identified (Duboule, 1994) in phyla ranging from
yeasts to plants to vertebrates. In addition. homologues of the Drosophila HOM-C

clusters have now been identified in virtually all metazoans.

Evolution Of The Homeotic Genes

The vertebrate homologues of the HOM-C genes have been named the Hox genes.
While in Drosophila there is only one set of HOM-C genes, in vertebrates as many as 7
sets of Hox genes have been identified. In arthropods, such as insects, 8 Hom-C genes
have been identified and while these genes are separated into 2 clusters in Drosophila, in
other insects such as the beetle Tribolium, the 8 genes are organized into one cluster.
This suggests that the separation of the cluster in Drosophila has occurred relatively

recently in its evolution. The nematode worm Caenorhabditis elegans has 4 Hox gene



homologues (Kenyon, 1994). The cephalochordate amphioxus, the closest invertebrate
relative of vertebrates has at least 10 Hox genes organized into a single cluster (Garcia-
Fermandez and Holland, 1994). The mouse. representative of mammals, has 39 Hox
genes organized into 4 clusters of 13 paralagous groups. Finally, and in contrast to the
common view that number of Hox clusters is a reflection of organismal complexity, in
the teleost zebrafish 47 hox genes have been identified in 7 clusters of 13 paralagous

groups (Amores et al.. 1998).

By examining the organization and number of Hox genes and their homologues in
diverse phyla a picture of the evolution of this gene family can be inferred (Fig. 1.1).
Homologies between Hox genes are based on amino acid sequence similarities of the
homeodomains which they encode. The proposed evolution of the Hox tamily involves
gene duplication events, duplications of larger chromosomal regions and the loss of
genes. A hypothetical ancestor to modern nematodes. arthropods, and vertebrates had a
single Hox cluster of 4 genes (Kenyon, 1994)(Fig. 1.1). In the lineage that would give
rise to modern nematodes, the positions of the first and second genes in the cluster are
exchanged. In the transition from this hypothetical ancestor to the common ancestor of
arthropods and vertebrates. the second gene in the cluster goes through at least 2
duplications resulting in a cluster of 6 genes. In the lineage that would give rise to
modern insects, the second most 5’ gene in the cluster undergoes a series of 3
duplications to give rise to the ancestral Antp, Ubx and abd-A genes as seen in modern
insects. This last series of duplications results in a cluster of 8 genes which is observed in

modern insects and which is schematized for the flour beetle Tribolium. In the lineage



Figure 1.1. A proposed model for the evolution of Hox gene complexity as schematised
through what is known about Hox gene number and organization in a number of modern
metazoan species. Genes are shown as boxes and likely homology to one of the four
proposed ancestral Hox gene ancestors is represented by conserved shading within each
box. The non-filled box in the position of zebrafish /ioxaal0 indicates a pseudogene and
spaces indicate the absence of that gene. In the cases of vertebrates and amphioxus, the
numbering above each gene represents the paralagous group to which it belongs and the
cluster name is indicated by letters to the left of each cluster. Thus the top, left-most
gene shown in the murine Hox clusters is Hoxa!. In the case of the Drosophila HOM-C,
the genes are labelled with the standard abbreviations according to the nomenclature.
The branched arrows indicate branching of metazoan lineages and reflect the evolution of
the Hox clusters shown for each species, but are not reflective of the historical timing of
these events. The arrows indicate a net increase in complexity based on number of Hox

genes and clusters and are in no way meant to suggest fitness.
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that would ultimately give rise to modern Drosophila, a genomic event resulted in the

split of the cluster.

In the evolution of vertebrates. it seems that the ancestral Hox cluster went
through a series of gene duplication events resulting in a primitive vertebrate state of 1
cluster of 13 genes. It is generally believed that the cephalochordate amphioxus
represents the closest invertebrate relative of the vertebrates and consistent with its
position as representative of a primitive vertebrate. it contains one Hox cluster of at least
10 genes (Garcia-Fernandez and Holland, 1994). These 10 genes belong to each of the
first (1-10) paralagous groups of Hox genes observed in vertebrates. The presence or
absence of members of the paralagous groups 11-13 remains to be determined.
Regardless of the presence of a member of each of the vertebrate paralagous groups in
amphioxus. it is apparent that the common ancestor of vertebrates did have at least one
Hox cluster of 13 genes. Thus. until the presence or absence of additional Hox genes in
the amphioxus Hox cluster is determined. it is unclear if amphioxus arose from the same
common ancestor as modern vertebrates or if the lineage which would give rise to it
underwent turther gene duplications to yield the ancestral vertebrate state. It is believed
that this ancestral cluster of 13 genes underwent a duplication resulting in 2 clusters, a
proto-(AB) cluster and a proto-(CD) cluster (Amores et al., 1998; Kappen and Ruddle,
1993). Following this duplication it is presumed that the group 12 paralogue from the
AB cluster and the group 2 and 7 paralogues from the CD cluster were lost since no
paralogues from these groups have been identified (group 12 in clusters A or B or their

derivatives. nor groups 2 and 7 in clusters C or D or their derivatives). Another
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duplication resulted in the 4 Hox clusters as seen in mammals followed by more gene
loss, specifically: Hoxa8; Hoxb!l0 and b11; Hoxcl and ¢3; and Hoxd5 and d6. After the
branching of the lineage which would give rise to mammals, apparently the ancestor of
ray-finned fish including zebrafish and the pufferfish Fugu underwent a polyploidization
resulting in 8 Hox clusters. This was followed by the loss of a complete cluster from the
zebrafish lineage, of 4 clusters from the Fugu lineage as well as individual genes from the
remaining clusters (Amores et al., 1998). This model for the evolution of the Hox genes
thus provides an excellent example illustrating the importance of small scale gene
duplication events as well as larger chromosomal and genome duplication events in the

evolution of a family of genes.

Homeotic Gene Expression: Colinearity And Posterior Prevalence

In vertebrates, the expression pattern of the Hox genes along the antero-posterior
axis of the developing embryo is consistent with that already described for Drosophila
and is schematized in Fig. 1.2. Genes at the 3’ end of the cluster are expressed first and
more anteriorly (e.g. the hindbrain) than genes more 5’ in the cluster which are expressed
more caudally. In addition, mutations in the Hox clusters are able to produce homeotic
phenotypes similar in nature to that observed in Drosophila. For example mice which
have had both copies of the coding sequence for the Hoxc8 gene removed. before dying
shortly after birth, exhibit transformations consistent with a homeotic anteriorization (Le
Mouellic et al., 1992). Specifically, the eighth pair of ribs are directly attached to the

sternum and an extra fourteenth pair of ribs appear on the first lumbar vertebra. Both of

11



Figure 1.2. A schematization iilustrating the conservation of colinear expression patterns
of the Hox genes in vertebrates, as represented by the mouse, and insects as shown for
Drosophila. The genes are labelled as in figure [.1 with the addition that shared common
ancestry is indicated by dashed lines. Thus Dfd and Hoxb4 are likely homologous, and
while Hoxb6-8 likely share a common ancestor with Antp, Ubx and abd-A none of these
six genes are true paraiogues. The approximate expression domains along the antero-
posterior axis are represented by bars and are shown only for selected genes to illustrate

the colinearity of Hox and HOM-C expression.
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these transformations are consistent with posterior vertebrae assuming characteristics of
more anterior ones. A generalization to explain these phenotypes in both Drosophila and
vertebrates has been developed and is commonly referred to as posterior prevalence.
This generalization, also known as posterior dominance suggests that the more
posteriorly expressed Hox genes have the tendency to inhibit the action of Hox genes

expressed anterior to them. Thus, changes in Hox gene expression generally affect the
more anterior domains of their expression, leaving the posterior structures within their
domains of expression virtually unscathed. Anteriorizations are also observed in mice
with Hox mutations. One such mutant is induced by the ectopic expression of Hoxa?7.
These mice also die shortly after birth and exhibit multiple craniofacial abnormalities
(Balling et al., 1989; Kessel et al., 1990). One of the malformations described included
the addition of an extra vertebra anterior to the first cervical vertebra, the atlas. The
difference then, between a posteriorization and anteriorization is in the type of mutation.
Anteriorizations are generally produced by gain of function mutations, such as that
described for Hoxa7 above or previously for the Drosophila Antp mutant. In these types
of mutations, a gene’s domain of expression is ectopically extended to a more anterior
domain than normal, thus inhibiting the actions of the endogenous anterior-acting FHox. or
HOM-C. genes. Posteriorizations, conversely, are generally produced by loss of function
mutations. Both of these explanations are consistent with posterior prevalence or

dominance.
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Transcriptional Regulation Of The Homeotic Genes

The striking similarities in the roles played by the Hox/HOM-C genes in
metazoans as diverse as arthropods and vertebrates, as well as their apparent common
origin, suggests that the role played by these genes during development must be of a
relatively great fundamental importance in order to have been conserved over hundreds
of millions of years of evolution. The conservation of the roles of these genes across the
metazoan phyla is reinforced in experiments where vertebrate Hox genes are ectopically
expressed in wild-type Drosophila embryos, resulting in phenotypes similar to that
observed when the homologous Drosophila genes are similarly mis-expressed (Malicki et
al.. 1993: Malicki et al., 1990; McGinnis et al., 1990; Zhao et al.. 1993). In addition, it
has been shown that vertebrate Hox genes can functionally substitute for their Drosophila
orthologues. The expression of chicken AHoxb! is able to. at least partially, rescue the
wild-type phenotype in flies carrying a null mutation of the orthologous labial (/ab) gene
(Lutz et al.. 1996) despite low sequence conservation outside of the homeodomain of the

proteins encoded by the vertebrate and invertebrate gene.

In addition to this apparent conservation in function, the striking degree to which
the clustered genomic organization and colinear patterns of expression of the Hox genes
and their invertebrate cousins has been conserved, suggests there has been a high degree
of selective pressure to maintain these characteristics during metazoan evolution. The
debate on the explanation for the relationship between the genomic organization of the

Hox genes and the coordination of their temporal and spatial patterns of expression has
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yet to be resolved. However, studies examining transcriptional regulation within the Hox
complexes have suggested at least a partial explanation for the clustering of these genes.
The partial overlaps in expression patterns of neighboring Hox genes within a cluster
hinted at the possibility that Hox genes might share cis-regulatory elements and research
carried out in the laboratories of Denis Duboule and Robb Krumlauf has confirmed this
hypothesis. Krumlauf’s laboratory is principally interested in the Hoxb cluster and has
identified a number of enhancer elements shared by neighboring Hox genes, as well as
elements that specify expression for a single gene. For example a single enhancer
element is shared by the mouse Hoxb3 and Hoxb4 genes, and directs expression to a
domain caudal to the margin defined by the segmental boundary between rhombomeres 6
and 7 as shown by analysis of a transgenic reporter gene (Gould et al., 1997). However.
while the pattern of expression directed by this enhancer is representative of the
overlapping domain shared by Hoxb3 and Hoxb4, the full Hoxb3 expression pattern
includes a region anterior to this domain. as is expected based on colinearity. To
reconcile this, the authors also report the action of another enhancer which shifts Hoxb3
expression rostrally. and that is not shared by Hoxb4. The position of the shared
enhancer within the Hox cluster and its sequence are conserved between fish and
mammals suggesting its evolutionary conserved role. In addition, the shared enhancer
element is able to mediate transcriptional activation by the products of multiple Hox
genes including Hoxb4 and Hoxd4. This is of particular significance because it
demonstrates not only the importance of enhancer sharing in the coordinated expression

patterns of Hox genes, which further implies the importance of the clustering of the Hox
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genes. but also the importance of auto and cross-regulatory interactions between Hox

genes.

Research carried out in Duboule’s laboratory, principally on the Hoxd cluster, has
taken the concept of enhancer sharing beyond 2 linked genes sharing an intergenic
enhancer. During development of the tetrapod limb, the posteriorly acting Hox genes
(Hoxd!0-Hoxd!3), together with £vx2 the 5’ neighbor to Hoxd!3, show nearly identical
expression domains in the distal limb. Duboule’s group transposed reporter transgenes
within the posteriorly acting Hoxd complex and observed them to take on expression
patterns similar to that of the posterior AHoxd genes in the developing limb (van der
Hoeven et al. 1996). In addition. the replacement of the chromosomal region
encompassing Hoxdl!-Hoxdl3 with a reporter transgene revealed that early expression
of the transgene within the limb bud was very similar to that observed for the endogenous
genes that had been deleted, although later expression was not (Zakany and Duboule,
1996). The perturbations in this later expression may presumably be attributed to the loss
of enhancers important for refining the expression of individual Hox genes, or to the loss
of auto and cross-regulatory interactions resulting from the loss of several genes from the
Hoxd cluster. The proposed explanation for this is the presence of a global enhancer
located outside the Hoxd cluster, as defined by the limits of the coding regions of the
posterior-most gene, which directs expression of the Hoxd10-13 genes as well as Evx2 in
the developing limb. Further evidence to support this comes in the form of the murine X-
ray induced Ulnaless mutation. This mutation has been proposed to be within the global

enhancer as it maps to the vicinity of (but outside) the Hoxd cluster and leads to miss-
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expression of the posterior Hoxd genes in the developing limb (Hérault et al., 1997;
Peichel et al., 1997). It seems then, that the sharing of regulatory elements would provide
a strong selective pressure to maintain the Hox genes as clustered, at least in vertebrates.
It can not be ruled out however, that shared regulatory elements evolved after an
ancestral Hox cluster and are thus perhaps an effect rather than cause of Hox
organization. As Duboule states “‘although the existence of such regulations would
explain why genes would not ‘like’ to be separated from each other, they do not

necessarily tell us why theyv were kept together in the first place” (Duboule, 1998).

One piece of evidence that suggests that perhaps the sharing of enhancers was not
instrumental in the conservation of the clustering of the Hox genes is that Drosophila
HOM-C genes apparently do not share enhancer elements. Several vertebrate Hox
enhancers have some activity in Drosophila, including the Hoxb3/Hoxb4 shared enhancer
described above, which has been shown to be able to be regulated by the products of not
only the vertebrate Hox genes but also the Drosophila HOM-C genes (Gould et al.,
1997). A short (30 bp) enhancer element has also been identified in several of the introns
of the murine Hox genes including Hoxa7 and Hoxa4 and the Drosophila Ubx gene.
These enhancers can be regulated by the products of both the vertebrate Hlox genes and
the Drosophila HOM-C genes (Haerry and Gehring, 1997; Haerry and Gehring, 1996;
Keegan et al., 1997). Despite the ability of the enhancer elements, described above, to
exhibit some activity in both flies and vertebrates, it seems that the Drosophila HOM-C
transcription units, including the cis-regulatory elements that direct their expression, are

insulated from their neighboring genes. The fact that the HOM-C is often interspersed
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with non-homeotic genes, such as fushi tarazu (fiz) in Drosophila, that do not share
expression patterns with the HOM-C genes implies this. Evidence supporting this
insulation of transcriptional mechanisms comes in the form of mutations in the HOM-C
which remove the boundaries separating two domains of regulation and thus allow
neighboring genes to come under control of shared enhancers (Gyurkovics et al., 1990).
This is also supported by observations on boundaries of chromatin domains within the
HOM-C (Hagstrom et al., 1996; Karch et al., 1994: Zhou et al., 1996). The most striking
evidence is implied by the actual division of the ANTP-C and BX-C in Drosophila.
Intuitively. differences in the mechanisms of deployment of the vertebrate and
invertebrate Hox genes should come as no great surprise. Insects such as Drosophila
have unique stages of development in comparison to vertebrates. This includes stages
such as the syncitial blastoderm and the hierarchy of developmentally early signaling
events including the maternal coordinate genes, the gap genes, the pair rule genes and
segment polarity genes which help organize the anterior-posterior axis prior to the
expression of HOM-C genes. The establishment of the antero-posterior axis in
vertebrates occurs differently and in nematodes, while their Hox homologues are
expressed similarly along the antero-posterior axis, it is apparent that cell lineages are
important to this mechanism as well. Thus it appears that certain mechanisms involved
in Hox gene regulation have been conserved during metazoan evolution as evidenced by
the ability to exchange enhancers between species as divergent as Drosophila and mice.
[t is also apparent however, that different metazoans have evolved unique pathways. at
the molecular level, to deploy the Hox genes and their homologues. This is a common

and important theme in the study of evolution. While mechanisms such as those
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described above may be conserved, there is also a tendency for innovations to arise in the
evolution of specific lineages. This allows organisms different avenues to pursue in

evolving new mechanisms for evolutionary success.

Function Of Homeodomain-Containing Proteins: DNA-Binding And Regulating

Transcription

To this point the function of the Hox genes during development has only been
briefly touched upon. Based on mutant analysis, the importance of the Hox genes in
vertebrate and invertebrate development has been demonstrated in phenotypic terms. The
auto- and cross-regulatory interactions between members of the Hox genes has also been
briefly discussed, implicating the products of the Hox genes as regulators of transcription.
However, how the products of the Hox genes and homeobox-containing genes in general
act at the molecular level has been largely ignored. From its first discovery, the sequence
similarity of the homeodomain to the helix-turn helix motif of prokaryotic gene
regulatory proteins had been noted (Laughon and Scott. 1984; Shepherd et al., 1984), as
well as their similarity to the mating type proteins MATal and a2 in yeast (Shepherd et
al.. 1984) which are also regulators of transcription. These preliminary observations lead
to the hypothesis that homeodomain proteins act as regulators of transcription and that
the homeodomain represents the DNA-binding domain of these factors. This was
verified as homeodomain proteins were demonstrated to bind DNA. Later, the

homeodomain was shown to be sufficient for DNA-binding, the structure of the



homeodomain was determined and the ability of homeodomain proteins to regulate

transcription was demonstrated.

The ability of homeodomain proteins to bind DNA was demonstrated by a
number of groups in the 3-5 years following the initial reports describing the discovery of
the homeobox (Beachy et al., 1988; Desplan et al., 1985; Desplan et al., 1988: Fainsod et
al., 1986; Hoey and Levine, 1988; Laughon et al., 1988; Muller et al., 1988). One of the
earlier studies identified a nucleotide sequence fragment upstream of the murine Hoxa3
gene that was bound by nuclear extracts from mouse embryonic cells (Fainsod et al.,
1986). To determine if Hoxa3 itself, that was likely present in those extracts (based on its
embryonic expression pattern) could bind this region. it was recombinantly expressed in
bacteria and subsequently shown to bind that fragment. A similar study assayed the
ability of recombinantly expressed engrailed (en), a homeodomain-containing protein
from Drosophila but not a member of the HOM-C, to bind a short repeated nucleotide
sequence motif, TCAATTAAAT, found in an element known to be responsible for
regulating en (Desplan et al., 1988). Full-length recombinant en was demonstrated to
bind this sequence. In addition, by making use of deletions of the en protein, the authors
also demonstrated that the homeodomain alone was sufficient for binding to this
sequence. Interestingly the distantly related ftz homeodomain is also able to bind this
sequence and both homeodomains were also shown to bind a repeat of the nucleotide
sequence TAA. Further confirmation of the homeodomain as DNA-binding domain

came when a purified polypeptide corresponding to the Antp homeodomain was



demonstrated to be sufficient for binding specific oligonucleotide sequences (Muller et

al.. 1988).

The research described above on the ability of en and ftz to bind the same en
regulatory sequence and a TAA-repeat sequence, as well as demonstrating that the
homeodomain represents a DNA-binding domain also hinted at a conserved DNA
recognition site for homeodomains. Both nucleotide sequences, TCAATTAAAT and the
TAA repeat, contain a common sequence of ATTA/TAAT. Subsequent studies utilizing
binding site selection followed by determination of equilibrium constants and
competition experiments, have demonstrated that homeodomains do seem to have a
greater affinity for sequences containing this 4 nucleotide core element (Ekker et al.,
1994: Ekker et al., 1991). One such report compares the DNA sequence preferences of
homeodomain proteins encoded by four of the eight Drosophila HOM-C genes (Ekker et
al., 1994). Of these four homeodomain proteins examined, three (Ubx, Antp, and Dfd)
have a relatively high affinity for sequences containing an ATTA/TAAT core element.
Exceptions to this trend do occur however, as the fourth homeodomain protein in this
study, Abd-B, has a higher affinity for nucleotide sequences containing an ATAA /TTAT

core element.

The obvious question that arises from the observations that homeodomains have
similar nucleotide recognition sequences, concemns specificity. The issue of specificity in
sequence recognition can best be addressed by first determining how the homeodomain

interacts with DNA, beginning with the structure of the homeodomain. The three



dimensional structure of the homeodomain in solution was first determined for Antp by
NMR spectroscopy (Qian et al., 1989). The Antp homeodomain consists of three a-
helices (a fourth more flexible carboxy-terminal a-helix is also present although it is
often referred to and considered as an extension of the third) and a flexible amino-
terminal arm. The second and third a-helices form a helix-turn helix motif very similar
to that observed in prokaryotic transcriptional regulatory proteins as had been suggested
previously by Laughon and Scott (Laughon and Scott, 1984) and Shepherd and
colleagues (Shepherd et al., 1984). The similarity of the second and third a-helices of the
homeodomain to the prokaryotic helix-tum-helix motif was solidified further upon the
solving of the homeodomain-DNA complex in solution, also by NMR (Otting et al.,
1990). The homeodomain’s extended third helix contacts the DNA in the major groove
in a manner highly similar to that of the recognition helix of the helix-turn-helix motif.
Unique to the homeodomain. additional base-specific contacts are made in the minor
groove by the amino-terminal arm and the DNA backbone is contacted by the loop
between the first and second helices as well as several amino acids in the amino-terminal
region of the second helix. Highly similar structures of homeodomains bound to DNA
have been determined for other distantly related homeo-proteins (Kissinger et al., 1990
Klemm et al., 1994; Wolberger et al., 1991; Wolberger et al., 1991) indicating the high
degree of conservation of the mode of DNA binding by this motif. The core nucleotide
element ATTA/TAAT that, as previously mentioned, is a preferred site recognized by the
homeodomain represents a portion of the sequence in the major groove contacted by the

third helix. Thus, intuitively, it would seem that specificity of DNA binding may be
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conferred upon the homeodomain through its base specific contacts outside the major

groove, possibly including those contacts made by the amino-terminal arm.

The importance of the amino-terminal arm in conferring binding site specificity
outside the ATTA/TAAT core element has been reported by a number of groups. One of
the first studies to examine this elegantly compared the amino-terminal arms of the
murine Hoxd4 and Hoxal proteins (Phelan et al., 1994). The Hoxd4 gene has an auto-
regulatory function mediated through the binding of its protein product to a relatively
well characterized element in its promoter. Hoxal. though, is unable to bind and activate
transcription through this same region. However. when the second and third amino acids
of the Hoxal amino-terminal arm were converted to those in the corresponding positions
of Hoxd4, the Hoxal mutant bound and activated transcription through the Hoxd4 auto-
regulatory motif. Based on what is known structurally of the homeodomain-DNA
interaction, the amino acids at positions two and three of the amino-terminal arm contact
the minor groove of the DNA double helix outside the ATTA/TAAT core sequence.
Amino acids located further towards the carboxy-terminus such as at position five seem
to impart some specificity within the core sequence as variations in that amino acid result
in altered preferences for it. For example, the variation in core sequence preference
between the Drosophila Ubx, Antp and Dfd proteins for ATTA/TAAT and Abd-B for
TTAT/ATAA have been attributed to a variation at amino acid five in the amino terminal
arm (Ekker et al., 1994). Similar alterations in core specificity which depend on amino
acid variation at this position have also been demonstrated for Hox proteins (Phelan et al.,

1997).



It appears that specificity can also be imparted by at least two different
mechanisms. One general example by which this may be accomplished is homeodomain
proteins binding DNA as part of a complex with other DNA-binding proteins. This type
of mechanism would require more than one binding site, and would also possibly
introduce the importance of spacing between binding sites. Another possible mechanism
involves a protein containing more than one DNA binding domain which would require,
then. a more complex binding site that would include a homeodomain core recognition
sequence. A particularly well-characterized example of this latter possibility is the POU

domain family of transcription factors.

The POU domain protein family was initially identified based on the observation
that a number of known transcriptional regulatory proteins contained a conserved protein
domain. This conserved POU domain was named based on the first letters from the four
proteins first identified which contained this motif, the products of the mammalian Pit-/,
Oct-1 and Oct-2 and the C. elegans unc-86 genes (Bodner et al., 1988; Clerc et al., 1988:
Finney et al., 1988; Herr et al., 1988; Ingraham et al.. 1988; Muller et al., 1988;
Scheidereit et al., 1988; Sturm et al., 1988: Sturm and Herr, 1988). The bipartite DNA-
binding POU domain consists of two highly conserved regions separated by a variable
linker. The ~75 amino acid POU-specific domain consists of four a-helices with the
second and third helices forming a helix-turn-helix motif. The carboxy-terminal region
of the protein forms a homeodomain. POU domain proteins bind similar nucleotide
sequences which are commonly referred to as octamer motifs. The octamer motif and its

variants consist of a sequence recognized by the POU domain and an adjacent A/T-rich
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sequence recognized by the homeodomain. This family is able to bind DNA as
monomers, homo-dimers and hetero-dimers. In addition phosphorylation has been
demonstrated to be important for their function (Kapiloff et al., 1991; Segil et al.,
1991a.,b) as are interactions with other DNA-binding proteins such as nuclear receptors,
basal transcription factors such as TATA-binding protein (TBP) and non-DNA-binding

coactivators such as OCA-B.

The presence of additional DNA-binding domains in homeodomain proteins is not
restricted to the POU domain family. Several members of the paired domain family of
transcription factors which includes the products of the vertebrate Pax genes also contain
a homeodomain in addition to the paired domain. The paired domain recognizes a
palindromic nucleotide sequence with each half of the palindrome separated by several
nucleotides, thus those members of the paired family which also contain a homeodomain
essentially contain three DNA-binding motifs. Unfortunately, the characterization of
homeodomain proteins such as those coded for by Pax genes or by any of the other
homeobox genes already mentioned is not as comprehensive as that of the members of
the POU domain family. It is relatively well understood how the POU domain proteins
function at the molecular level to regulate transcription. However, the ability of
homeodomain-containing proteins outside the POU domain family to directly activate

and repress transcription in cultured cells has been demonstrated.



One of the first reports of proteins containing a homeodomain directly regulating
transcription came from Jaynes and O’Farrell (Jaynes and O'Farrell, 1988). Their
principle concern was that, up to that time, only circumstantial evidence suggested that
homeodomain proteins were likely able to regulate transcription. Previous experiments
had indicated the ability of Ubx to activate transcription through is own promoter while
inhibiting the Antp promoter in tissue culture cells. However, these experiments could
not address the possibility that the transcriptional effects might result through
intermediates and not through direct interaction of the Ubx protein with these promoter
elements. The authors placed previously identified homeodomain binding sites for the ftz
proteins (Desplan et al., 1985) adjacent to minimal promoters and reporter genes. These
reporter constructs were co-transfected into cultured cells together with a construct to
express the fiz gene and an activation of several hundred fold was observed relative to the
transfection of the reporter construct and no fiz effector construct. Further studies of a
similar nature involving fitz as a transcriptional regulator revealed that co-expression with
other homeodomain proteins including paired (prd) and/or zerknullt (zen) resulted in
significant increases in transcriptional activation (Han et al., 1989). These results are
consistent with a synergistic relationship between the products of these three genes.
Interestingly the products of the even-skipped (eve) and engrailed (en) genes seemed to
have an opposite effect as the expression of the products of these two genes in
combination with the transcriptional activator products of the genes, fiz, prd or zen
resuited in a repression of the previously identified activation. The important
contributions of this work was that not only can the products of homeobox genes act as

activators of transcription, but it seemed likely that these genes acting in combination was



important for their biological function. The complexity of the function of homeodomain
proteins goes beyond them acting as either activators or repressors of transcription. For
example the Ubx protein has been demonstrated to act as a repressor or activator of
transcription on different promoters in co-transfection experiments (Krasnow et al.,

1989).

One of the best understood examples of homeodomain proteins acting together is
the interaction of the HOM-C proteins with Extradenticle (Exd) in flies and Hox proteins,
with Pbx in vertebrates. These proteins cooperate with HOM-C/Hox proteins to interact
with DNA thus imparting increased specificity as well as affinity for DNA-binding. The
biological significance of this was made apparent by the demonstration that Pbxl1
cooperates with Hoxbl to auto-regulate Hoxb! expression (Popperl et al., 1995). Recent
crystallography work has revealed that when homeodomain proteins from the Hox’/HOM-
C groups and the Pbx/Exd groups bind DNA cooperatively, both homeodomains make
sequence-specific contacts such that contacts are made with the nucleotide bases and with
the DNA helix backbone. These functional studies suggest the complex action of
homeodomain proteins. Their ability to act in synergy, as well as to activate and/or
repress transcription suggests they likely act together and that their action is largely
dependant on not only the cellular context in which they are expressed (which would
affect the complement of homeobox genes expressed) but also the cis-regulatory

elements through which they act.



The Distal-Less Family Of Homeobox-Containing Genes

As more genes have been identified outside the Hox clusters, they have been
grouped into families on the basis of sequence similarities of the proteins they encode and
these genes have proven to be important to development as well. Families such as the
POU domain and paired families have already been mentioned and another is the Distal-
less-related family. The Distal-less (DII) gene was first identified in Drosophila and
homologues of it have subsequently been identified in virtually all metazoans. As was
seen with Hox genes, vertebrates have multiple copies of Distal-less related (Dlx) genes

which have presumably arisen as a result of gene and chromosomal duplications.

Distal-Less In Drosophila

Paralleling the discovery of the Hom-C clusters in Drosophila, the DIl gene was
isolated by a chromosome walk to map the molecular lesions associated with several DIl
mutant alleles (Cohen et al., 1989). The Distal-less mutations affect the segmented
appendages of the adult as well as several of the larval sense organs (Cohen and Jurgens,
1989: Cohen. 1990; Cohen et al., 1989; O'Hara et al., 1993; Sato, 1984: Sunkel and
Whittle, 1987). The adult structures affected include: the head appendages associated
with the mouth such as the maxillary pulps, the labium, the labrum, the proboscis, a
subset of the maxillary cirri; the antennae; and the legs. The larval structures affected
include the labral, antennal, maxillary and labial sense organs of the head and the Keilin’s

sense organs of the thorax. The Keilin's larval sense organs are homologous to the distal
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sensory apparatus of the legs of lower insects and are associated with developing adult
appendages. These larval sense organs are rudimentary structures compared to the
morphologically well developed limbs of simpler insects (such as caterpillars) in that they
consist solely of the distal sensory apparatus. Sense organs not associated with
developing limbs are unaffected in mutant embryos. In Distal-less mutants, the larval
sense organs are deleted and the distal structures of the adult appendages are reduced in
size and fused together. A number of different D// mutations have been compared
(Cohen and Jurgens, 1989; Cohen et al., 1989) and while there is some variability in the
severity of the heterozygous mutations (homozygous mutations are embryonic lethal),
discrete adult structures are never deleted. This indicates that D// is involved in

patterning the formation of the distal limb as a whole.

The appendages of arthropods are thought to have evolved from simple, non-
segmented appendages present in annelid-like ancestors. Modern segmented appendages
are believed to have evolved as a result of specializations added to the ancestral
unsegmented appendage. Thus the proximal domain of modern segmented appendages is
representative of an evolutionary ground state upon which modern specializations have
been built. Based on its apparent role in distal but not proximal appendage structures, DI/l
has been proposed to be the gene which promotes the development of appendage
structures above the developmental and evolutionary ground state (Cohen and Jurgens,

1989).
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The expression domains of DIl during Drosophila development are consistent
with their apparent function. Transcripts of DI/ are first detected during cellularization of
the blastoderm in a stripe that corresponds to the future maxillary and labial segments
(Cohen, 1990). Prior to completion of cellularization, a second stripe corresponding to
the antennal appendage primordium appears. Following shortly after the onset of germ-
band extension, expression is detected in the labrum primordium. By the completion of
germ band elongation, the maxillary and labial primordia expression domains have
resolved. the labrum primordium has migrated to the anterior tip of the embryo and the

leg primordia have appeared and are also expressing DI/l.

Regulation Of DIl During Drosophila Development

Expression of DI/l in the trunk is primarily dependant on the segment polarity
genes wingless (wg) and engrailed (en) (Cohen, 1990). In wg mutant embryos, the labial
appendage and leg primordia never develop. A similar phenotype is observed in en
mutant embryos which also lack these structures and also the primordium of the
maxillary appendage. Examining DI/ expression in embryos mutant for either wg or en
reveals a loss of expression in the primordia which would give rise to the deleted
structures. The segment polarity genes are expressed as stripes in the embryo at the
cellular blastoderm stage. The expression of en and wg define the anterior and posterior
domains, respectively, of the parasegment boundaries which also coincide with the
position of the leg primordia. In double labeling experiments DI/ is expressed in cells

surrounding those expressing wg in the leg primordia. This result is consistent with the
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role of wg as a secreted signaling molecule. Comparison of D// and en expression reveals
an overlap of expression in the leg primordia, consistent with the role of en as a
transcription factor (Cohen, 1990). Because of these expression patterns Cohen (1990)
proposes that D/l is expressed in the limb primordia and its expression in the anterior
compartment of the primordia is dependant on g and in the posterior compartment upon
en. In mutant embryos in which the domains of expression of en or wg are altered, the
relationship between their expression and D/l is maintained; thus D!/ is aberrantly
expressed as well. A later study (Cohen et al., 1993) suggested that the positioning of D!/
expression along the dorsal-ventral axis of the embryo is dependant on expression of
decapentaplegic (dpp). Thus DIl is expressed in the thoracic segments of the embryo in
the regions of overlap between the stripes of expression of wg which run along the
dorsal/ventral axis and dpp which run along the antero-posterior axis. Interestingly, it
seems that once expressed, D/l is able to maintain its expression by in turn activating en,
wg and dpp (Gorfinkiel et al., 1997) as observed in experiments in which DI/l was
ectopically expressed in the embryo ultimately resulting in the development of ectopic

ventral appendages.

Intuitively, the HOM-C genes are also excellent candidates for controlling DI/
expression. Because establishment of a body with an antero-posterior axis with little
doubt preceded the evolution of specializations such as appendages, it is likely that these
specializations were added on to the already present antero-posterior body. Thus
positioning of these specializations by the HOM-C genes would come as no surprise.

Evidence for a relationship between the HOM-C genes and DIl can be inferred by loss of



function mutations in genes of the BX-C which result in the anteriorization phenotype of
abdominal legs (Lewis, 1978). This suggests that one of the roles of the BX-C is to
repress limb development in the abdominal segments of the Drosophila embryo perhaps

through repressing DIl expression.

In fact, enhancer elements have been identified which direct DI/ expression during
development and which are under control of several of the HOM-C genes. The coding
region of the DII gene is encoded in 7 exons spanning approximately 20 kb of the genome
and the homeobox is divided by an intron (Vachon et al.,, 1992). A number of cis-
regulatory elements have been identified in the 15 kb upstream of the coding region, in
the 10 kb downstream region and in the third intron which divides the homeobox (O'Hara
et al., 1993; Vachon et al., 1992). These enhancer elements were identified by coupling
fragments of genomic DNA encompassing the D/l locus with a basal promoter and the
LacZ gene, transforming flies with this series of reporter constructs, and examining
transgenic embryos for B-Galactosidase (Vachon et al., 1992). A number of elements
were identified which have the ability to recapitulate certain domains of endogenous D//
expression. Two enhancers upstream of DI/ , 215 and 304 direct expression in the
developing legs (215 also directs expression in the developing head regions including the
labium. maxilla, antennae and labrum), and another named ETD6, located downstream of

DIl directs expression to the cells which will become the maxillary cirri.
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The DII-304 enhancer directed transgene is coexpressed with endogenous D!/ in
the thoracic leg primordia of the germband extended embryo whereas the expression
driven by the DII-215 enhancer is in only a small subset of the D// expressing cells in the
same regions. In embryos mutant for the BX-C genes, however, the expression domains
of both DI/ and the transgene directed by DI/-304 are extended posteriorly to include the
homeotic leg primordia in the abdominal segments. This strongly suggests that D//-304
is the site of transcriptional repression by the products of members of the BX-C. This
was confirmed in gain of function BX-C mutants which have anteriorly extended domains
of expression of genes of this complex, and in which D/l as well as transgene expression

was repressed. Further Ubx and abd-A proteins bind the D//-304 element.

The ETD6 element unlike D//-304 appears to be the site of transcriptional
activation by at least one of the homeotic gene products. Expression of a transgene
driven by ETD6 is observed in the ventral-lateral maxillary segment (O'Hara et al.,
1993), which is also encompassed within the expression domain of the ANT-C gene Dfd.
In Dfd loss of function mutant embryos, expression conferred by ETD6 is completely
abolished. In embryos in which Dfd is ectopically expressed however, expression
directed by ETD6 extends posteriorly from its wild type expression domain, although it is
not expressed in all cells expressing Dfd. The authors do not address this latter problem
although it seems likely that one possible explanation for these observations is, that while
ETD6 directed expression is dependant on Dfd, other co-factors present in the cells which

will give rise to the maxillary cirri are also required for optimal expression.
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It seems then that the general role of D/l in insect development is to elevate
structures above an evolutionary ground state essentially consisting of the body wall.
The DIl gene functions in development of virtually all of the adult appendages in
Drosophila and appears to be regulated by complex patterns of extracellular factors and
other transcription factors, a complexity which is just beginning to be understood.
Similar roles for DIl have been observed in other arthropods including other insects and
crustaceans (Panganiban et al., 1995). The expression patterns of D!/ in crustaceans is
especially interesting as crustaceans have abdominal limbs (as opposed to thoracic limbs
for insects). In the developing abdominal limbs D// is expressed despite expression of the
BX-C genes suggesting the repression of DI/ expression by these homeotic genes is a
relatively recent innovation in the evolution of modern insects (Palopoli and Patel, 1998).
In addition to altered DI/ expression leading to variation in the evolution of arthropods.
other work has demonstrated that it has also been recruited, or exapted. to perform new

functions such as in patterning the eyespots of butterflies (Carroll et al., 1994).

The Vertebrate Distal-Less Genes

The exaptation of genes to evolve new functions, such as the role of D// in
patterning the eyespots of butterfly wings, is an important component of modern
reductionist evolutionary thought. Exaptations are often associated with gene duplication
events. For example a gene is duplicated resulting in 2 genes capable of performing the
same function. This redundancy now allows the mechanisms of evolution to modify 1 of

the genes while the other maintains its normal functions. Over time, selection acting
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upon these modifications results in a new gene with new functions. Such an occurrence

may be observed in the evolution of the vertebrate D//-related gene family.

The vertebrate Dll-related tamily (DIx) consists of 6-8 genes, which are defined
by similarities in their homeoboxes to that of Drosophila DIl. Members of the Dix family
have been identified in all vertebrates examined including human (Nakamura et al., 1996;
Scherer et al., 1994; Simeone et al., 1994), mouse (Nakamura et al., 1996; Porteus et al.,
1991; Price et al., 1991; Robinson and Mahon, 1994; Robinson et al., 1991; Simeone et
al., 1994: Stock et al., 1996; Weiss et al., 1995), rat (Zhao et al., 1994), chick (Ferrari et
al.. 1995). newt (Beauchemin and Savard, 1992), axolotl (Mullen et al., 1996). the frogs
Xenopus laevis (Asano et al., 1992; Dirksen et al., 1993; Papalopulu and Kintner, 1993)
and Eleutherodactvlus coqui (Fang and Elinson, 1996), and zebrafish (Akimenko et al.,
1994: Ekker et al.,, 1992: Stock et al., 1996). The DIx genes are organized into 6
paralagous groups based on sequence similarities of the homeodomains which they
encode (Table 1.1). The DIx genes can aiso be grouped into one of two clades based on
similarities in sequence motifs within the proteins they encode including the
homeodomain as well as regions in the carboxyl terminus (Stock et al.. 1996). One clade
is made up of the Dix/, DIx6 and DIx7 paralagous groups and the other, the Dix2, Dix3,
and DIx5 paralagous groups. The proteins encoded by members of the clade of Dix2,
DIx3 and DIx5 also contain a short highly conserved amino acid sequence in the amino-
terminus (Akimenko et al., 1994). In addition, at least 6 of the known Dlx genes are
organized as inverted convergently transcribed gene pairs, with each gene pair containing

one gene from each clade (Fig. 1.3). Thus Dlx/ and DIx2 are a linked pair as are D/x5
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Table 1. Dlx paralagous groups

Human DLX]
Mouse Dix/
Zebrafish dix!

E. coqui EcDix]

Human DLX6
Mouse Dix6
Zebrafish dix6

Xenopus Xdll

Human DLX7
Mouse Dix7

Zebrafish dix7
Zebrafish dIx8

Newt NvHBox)

Dix2
§ Human DLX2
Mouse Dix2
Zebrafish dix2
Zebrafish dix5
Xenopus X-DLL]

Xenopus X-dll4

E. coqui EcDIx2

DIx5
Human DLX5
Mouse Dix5
Zebrafish dix4
Xenopus X-dii3
Chicken Dix5
Rat rD/x

E. coqui EcDix4

Dix3

Human DLX3
Mouse Dix3
Zebrafish dix3
Xenopus X-dlI2
Xenopus Xdll-2
Newt MHbox4
Axolotl Dix-3

E. coqui EcDIx3




Figure 1.3. A proposed model for the evolution of the Distal-less-related genes as
schematized through what is known about Distal-less gene number and organization in a
number of modern metazoan species. Genes are shown as boxes and likely paralogies are
represented by conserved shading within each box. Each gene is labeled and the so far
undetermined presence of paired partners for the zebrafish dlx5 and dix8 genes is
indicated by question marks. The directions of transcription of the genes are represented
by arrows above each gene. The branched arrows indicate branching of metazoan
lineages in reflection of the evolution of the Distal-less-related genes shown for each
species. and are not reflective of the historical timing of these events. The arrows
indicate a net increase in complexity based on number of Distal-less-related genes and

DIx gene pairs and are in no way meant to suggest fitness.
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(zebrafish dix4) and Dix6 as well as DIx3 and Dix7 (Ellies et al., 1997b; McGuinness et
al.. 1996; Nakamura et al., 1996; Ozcelik et al., 1992; Simeone et al., 1994). As is seen
for the Hox genes, zebrafish has additional Dix genes, dixj and d/x8, which are not linked

to each other and that do not appear to exist in other vertebrates (Stock et al.. 1996).

Evolution Of The Distal-Less-Related Gene Family

The relationship between the Hox genes and Dix genes is not necessarily relegated
to the superficial association of zebrafish simply containing a larger complement of either
of these genes as compared, for example, to mammals. Recently it was proposed that the
Dil-related genes arose during the same duplication events that gave rise to the Hox
clusters. as a result of linkage to the AHox genes (Stock et al., 1996). Thus. the Dix//Dix2
paralagous pair is linked to the Hoxd (zebrafish hoxda) cluster, the DI/x5/DIx6 pair is
linked to the Hoxa (zebratish hoxaa) cluster, and the Dix3/DIx7 pair is linked to the Hoxb
(zebrafish hoxbb) cluster (Amores et al.. 1998; Nakamura et al., 1996; Rossi et al.. 1994;
Simeone et al., 1994; Stock et al., 1996). For the 2 additional Dix genes in zebrafish,
dIx8 is linked to the /hoxba cluster and interestingly d/x5 maps to the genomic region
which is thought to have arisen during the duplication of the Hoxd cluster (Amores et al.,
1998). Thus dix5 seems to have been linked to an ancestral soxdb cluster which has

since been lost in zebrafish.
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The genomic organization and linkage to the Hox genes of the Dl//-related gene
family allows the development of a scenario by which this family likely evolved (Fig.
1.3). An ancestral Dll-like gene gave rise to the single D/x homologue observed, for
example, in Drosophila as already described, or the C2845.4 gene in C. elegans. The
C28A45.4 gene is distantly linked to the primitive HOM-C/Hox cluster and located on the
side of the cluster corresponding to the most posteriorly expressed gene (A C. elegans
Data Base on the world wide web as cited in Stock et al.,, 1996). The DI/ gene of
arthropods arose from this same ancestor, although it appears that some time after the
divergence of the lineage which would give rise to vertebrates, a genomic event in
invertebrate evolution resulted in the separation of D/l and the HOM-C as these genes do
not map to the same chromosome in Drosophila (Cohen et al., 1989). A gene duplication
event resulted in an ancestral convergently transcribed gene pair early in the evolution of
chordates. The organization of the D/x homologues in tunicates such as C. intestinalis
(Di Gregorio et al., 1995) is shown and is representative of a highly primitive chordate, or
urochordate. Linkage of this ancestral pair to the single Aox cluster in tunicates is
unknown, however as there is linkage between the Dix pairs and Hox genes in
vertebrates, it can likely be assumed that the ancestral D/x pair was linked to the ancestral
vertebrate Hox cluster. In the lineage which would give rise to vertebrates, a series of
duplication events produced at least 3 pairs of Dix genes as shown for the mouse. The
Hoxc cluster apparently has no D/x gene pair linked to it. It remains unclear if this is due
to a loss of Dix genes, or if the Dlx pair linked to the ancestral Hoxcd cluster, which gave
rise to the Hoxc and Hoxd clusters (Amores et al., 1998) was simply not included in that

duplication event. Similarly, the Evx gene which is closely linked to the posteriorly
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expressed Hox genes as well, is also absent from the genomic region of the Hoxc cluster
in all modern vertebrates examined. The duplication event which produced the additional
Hox clusters in zebrafish apparently also resulted in at least 2 Dix genes not present in
other vertebrates such as mammals. It is known that these 2 genes do not represent a
single pair (Stock et al., 1996), but it remains unclear if they are linked to as yet

undiscovered Dlx genes.

Expression Patterns And Potential Roles Of The Vertebrate Dix Genes

The expression patterns of the zebrafish dlx genes are summarized in table 1.2.
Based on these patterns of expression, the D/x genes may be inferred to play roles in
development of the ventral forebrain (Akimenko et al., 1994: Papalopulu and Kintner,
1993: Porteus et al., 1991: Price et al., 1991: Robinson et al., 1991), olfactory placodes
(Akimenko et al., 1994), branchial arches (Akimenko et al., 1994; Dollé et al., 1992;
Papalopulu and Kintner. 1993; Robinson and Mahon, 1994; Zhao et al., 1994), otic
vesicle and inner ear (Akimenko et al., 1994; Ekker et al., 1992 Papalopulu and Kintner,
1993: Robinson and Mahon, 1994) and limbs/fins (Akimenko et al., 1994; Dollé et al.,
1992: Morasso et al., 1995). In general, the patterns of Dix expression during
development are relatively well conserved between different vertebrate species. Two
striking aspects of the Dix expression patterns are their combinatorial nature and
furthermore. their virtual complete overlap between members of each pair. Thus,
whatever complement of an organism’s D/x genes may be co-expressed in a specific

region of the embryo, it appears there is generally an overlap of each member of a pair.
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Table 2. Summary of expression of the dix genes during zebrafish development

ctodermal stripes in

gastrula

Ventral forebrain

§ Olfactory placodes

Migrating neural crest

Visceral arches

Dorsal otic vesicle

Pectoral fin buds

Median fin fold
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Examples of this include the co-expression of dix/ and dix2 in the branchial arches and
dix4 and dIx6 in the forebrain. In addition there is even similarity in the expression of the
single Distal-less gene identified in amphioxus (Holland et al., 1996). Similar to the
zebrafish dix genes, AmphiDIl is expressed in the presumptive ectoderm of the gastrula as
well as in the cerebral vesicle which has been proposed to be homologous to the

vertebrate forebrain

Overlapping patterns of expression for a gene family, as is observed for the Dix
genes. presents a problem in determining their roles. One of the most powerful tools for
studying roles of genes during development is the technique of selective gene
inactivation. or “knocking out the gene”. However, it is often observed that when genes
are selectively inactivated, the resulting phenotypes prove to either be too subtle to detect
or to be less spectacular than expected. A common explanation for this is genetic
redundancy. The basis of redundancy in this context is essentially, that despite the
nullification of one gene, a related gene expressed in similar regions of the embryo is able
to. at least partially, functionally compensate for the loss. This is to be especially
expected when the expression patterns of the related genes overlap to the extent observed
for the Dix family. In addition, while the identification of domains outside the
homeodomain of this family has yet to be reported, sequence similarities do exist and the
high degree of sequence conservation of the homeodomain (>90%) suggests that the
members of this family recognize a similar DN A-binding site. The phenotypes of Dix/
or DIx2 null mutants are consistent with a predicted functional redundancy. The

phenotype of the Dix/ mutant mouse includes an abnormal enteric nervous system and



slight defects in cranial neural crest-derived skeletal components derived from the
proximal parts of the first and second branchial arches (Qiu et al., 1997). The Dix2
mutant mouse exhibits dysmorphologies in derivatives of the first and second branchial
arches as well as abnormal forebrain differentiation (Qiu et al., 1995). Mice lacking both
Dix! and DIx2 however have a more profound phenotype. This phenotype includes a
greater degree of abnormalities of the craniofacial bones (Qiu et al., 1997), a complete
absence of maxillary molars (Qiu et al., 1997; Thomas et al.. 1997) and striking
abnormalities in development of the striatal subventricuiar zone, in the differentiation of
striatal matrix neurons and in the migration of neocortical interneurons from the
subcortical telencephalon (Anderson et al., 1997b; Qiu et al., 1997). The importance of
Dlx genes in craniofacial development is also implied by the observation that craniofacial
dysmorphologies in zebrafish embryos treated with exogenous retinoic acid coincide with
a complete loss of dlx gene expression in the branchial arches (Ellies et al., 1997a).
Recently, the murine DIx3 gene was implicated in an apparently unique, amongst D/x
genes. extra-embryonic role in morphogenesis of the placenta (Morasso et al., 1999)

indicating that redundancy can not be assumed in all D/x inactivation experiments.

Studies making use of selective gene inactivations as described above are useful
for studying the overall role a gene may play in an organism. The specific role that the
gene product plays at the molecular level can rarely be deduced from such experiments.
Because of the presence of the homeodomain, Dix proteins are implicated as regulators of
transcription; however based on the available literature, downstream targets of Dix

proteins are largely unknown as is the specific DNA sequence recognized by these
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proteins and their requirements for cofactors. One study suggests the ability of Dix
proteins to bind a specific sequence in an enhancer of the Wnrs-/ gene in mouse, which
contains two ATTA/TAAT core sequences, and activate transcription (Iler et al., 1995).
Unfortunately, the physiological significance of these results remains unclear, as the
authors of this study suggest this enhancer represents a negatively regulated element
responsible for repressing Wnt-1 expression in the developing forebrain. Another study
suggests that in rat. DIx5 is able to repress expression of the osteocalcin gene (Ryoo et
al.. 1997). This implicates a role for a DIx protein in osteoblast differentiation and bone
morphogenesis, which may explain the relationship between craniofacial
dysmorphologies of the skeleton and loss of D/x expression (Ellies et al., 1997a; Qiu et

al.. 1997; Qiu et al., 1995).

The molecular mechanisms by which DIx proteins exert their influences on
transcription are also largely unknown. It has been suggested however that specific DIx
proteins are able to form homodimers as well as heterodimers with other Dix proteins and
members of the Msx family of homeodomain proteins (Zhang et al., 1997). These
dimerizations are mediated by the homeodomains of both these families and are
independent of DNA-binding. The authors propose that Msx proteins are transcriptional
repressors that function without requiring to bind DNA, whereas DIx proteins are DNA-
binding-dependant transcriptional activators. The mechanism by which Msx proteins
may repress transcription independent of DNA binding is not addressed. However, they
suggest that the repressor function of Msx proteins can be abolished by their binding to

Dlx proteins. This indicates that, in addition to being able to activate transcription by
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binding cis-regulatory elements, DIx proteins can also antagonize the repressor function
of Msx proteins by interacting with them independent of DNA-binding. The
physiological significance of DIx proteins forming dimers with other DIx proteins is not

made clear.

The factors that regulate the vertebrate D/x genes are largely unknown as well, as
are any elements which may direct expression of the D/x genes during development. One
exception is an approximately 1 kb region from directly upstream of the Xenopus XdlI-2
gene which has been determined to direct expression in the epidermis of frog embryos

and which can also specify expression in murine epidermal cells (Morasso et al., 1994).

Statement Of Problem

The purpose of the project described in this thesis was to study the regulation of
the D/x family during development. As stated above, very little is known about the
genetic hierarchies. both upstream and downstream. in which Di/x genes are involved. A
number of explanations can be forwarded for the striking patterns of overlapping
expression observed for the DIx genes. One possibility is that DIx proteins. as part of
their function may be involved in regulating D/x gene expression. Precedents exist for
this type of cross-regulation such as that already discussed for the Hox genes. Another
possibility, applicable to the paired Dix genes which share virtually identical expression
patterns, is that the paired D/x genes share cis-acting regulatory elements. Precedents

exist for this as well such as enhancer sharing which has also been already introduced
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using the example of the Hox genes. A logical place to search for such shared enhancers
is the intergenic regions separating the Dlx gene pairs. A number of such elements have
been identified and I have demonstrated the ability of DIx proteins to bind and activate
transcription through a subset of these elements. I have also demonstrated that sites of
auto- and/or cross-regulation are not restricted to intergenic enhancers as DIx3 has the
ability to activate transcription through a region of DNA from directly upstream of d/x4.
In addition, by studying the activity of the intergenic enhancers in metazoans as diverse
as mammals and insects, the picture of the evolution ot this gene family has not only
become clearer, but a better understanding of how gene families made up of multiple

members may have evolved has also been achieved.
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ABSTRACT

The Dix homeobox genes of vertebrates are transcribed in multiple cells of the embryo
with overlapping patterns but often with different onsets of expression. Here, we
describe the interaction between two dlx genes, dix3 and dix4, during zebrafish
development. The observation that dix3 expression precedes that of dix4 in the otic
vesicle led us to investigate whether d/x3 had the ability to control expression of dix4.
Truncated versions of d/x3 were over-expressed in zebrafish embryos and the expression
patterns of dix4 were examined later in development. Over-expression of truncated
forms of DIx3 or of a Dix3-DIx2 chimera were found to result in perturbations in dix4
expression. In addition, co-transfection experiments. in cultured cells. indicated the
ability of DIX3 to activate transcription through the 5' flanking region of dix4. These
results suggest that dix4 is one of the target genes of d/x3 in embryos and that cross-
regulatory interactions between Dix genes may be one of the mechanisms responsible for
their overlapping expression.

Kev Words: Danio rerio, branchial arches, inner ear. homeodornain, transgenic animals.
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RESUME

Les génes a bolte homéo de la famille Dix des vertébrés sont co-exprimés dans de
nombreuses cellules de I'embryon. Nous rapportons l'interaction entre deux génes dlx,
dix3 et dix4 du danio (poisson-zebre). L'expression de dix3 précéde celle de dix4 dans
les vésicules otiques au cours de leur développement, ce qui nous a amené a déterminer si
dlx4 pouvait constituer un des genes cibles de dlx3. Nous avons sur-exprimé des ARN
messagers codant pour des versions tronquées de DIx3 dans des embryons de danio et
avons mesuré l'expression de dix4 a des stades ultérieurs de développement. La sur-
expression des versions tronquées de DIx3 ou d'une chimeére DIx3-DIx2 causérent des
perturbations de l'expression de dix4. De plus, des expériences de co-transfection ont
démontré la capacité de DIx3 d'activer la transcription d'un géne "reporter” contenant
1.7kb de séquence 5'-tlanquante de dix4. Ces résultats suggerent que dl/x3 est un des
activateurs de dix4 chez I'embryon et que des interactions croisées entre les génes Dix
sont. du moins en partie, responsablcs de leur co-expression au cours du développement.

Mois-Clés: Danio rerio, arcs branchiaux, oreille interne homeodomaine, animaux

transgeniques.
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INTRODUCTION

Transcription factors encoded by homeobox genes are found throughout the
eukaryotic kingdoms and play important roles during development. In metazoans, these
genes can be divided into two general classes based on similarities in sequence and
organization in the genome. The Hox genes are organized in clusters in the genome and
are involved in specifying the antero-posterior patterning of the organism. The cluster
organization of the Hox genes was shown to influence their function. Members of the
other class of homeobox-containing genes are spread throughout the genome. They are
divided into families on the basis of the sequence of their homeobox. Members of the
Dlx gene family in vertebrates are defined by having homeoboxes similar in sequence to
that of the Drosophila Distal-less (dil) gene (Cohen et al.. 1989; Vachon et al., 1992).
Dlx genes have been identified in rat (Zhao et al., 1994), Xenopus (Asano et al.. 1992;
Dirksen et al.. 1993; Papalopulu and Kintner, 1993), the frog Eleutherodactyius coqui
(Fang and Elinson. 1996), newt (Beauchemin and Savard, 1992), axolotl (Mullen et al..
1996. and C. Nolte, J. Armstrong and M. Ekker, unpubl. observations), chicken (Ferrari
et al.., 1995), mouse (Nakamura et al., 1996; Porteus et al., 1991; Price et al., 1991;
Robinson and Mahon, 1994; Robinson et al., 1991; Simeone et al., 1994; Weiss et al.,
1995). zebrafish (Akimenko et al., 1994; Ekker et al., 1992; Stock et al.. 1996), and
human (Nakamura et al., 1996; Scherer et al., 1995; Simeone et al., 1994). At present, as
many as six different members of this family have been identified in most vertebrate
species with the exception of zebrafish in which eight different members have been

identified (Akimenko et al., 1994; Ekker et al., 1992; Stock etal., 1996).



Little is currently known, however, of the role that the D/x genes play. During
zebrafish development, dix genes are expressed in: ectodermal stripes in the gastrula; the
ventral forebrain; the olfactory placodes; migrating neural crest; the visceral arches; the
otic vesicle; the pectoral fin buds; and the median fin fold (Akimenko et al., 1994; Ekker
et al.. 1992; Ellies et al., 1997a,b). Although changes in dix expression have been
observed in some of the mutants of the large screen carried out in zebrafish (see for
example (Malicki et al., 1996)). none of the mutants was identified as carrying a mutation
in a dlx gene specifically. Selective inactivation of D/x2 (Qiu et al., 1995), Dix/ or both
DIx/ and DIx2 (Qiu et al.. 1997) in the mouse results in dysmorphologies of cranio-facial
cartilage elements. Similarly, the loss of dlx expression is observed to coincide with
cranio-facial dysmorphologies in zebrafish embryos treated with retinoic acid (Ellies et
al.. 1997a). All of these studies suggest that D/x genes are involved in the development
of skeletal elements of the head. However, several regions of the embryo where Dlx/
and/or DIx2 are expressed in mouse embryos were largely unaffected in the null mutants.
One of the explanations for the lack of mutant phenotype in these regions of the embryo
where DIx genes are expressed is functional redundancy. Vertebrate D/x genes are
generally expressed with overlapping patterns. Thus it is thought that loss of expression
of one Dlx gene in a specific region of the embryo can be compensated, at least partially,
by the other D/x gene(s) also expressed in that region. In addition to overlapping patterns
of expression, the Dix genes are also expressed with different temporal onsets in specific
regions of the embryo. For example, in the visceral arches of zebrafish embryos, all

members are expressed with the exception of d/x5 (Ellies et al., 1997b), however, dix2 is
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expressed first, followed by the other dix genes (Akimenko et al., 1994; Ellies et al.,

1997b).

To understand the molecular mechanisms responsible for the overlapping patterns
of dix expression in zebrafish embryos, we are examining the possibility that zebrafish
dix genes may cross-regulate each other. This hypothesis is based on the temporal
expression patterns of the dlx genes, and the fact that this type of regulation is observed
with other homeobox-containing gene families (Arcioni et al., 1992; Faiella et al., 1994;
Zappavigna et al., 1991). For this study we have chosen to examine the interaction
between the dlx3 and dix4 genes. During development of the inner ear in zebrafish. dlx3
is one of the first genes to be expressed in the presumptive otic piacode along with dlx7
(Akimenko et al.. 1994; Ekker et al.. 1992). This expression of dix3 is followed by dlix4
in the same cells of the otic vesicle (Akimenko et al., 1994). To examine the role of the
DIx3 protein in d/x4 expression, full length and truncated versions of dlx3 were over-
expressed in zebrafish embryos by injecting in-vitro transcribed mRNA coding for these
transcripts into single cell embryos, and the expression of d/x4 examined. Truncated
versions of DIx3, both containing and lacking the homeodomain were found to perturb
dlx4 expression as was a chimeric construct consisting of the amino-terminal half of DIx3
and the carboxy-terminal half of DIx2. In addition, co-transfection experiments in
cultured cells showed that DIx3 can activate transcription through a 1.7 kb genomic DNA
fragment from the upstream region of d/x4. Taken together these results suggest that dix3

can act as a positive regulator of d/x4 during development and that cross-regulatory



interactions between dlx genes contribute to their overlapping patterns of expression in

embryos.

MATERIALS AND METHODS

Animals

Adult zebrafish were obtained fromm a local supplier and were maintained
according to standard procedures (Westerfield, 1995). Embryos were staged at 28.5° C

according to hours (h) and days (d) post fertilization.

In Vitro Transcription Of Synthetic mRNA

Synthetic mRNA coding for full length or truncated versions of DIx3 were
prepared using convenient restriction sites in the coding region of the dlx3 gene.
Truncated versions of dix3 as well as a dix3-d/x2 chimera were prepared and are shown
schematically in Figure 2.1. RNA/ codes for full length DIx3 protein. RNAJ/ was
created using a HindlIl site at the 3' end of the d/x3 homeobox and codes for a 182 amino
acid polypeptide consisting of the amino-terminus and homeodomain. RNAJii was
created using a Xhol site in the 5' region of the d/x3 homeobox and codes for a 131
amino-acid polypeptide including the amino-terminus and first 9 amino acids of the
homeodomain. RNA/v was created using a Ps:l site in the 5' region of the d/x3 gene and

codes for the 99 amino-terminal amino acids of Dix3. A DIx3-Dix2 chimera, encoded by
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RNAv, was also created by making use of the conserved Xhol site in the homeoboxes of
dlx2 and dix3. The creation of this chimera does not affect the reading frame of dix2 nor
dIlx3. The chimeric protein consists of the amino-terminus and first 9 amino-acids of the
homeodomain of DIx3, the remainder of the homeodomain and carboxy-terminus are

coded for by dix2.

The plasmid vector for all templates is the pBluescript plasmid (Stratagene).
Templates were linearized with the restriction enzymes that coincide with the 3'-end of
the dlx cDNA sequence in each clone. /n vitro transcription and capping of RNA were
carried out from | pg of linearized template using the "mCAP" mRNA capping kit
(Stratagene) according to the manufacturer's instructions. Synthetic RNA was quantified

by absorbance at 260 nm.

Injection Of mRNA Into Developing Zebrafish

Synthetic, capped RNA was injected into 1 cell stage zebrafish embryos
essentially as described in Stuart et al., 1988. Briefly, synthetic capped RNA was
dissolved in distilled water containing 0.1% phenol red to visualize and estimate the
volume of RNA solution injected. Embryos were then kept for a period of 27 h in
embryo medium (Westerfield, 1995). A control experiment in which a full-length dix3
synthetic mRNA labeled with digoxygenin was injected showed that this RNA was

uniformly distributed after 24 h.
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In Situ Hybridization

Embryos were fixed at 27 h in a phosphate buffered saline solution (PBS)
containing 4% paraformaldehyde. /n situ hybridizations were performed on whole mount
embryos using antisense riboprobes as previously described (Akimenko et al.. 1994).
The anti-sense riboprobes for dix2, dix3, and dix4 were transcribed from the previously

reported. 1667 bp, 1532 bp and 1123 bp cDNAS, respectively (Akimenko et al., 1994).

Plasmids And Transient Co-Transfection Experiments

To construct the reporter plasmid for co-transfection assays, a 1.7 kb Xbal-Psil
tragment of the dlx4 5'-flanking region (Ellies et al.. 1997b) was cloned upstream of the
minimal thymidine kinase (tk) promoter driving the chloramphenico! acetyltransferase
(CAT) gene in the pPBLCAT?2 plasmid (Luckow and Schiitz, 1987). The position of the
Pst1 site in the dix4 genomic fragment is about 100 bp upstream of the 5'-end of the dix4
cDNA (Akimenko et al., 1994). The full length dix3 ¢cDNA was cloned in the pTL2
expression vector under the control of the SV40 early promoter. Both the reporter and

expression vectors contain the SV40 polyadenylation signal.

Transient co-transfection experiments were performed in the P19 murine cultured

embryonic carcinoma cell line. Cells were plated 24 hours prior to transfection at a

density of 5x105 cells per 100 mm dish. Transfections were carried out by calcium

phosphate precipitation (Sambrook et al., 1989). A total of 10 ug of plasmid DNA was
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used in each transfection. This included: 2 ug pRSV- B8gal as an internal control for
transfection efficiency; 2 pug of the reporter plasmid, 2 ug of effector plasmid, and
sheared calf thymus DNA to 10 ug. Precipitates were left on the cells for 16 h, and the
cells were harvested 60 h post-transfection. Cells were harvested in PBS, pelleted by
centrifugation and resuspended in freeze/thaw buffer (250 mM Tris-HCI pH 8, 10 mM
DTT, 15% glycerol). Whole cell extracts were prepared by repeated freezing and
thawing. Beta-galactosidase activity was assayed as described by Sambrook et al.
(Sambrook et al., 1989). CAT activity was determined by thin-layer chromatography and
measured as percent conversion of mono- and diacetylated chloramphenicol relative to
unmodified plus acetylated chloramphenicol using the BIO-RAD GS-525 Molecular
Imager System. CAT activity was standardized to B-galactosidase levels to compensate
for variation in transfection efficiencies. Transfections were performed in duplicate and

were repeated a minimum of three times.

RESULTS

Expression Of dix4 Is Perturbed In Embryos In Which Truncated Versions Of dix3

Are Over-Expressed.

In a first series of experiments, a synthetic d/x3 RNA coding for a truncated form
of the DIx3 protein which ends at the carboxy-terminal part of the homeodomain (RNAJi,
Fig. 2.1) was injected in one-cell stage embryos. Dl/x gene expression was determined 27

h later. In 27 embryos injected with 4 ng of RNAIi, 15% exhibited a loss of dix4



expression in the ear (Fig. 2.2E, F), and 17% lost dlx4 expression in the visceral arches
(Fig. 2.2C, D). No perturbation of d/x4 expression was observed in the forebrain nor
median fin fold (Table 2.1). One possible explanation of this effect is that the incomplete
DIx3 protein can compete with the endogenous DIx3 protein for its binding sites on the
DNA. yet is unable to exert its normal function. To determine if the presence of the
homeodomain in the truncated polypeptide is important for its effects on d/x4 expression,
a synthetic RNA coding for a truncated form of DIx3 which lacks the homeodomain was
injected into single cell zebrafish embryos. In 105 embryos injected with | ng of RNAJii,
19% exhibited a loss of dlx4 expression in the ear (Fig. 2.3C; Table 2.1), 2.5% of the
embryos lost d/x4 expression in the visceral arches (Fig. 2.3B) and 1% lost expression in
the forebrain and arches (Table 2.1). As in all other experiments described in this report,
dix4 expression in the median fin fold was unaffected in embryos injected with RNAJ/ii
(Fig. 2.3D, E). To determine if the quantity of mRNA injected plays a role in the degree
of perturbation of dix4 expression, the previous experiment was repeated with 5 ng of
RNA. The expression of dix4 was examined in 180 embryos, and a phenotype very
similar to that produced by the injection of | ng of RNA/ii was observed. The maximal
effect was seen in the ear where 10% of the embryos examined had lost expression of
dix4. In 3.3% of the remaining embryos examined di/x4 expression was lost in the

visceral arches: and in 2.7%. it was lost in the forebrain, visceral arches and otic vesicles.
The effect of RNAJii appears to specifically affect dlx4 expression, as embryos

injected with this RNA showed no changes in the expression of dix2 or of the

endogenous dix3 gene (not shown). Furthermore, we did not observe any significant
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delays in development in the embryos injected with RNAii, nor with any other synthetic
RNA used in this study, that could account for the changes in dix4 expression. Finally,
control injections of a synthetic /ac-z RNA, coding for the enzyme beta-galactosidase,

had no effect on dix4 expression.

The greatest perturbation in d/x4 expression was observed in embryos injected
with an even shorter d/x3 synthetic RNA. In 70 embryos injected with RNA/v, 37%
showed a loss of dlx4 expression in the ear (not shown), 8.5% also exhibited a loss in
dix4 expression in the visceral arches and 18.5% lost expression in the forebrain in

addition to the visceral arches (not shown).

A DIx3-Dix2 Chimeric Polypeptide Also Perturbs dix4 Expression During

Development

To determine if the carboxy-terminal half of Dix2 is able to functionally substitute
for the same domain of dix3, RNAv, which codes for a chimera consisting of the amino-
terminal half of DIx3 and the carboxy-terminal half of DIx2, was injected into single cell
stage zebrafish embryos. This chimeric polypeptide was created by making use of a
conserved Xhol restriction endonuclease cleavage site in the homeoboxes of dix3 and
dix2. The creation of this chimera does not disturb the reading frame of dix2 and
encompasses the amino-terminal half and first 9 amino acids of the homeodomain of
DIx3 and the remaining 51 amino acids of the homeodomain correspond to that of DIx2

as does the carboxy-terminal half of the polypeptide. The over-expression of the DIx3-
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DIx2 chimera also perturbs expression of dix4. In 12.5% of the 41 embryos examined,
dix4 expression is lost in the visceral arches (Fig. 2.4B) and in another 12.5%, expression

is lost in the forebrain, visceral arches and ear (Fig. 2.4 C).

DIx3 Is Able To Regulate Transcription Through The 1.7 Kb §' Flanking Region Of

dix4

To determine if DIx3 can stimulate d/x4 expression by interacting with regulatory
sequences in the d/x4 gene, we examined the effect of DIx3 on a 1.7 kb DNA fragment of
the immediate dlx4 5'-flanking region in co-transfection experiments using cultured P19
murine embryonic carcinoma cells. Constructs used for transient co-transfection
experiments are shown in Fig. 2.5A. The co-transfection of a d/x3 expression construct
with the dix4 reporter construct resulted in a 5 fold increase in the activity of the reporter

gene relative to its expression in the absence of DIx3 (Fig. 2.5B).

DISCUSSION

DIx3 Is A Potential Activator Of dix4 Expression During Development

During development of the ear. d/x3 and dix7 are amongst the first genes
expressed in the presumptive otic placode, a thickening of the ectoderm which will
eventually produce the inner ear (Ekker et al., 1992; Ellies et al., 1997b). Expression of

dix7 in the otic placode and vesicle however appears to be weaker than that of dix3. The
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expression of dix4 follows by a few hours that of dix3 and dIx7 in the same cells of the
otic vesicle. To determine the role of dix3 on the expression of d/x4, synthetic mRNA’s
coding for truncated versions of the DIx3 protein were over-expressed in developing
zebrafish embryos. This type of experiment has effectively been used previously to
ubiquitously express protein products in zebrafish embryos (deVries et al., 1996; Kelly et
al.. 1995a.b). Over-expression of full length d/x3 had no effect on the expression of dIx4.
Over-expression of truncations of d/x3 however, affected expression of d/x4 to varying
degrees in the visceral arches, otic vesicle and ventral forebrain. The expression of dix4
was unaffected in all experiments in the median fin fold, regardless of the RNA injected.
Furthermore, expression of d/x2 was unaffected in embryos injected with RNA/ii (not
shown). Generally, the greatest effects on d/x4 expression were observed in the otic
vesicle and in the visceral arches. In the otic vesicle, expression of d/x3 (and of dix7)
precedes that of dix4. The loss of expression of dix4 in embryos in which truncated
versions of d/x3 are over-expressed also suggests that one of the target genes for d/x3 in
the early otic vesicle are the dlx genes subsequently expressed in the same cells of the
vesicle, such as dix4 and d/x6. This is supported by our observation that d/x3 is able to
activate transcription through a DNA fragment from the immediate d/x4 5'-flanking
region. Our results also suggest that in the ear, dix3 would have a preponderant function
over dIx7 in the regulation of d/x4 because, in embryos injected with truncated versions
of dix3, diIx7 expression was not affected (Ellies, Muller and Ekker, unpublished

observations), whereas dlx4 expression was impaired (this report).



[njection of full length dlx3 mRNA into embryos results in ubiquitous expression
of this gene but did not produce any ectopic dix#4 expression. This contrasts with our
transfection studies which showed that the DIx3 protein can up-regulate transcription
from a fragment of the dix4 5'-flanking region. The inability of DIXx3 to induce by itself
ectopic dlx4 expression in injected embryos could be attributed to the absence of
necessary co-factors or to a closed transcriptional state of the chromatin at the d/x4 locus.
The latter phenomenon would not be observed in a transient co-transfection experiment.
[t is also possible, although unlikely, that the co-factors necessary for activation of the
dIx4 gene are present in P19 cells. Therefore. our result that DIx3 is able to stimulate
transcription from cis-acting elements found upstream of dix4 in P19 cells suggests that
DlIx3 is one of the factors that are involved in d/x4 regulation whereas mRNA injection

experiments suggest that DIx3 is necessary but not sufficient for d/x4 expression.

Another potential target of the DIx3 protein in embryos could be the dix3 gene
itself as many developmental genes have been shown to participate in auto-regulatory
positive feedback loops (Popper! and Featherstone, 1992). Our observations, however,
that injected synthetic RNAJii coding for truncated version of Dix3 had no significant
effect on endogenous d/x3 expression (not shown) would be inconsistent with such a

positive feedback loop.

The functional significance of cross-regulatory interactions between DIx genes is
not yet clear. The overlapping expression of multiple Dix genes has been suggested as a

cause for the absence of, or the mild phenotypes observed in mice homozygous for
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targeted null mutations in one or two Dlix genes (Qiu et al., 1997; Qiu et al., 1995). The
mechanisms that produce specific combinations of Dlx genes in distinct cell populations,
combinations that are well conserved in evolution (Ellies et al., 1997b), are also unclear
at this time. For example, the presence of cis-acting DIx binding sites, as part of an auto-
regulatory feedback loop, may result, indirectly, in cross-regulatory mechanisms. This
would happen if a Dlx protein, other than the product of the dix gene which is auto-
regulated, is able to bind to the auto-regulatory cis-acting sequences. Our experiments,
however. could not provide evidence for auto-regulation in the case of d/x3. as mentioned

above.

A Conserved Region Of DIx3 Is Important For Regulation Of dix4

From the over-expression studies described here, we can suggest regions of DIx3
that are important for its function. The ability of the amino-terminal region upstream of
the homeodomain to interfere with normal DIx3 function suggests that this region
contains a functionally relevant domain, perhaps the 19 aa conserved motif (designated A
in Fig. 2.1) specific to the sub-family of DIx proteins consisting of DiIx2, Dix3 and D/i5
genes (the latter is called d/x4 in zebrafish) (Akimenko et al., 1994; Stock et al., 1996).
The ability of this interference to occur in the absence of the DNA-binding homeodomain
suggests a squelching mechanism. Thus, the amino-terminal region would contain a
domain involved in interactions with another, yet unidentified factor, and the truncated
protein is competing for this factor with the endogenous DIx3 protein (Fig. 2.6A, B). The

truncated polypeptide lacks the ability to recognize a DNA-binding site, and is thus
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sequestering this factor away from the DIx3 target sites in the genome. The ability of a
truncated polypeptide which includes the homeodomain (encoded by RNAi/) to also
interfere with normal DIx3 function suggests that the carboxyl-terminal region of Dix3
also contains a functionally important domain, possibly responsible for transcriptional
activation or other protein-protein interactions necessary for optimal DNA binding to the

target sites (Fig. 2.6C).

In some of the embryos injected with the RNAv coding for the DIx3-Dix2
chimera (Fig. 2.5) and in some of the embryos injected with RNA coding for the
truncated forms of DIx3, expression of dix4 was decreased in the ventral forebrain . It is
not possible to explain this information in terms of interference with endogenous dix3
function because dix3 is not expressed in forebrain cells (Akimenko et al., 1994). It is,
however. possible that in those cells, the mutant form of DIx3 interferes with the function
of another dlx gene, possibly dix2. Similarly this would suggest that the decreases in dix4
expression that we observed in the visceral arches may be due to the interference of the
mutant d/x3 RNA with both DIx3 and Dix2 function. Both the DIx3 and Dix2 proteins
share the 19 aa conserved motif near the amino-terminus. We suggest that the putative
factor(s) (Fig. 2.6) that interact with this motif may be necessary for DIx function in
several contexts and would interact with one or several DIx proteins depending on the
cell type. Consistent with this model, over-expression of synthetic RNA coding for a
truncated version of DIx2 caused decreases in dix4 expression, predominantly in the

visceral arches (Muller and Ekker, unpublished observations).
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DIx Genes Are Not Created Equal

Despite the similarities between DIx proteins, specifically DIx2 and DIx3, in the
homeodomain (56 identical aa out of 61) as well as in the 19 amino acid region A (Fig.
2.1), we have observed that a chimera consisting of the amino-terminal half of DIx3 and
carboxyl-terminal half of DIx2 interferes with the regulation of dix4 expression (Fig. 2.4)
in a manner similar to truncated DIx3 while over-expression of the entire DIx3 has no
effect. Mechanisms can be proposed to explain this observation. First. the DIx3-Dix2
chimera competes with DIx3 for binding sites on the DNA but cannot make the proper
protein-protein contacts necessary for dlx4 activation. This would imply that DIx3
contains a specific domain downstream of its homeodomain that is not only functionally
significant, as suggested in the preceding section, but is also specific in that it is not
shared by DIx2. This model assumes that the DIx3-DIx2 chimera has the same DNA
binding specificity as Dix3. The homeodomain of the chimera is more similar to that of
DIx2 than to that of DIx3 because 4 of the 5 differences between the DIx3 and DIx2
homeodomains are found downstream of the X#ol site used to make the chimeric cDNA
(Fig. 2.1). It is not known at present if any of these 4 amino acids influences the DNA
binding specificities of the two proteins. Furthermore, amino acids downstream of the
DIx2 homeodomain may influence DNA binding specificity and target the DIx3-DIx2
chimera to sites in the genome different from those preferred by Dix3. Therefore, it is
still possible that the chimera cannot bind to the DIx3 target sites, including, presumably,

sequences in the dix4 5'-flanking region fragment that is activated by DIx3 in cell culture.

66



In that case, it would act as the truncated forms of DIx3 and sequester a factor that

interacts with the amino terminal region of DIx3.

Our studies provide a possible explanation as to how members of the Dix family
may be able to exert different effects particularly during early development of specific
tissues such as the otic vesicle and visceral arches. While DIx proteins share certain
functional specificities as evidenced by their apparent functional redundancy observed in
gene inactivation studies (Qiu et al., 1997; Qiu et al., 1995), they also contain specific
regions which confer upon them some level of uniqueness. In addition this is the first
work suggesting the functional significance of regions of a DIx protein outside of the
homeodomain. Based on amino acid sequence analysis, DIx protein domains of potential
functional significance include the 19 aa conserved element mentioned above as well as a
tyrosine-rich region upstream of the homeodomain and two serine-rich regions
downstream of the homeodomain (Akimenko et al., 1994; Shirasawa et al.. 1994). From
the work described here it would also seem that in addition to these regions which are
conserved amongst DIx proteins other protein domains that remain to be characterized

confer each DIx protein with unique functional characteristics.
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Figure 2.1 Summary of synthetic mRNA coding for full length, truncated and chimeric
Dix3 used for injections in zebrafish embryos. The restriction sites used to create the
truncations and chimeric Dix3-Dix2 protein are shown. RNA/ codes for full length DIx3.
RNAIi codes for a polypeptide of 182 aa in length consisting of the amino-terminal
region of DIx3 as well as the homeodomain (HD). RNAJii codes for a polypeptide 131
aa in length consisting of the amino-terminal region of DIx3 as well as the first 9 amino
acids of the homeodomain. RNA/v codes for a polypeptide 99 aa in length consisting of
the amino-terminal region of DIx3 (24 aa upstream of the homeodomain). RNAv codes
for a chimeric polypeptide consisting of the amino-terminal half and first 9 aa of the
homeodomain of DIx3 and the carboxyl-terminal half and majority of the DIix2
homeodomain. The highly conserved 19 aa region present near the amino-terminus in the
sub-family of DIx proteins consisting of DIx2, DIx3, and DIx5 (Dlx4 in zebrafish), is

labelled A.
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Figure 2.2 Perturbations in expression of d/x4 as a result of the over-expression of the
truncation of d/x3 encoded by RNAJi:. A, C, E, Sagittal; B, D, F, dorsal views of dix4
expression in the forebrain (f), visceral arches (va) and otic vesicle (o) of control
embryos. A-B, wild-type dix4 expression. C-D, 17% of embryos injected with RNA:/
show perturbed expression of dix4 in the visceral arches as indicated by the white
arrowheads. E-F, 15% of the embryos injected with RNA/i show loss of expresion of

dIx4 in the otic vesicle as indicated by the arrowhead(s). Scale bar: 190 pm.
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Figure 2.3 Perturbations in dlx4 expression resulting from over-expression of the DIx3
truncation encoded by RNA/ii. A, wild-type dix4 expression. B, 2.5% of embryos in
which the truncation of DIx3 coded by RNAJii show a loss in dlx4 expression in the
visceral arches, indicated by the white arrowhead. C, 19% of embryos injected with
RNAUii lose dIx4 expression in the otic vesicle (arrowhead). E, Over-expression of the
DIx3 truncation encoded by RNAi/ has no effect on the expression of dix4 in the median
fin fold (mf) as compared to wild-type embryos, D. This is observed in all the over-
expression experiments described in this report. All embryos are sagittal views.

Symbols as in Fig. 2.2. Scale bar: A, B, C, E, 230 um; D, 280 pum.
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Table 2.1 Summary of perturbations in expression of dx+ coincident with overexpression of truncations of DIx3. as weli
as a DIx3-DIx2 chimera in zebrafish embryos
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Figure 2.4 Over-expression of a DIx3-Dix2 chimera results in perturbations in dix4
expression. A, Wild-type dix4 expression. B, Expression of dix4 is lost in the visceral
arches (arrowhead) of 12.5% of embryos injected with RNAv, which codes for the DIx3-
Dix2 chimeric protein. C, In another 12.5% of embryos injected with RNAv, dix4
expression is lost in the forebrain, visceral arches and otic vesicles (arrowheads). Sagittal

views. Symbols as in Fig. 2.2. Scale bar: 100 pm.
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Figure 2.5 DIx3 is able to activate transcription through a 1.7 kb fragment of dix4 5'-
flanking sequence. A, An expression construct was created by sub-cloning the full
length cDNA for d/x3 downstream of the SV40 early promoter in the pTL2 vector. The
reporter consisted of a 1.7 kb DNA fragment located immediately 5’ to the d/x4 gene (1.7
5' dix4), subcloned into the pPBLCAT?2 vector, upstream of a minimal tk promoter driving
expression of the CAT gene. The transcriptional start sites of both constructs are
indicated by arrows. B, Transient co-transfection experiments were performed by
calcium-phosphate precipitation in P19 cells to determine the effect of DIx3 on the 1.7 5°
flanking region of dix4. Transcriptional activation through the indicated reporter

constructs in the presence or absence of DIx3. Results represent 3 independent

experiments.
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Figure 2.6. Proposed model explaining the dominant negative effects of Dix3 truncations
on the activation of d/x4 mediated by the endogenous DIx3. A. Wild-type transcriptional
activation of dix4 by DIx3. The dix4 transcription unit is represented by a black box and
transcription is indicated by the arrow. The DIx3 protein is represented as three ovals,
each representing one protein domain: N, a putative domain in the N-terminal region;
HD. the homeodomain: C, a putative domain in the carboxy-terminal region of the
protein. DIx3 is shown interacting via the homeodomain at its DNA recognition site
(DRS) located in the dix4 5'-flanking region. Also shown are two proposed. yet
unidentified, co-factors interacting with the DIx3 protein. The interactions would be
required for proper activation of dlx4 expression. B. Squelching of co-factor X by a
truncated DIx3 unable to bind DNA (RNAii or RNA/v). This impairs endogenous DIx3
function at its regulatory sites upstream of d/x4 by competing for factor X. C. A
truncated DIx3 containing the amino terminus and homeodomain (RNAii and, possibly,
the DIx3-DIx2 chimera) and thus able to bind to DNA, competes for the DRS with the
endogenous DIx3. Unable to interact with factor Y because of the absence of the
carboxy-terminal domain, binding of the truncated DIx3 to the DRS does not result in
activation of dlx4 transcription. An alternative possibility is that interaction with factor Y
is necessary for optimal binding of DIx3 to the DRS. Thus, although containing a
homeodomain, the truncated DIx3 coded by RNA:i would act by squelching similarly to

what has been proposed for the shorter forms (RNAJ/ii or RNAv).
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3. A HIGHLY CONSERVED ENHANCER IN THE DLXS5/DLX6 INTERGENIC

REGION IS THE SITE OF CROSS-REGULATORY INTERACTIONS

BETWEEN DLX GENES IN THE EMBRYONIC FOREBRAIN

T. Zerucha*'?, T. Stiihmer*®, B.K. Park', Q. Long', G. Yu’, G. Hatch', A.

Gambarotta', J. Schultz®, J.L.R. Rubenstein® and M. Ekker+">°,

19

93]

(%4

-}

Loeb Health Research Institute at the Ottawa Hospital, 725 Parkdale Avenue, Ottawa,
On. Canada, K1Y 4ES9.

Dept. of Cellular and Molecular Medicine, University of Ottawa, Canada

Nina Ireland Laboratory of Developmental Neurobiology, Center for Neurobiology
and Psvchiatry, Department of Psychiatry and Programs in Neuroscience,
Developmental Biology and Biomedical Sciences, University of California at San
Francisco, 401 Parnassus Avenue, San Francisco, CA 94143-0984

Present Address: Tularik Inc., South San Francisco, CA 94080

Dept. of Medicine. University of Ottawa, Canada.

These two authors contributed equally to the work.

Author for Correspondence. (e-mail: mekker(@lri.ca).

Submitted to Development, March, 1999

81



SUMMARY

Four Dlx homeobox genes, Dix/, Dix2, Dix5, and DIx6 are expressed in the same
primordia of the mouse forebrain with temporally overlapping patterns. The four genes
are organized as two tail-to-tail pairs, Dix//DIx2 and DIx5/DIx6, a genomic arrangement
conserved in distantly related vertebrates like zebrafish. The DIx5/Dlix6 intergenic region
contains two sequences of a few hundred base pairs, which are remarkably well
conserved between mouse and zebrafish. Reporter transgenes containing these two
sequences are expressed in the forebrain of transgenic mice and zebrafish with patterns
highly similar to endogenous Dix5 and Dix6 expression. The activity of the transgene is
drastically reduced in mouse mutants lacking both D/x/ and DIx2, consistent with the
decrease in endogenous Dix5 and DIx6 expression. These results suggest that cross-
regulation by DIx proteins, mediated by the intergenic sequences, is essential for Dix3
and DIx6 expression in the forebrain. This hypothesis is supported by co-transfection and
DNA-protein binding experiments. We propose that the D/x genes are part of a highly

conserved developmental pathway that regulates forebrain development.
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INTRODUCTION

Genes with regulatory functions are often members of multi-gene families. Their
shared structural features allow the prediction that the protein products of these genes
will share many biochemical properties. Furthermore, many members of such families
are often co-expressed during development. This leads to partial functional redundancy,
as evidenced by the weak or lack of phenotype of mutants with targeted mutations
affecting single members of gene families. The overlapping expression of multigene
family members is likely a direct consequence of a common evolutionary origin and the
maintenance of common mechanisms responsible for the control of their expression.
However, we propose that when such genes encode for transcriptional regulators. the
overlapping expression may also be the result of cross-regulatory interactions between

different family members.

The Dlix genes of vertebrates constitute a good model to examine such
mechanisms. This gene family comprises six members in mammals and at least eight in
the zebrafish. Four Dix genes, Dixl, Dix2, DIx3, and DIx6 are involved in development
of the ventral telencephalon and diencephalon of mammals and the expression patterns of
these four genes, although distinct overall, overlap significantly. Mice lacking either
DlIx1 or DIx2 function show normal or nearly normal development of the subcortical
telencephalon. However, mice lacking both Dix/ and DIx2 functions show stronger
abnormalities in the development of the striatal subventricular zone, in the differentiation

of striatal matrix neurons and in the migration of neocortical interneurons from the
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subcortical telencephalon (Anderson et al., 1997a,b). Interestingly, expression of Dix5
and DIx6 is reduced in the subventricular zone, but not in the mantle of the double
mutants, suggesting that D/x/ and/or D/x2 might be required for the maintenance of

DIx5/Dix6 expression in subventricular zone cells.

The zebrafish dix1, dix2, dix4. and dix6 genes are the orthologs of the mammalian
Dix!, Dix2, DIx5, and Dix6 genes, respectively. These four zebrafish genes are also
expressed in the ventral forebrain with very similar patterns. The similarities between the
mouse and zebrafish Dix orthologs also extend to their genomic organization. In both
species, the four genes are organized as two pairs of convergently transcribed genes, the
Dlx1/Dix2 pair and the DIx5/Dix6 pair (dix4/dix6 in zebrafish). The relatively short
distances (2.5 to 10 kb) that separate the two genes in such pairs and the similarities in
the expression patterns of the two genes that constitute a pair (Ellies et al., 1997a,b)

suggest the presence, in the intergenic region, of shared cis-acting regulatory elements.

In the present study, we have examined the molecular basis for the overlapping
expression of D/x genes in the ventral forebrain of vertebrates. We have identified highly
conserved sequences in the intergenic region between DIx5/Dix6 (dix4/dix6). These
sequences extend over a few hundred base pairs and are the potential site of action of a
vast number of regulatory factors. We present evidence that the Dix proteins themselves
constitute some of these factors suggesting that cross-regulatory mechanisms between

Dlx genes is an important aspect of their regulation in the forebrain.
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MATERIALS AND METHODS

Identification of conserved sequences in the zebrafish dix#/dix6 and mouse

Dix5/DIx6 intergenic regions

Restriction fragments of a genomic clone containing the zebrafish dix4/dlx6 locus
(Ellies et al., 1997b) were radiolabeled and hybridized to a Southern blot of various
restriction digests of a mouse genomic clone containing the orthologous D/x5/Dlix6 locus
(Liu et al., 1997). Of the zebrafish restriction fragments from the dix4/dIx6 locus, only a
1.4 kb Xhol-EcoRl fragment from the intergenic region hybridized to the mouse genomic
fragments (Fig. 3.1). This zebrafish fragment and the hybridizing mouse fragments were
sequenced using the dideoxy procedure. A search of the GenBank database with the
zebrafish 1.4 kb Xhol-EcoR1 fragment enabled us to identify a human BAC clone

containing the DLX35/DLX6 locus (sequence accession number AC004774).

Nucleotide sequence comparisons were done using the GCG software package
and the CLUSTAL W version 1.7 (Thompson, 1984) multiple sequence alignment

program.
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Production of transgenic animals

DNA fragments from either the zebrafish dix4/dix6 locus or from the mouse
DIx5/DIx6 locus were subcloned into the p1229 or p1230 vectors (Yee and Rigby, 1993).
For the production of transgenic mice, the transgene was excised from the plasmid
construct and injected at a concentration of 5 ng/ul in eggs from FVB/n crosses using
standard procedures (Hogan et al., 1986). Transgenes were analyzed in either founder
embryos or from established transgenic lines. Presence of the transgene was determined
by PCR on DNA prepared from extra-embryonic tissues with the following
oligonucleotide primers 5’-AGGGCAGAGCCATCTATTGC-3’ and 5°-
CGCTCATCCGCCACATATCC-3’ derived, respectively, from the B-globin promoter
and lacZ sequences of the p1229/p1230 vectors. Amplification of a fetal hemoglobin
gene sequence was used as a positive control (primers are xl: 5-GATCAT

GACCGCCGTAGG-3" and x2: 5’-CATGAACTTGTCCCAGGCTT-3".

For the production of transgenic zebrafish, a 1.4 kb XAol-EcoRI fragment of the
zebrafish dix4/dix6 intergenic region was inserted upstream of the B-globin promoter
tragment taken from the p1230 vector and of the coding sequence of a variant of the
green fluorescent protein, GM2, that emits approximately 30-fold higher fluorescence
than does the wild-type green fluorescent protein (GFP), under standard FITC conditions
(Cormack et al., 1996). Linearized plasmid DNA was injected into single-cell wild-type
zebrafish embryos which were examined for GFP expression at various time points

thereafter as previously described (Long et al., 1997).
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Morphological analysis of transgenic animals

Founder transgenic embryos or embryos from the cross of a transgenic male with
normal FVB or CD! females were harvested at various embryonic stages. Transgene
expression was also analyzed in newborn pups, young mice and adults from established
lines. Embryos were fixed in 1% formaldehyde; 0.2% glutaraldehyde; 0.02% NP-40 in
phosphate-buffered saline (PBS) for 30 min at 4° C, washed in PBS for 20 min at room
temperature and stained for -galactosidase activity overnight at 28° C in a solution of 1

mg/ml X-gal, 5 mM K;Fe(CN)¢, S mM KiFe(CN)g, 2 mM MgCl,, 0.02% NP-40 in PBS.

Breeding with mouse null mutants.

Mice heterozygous for the zfdix4/6lacZ-transgene were mated to partners
heterozygous for a deletion of the Dix/ and Dix2 genes (strain C57 BL/6; described in
(Qiu et al.. 1997). Offspring was genotyped by PCR, with the primers described above to
detect the transgene, and with primers corresponding to the neomycin resistance gene that
marks the DIx//2 deletion. Animals that were heterozygous for both modifications
(genotype Dix1/2+/-; zfdIx4/6lacZ+/-) were mated to generate mice that were
homozygous for the deletion of the Dix1/2 locus (DixI/2-/-; zfdIx4/6lacZ). Mutant
embryos were identified by either diagnosing a cleft palate (E15 and later) or by the

absence of a PCR product, with primers that recognize the deleted portion of Dix/.
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Constructs for transient co-transfection experiments

An effector plasmid that expresses the zebrafish dix2 gene under control of the
SV40 early promoter was constructed by inserting an 845 bp PCR-amplified EcoRI
fragment of the zebrafish dix2 cDNA (Akimenko et al., 1994) encompassing the full
coding sequence into the EcoRI site of the pTL2 expression vector (M. Petkovich,
unpublished). Reporter plasmids were constructed by inserting fragments of the
zebrafish dix4/dix6 intergenic region into the pBLCAT2 vector (Luckow and Schiitz,
1987) which contains the thymidine kinase (tk) minimal promoter driving expression of
the chloramphenicol acetyltransferase (CAT) gene. The 1.4 kb Xhol/EcoRI fragment
from the zebrafish dix4/dIx6 intergenic region (Id4/d6 Fig. 3.1) was subcloned into
pBLCAT?2 directly upstream of the zk promoter. The Id4/d6i and 1d4/d6ii fragments and
deletions of 1d4/d6i were prepared by PCR from a pBluescript clone containing the 1.4
kb Xhol/EcoR1 Id4/d6 fragment. The [d4/d6ii fragment was inserted in pBLCAT2
directly upstream of the tk promoter and the [1d4/d6i fragment was inserted immediately
downstream of the CAT gene (i.e. 4.5 kb upstream of the tk promoter in the circular

plasmid).

The following oligonucleotides:
1060: 5’-GCTCTAGAATTAGTTTAACGTCGAA-3’;
473: 5’-GGGGTACCGCTGGGGCATCCACGAT-37;
187: 5’-GGGGTACCATTCTCATAAATGCAG-3’;
204: 5’-GGGGTACCTGCATTTATGAGAATG-3’;

305: 5’-GGGGTACCATCTTTATTTGGATT-3’;
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316: 5’-GGGGTACCAAATAAAGATGCCTTT-3" were used to prepare deletion
fragments from Id4/d6i using PCR. The numeric name of the oligonucleotide refers to
the position, in the conserved intergenic sequence (Fig. 3.2A), that borders the amplified
fragment. Restriction sites (Xbal or Kpnl) were introduced at the 5’-end of each
oligonucleotide. PCR products: full length 1d4/d61 (positions 1-473 in sequence shown in
Fig. 3.2A), 1d4/d61 1-204, positions 1-204 in the same sequence; [d4/d6i 187/316, and

[d4/d61 305/473, were PCR amplified and subcloned into pBLCAT?2.

Transient co-transfection experiments

Transient co-transfection experiments were performed in the P19 murine
embryonic carcinoma (EC) cell line essentially as described previously (Zerucha et al.,
1997). Cells were seeded 24 h prior to transfection at a density of 10’ cells per 100 mm
dish. Transfections were carried out by the calcium phosphate precipitation procedure
(Sambrook et al., 1989). A total of 10 ug of DNA per dish was used in each transfection.
This included: 2 pg pRSV-Bgal as an internal control for transfection efficiency, 2 ug of
reporter plasmid, 2 pg of effector plasmid, and sheared calf thymus DNA (Boehringer
Mannheim) to the total of 10 pug. Precipitates were left on the cells for 16 h and the cells
harvested 64 h post-transfection. Cells were collected in PBS, pelleted by centrifugation
and resuspended in freeze/thaw buffer (250 mM Tris-HCI pH 8, 10 mM DTT, 15%
glycerol). Cell extracts were prepared by repeated cycles of freezing/thawing. f3-
Galactosidase activity was assayed as described by Sambrook et al. (Sambrook et al.,

1989). CAT activity was determined by thin-layer chromatography and measured as
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percent conversion of mono- and diacetylated chloramphenicol relative to unmodified
plus acetylated chloramphenicol using the BIO-RAD GS-525 Molecular Imager System.
CAT activity was standardized to B-galactosidase levels to compensate for variations in
transfection efficiency. Experiments were performed in duplicate and repeated a
minimum of three times. Error bars in the figures represent standard errors on the means

of all replications.

Stable transfectant cell line

A PCR-amplified EcoRI fragment encompassing the full length (845 bp) coding
region of zebrafish dix2 cDNA (described above) was subcloned into the pTL-MTG
vector (Prefontaine et al., 1998) downstream of and in frame with 6 repeats of a c-myvc
sequence which encodes a polypeptide consisting of an epitope recognized by the 9E-10
monoclonal antibody (myc-tag; Santa Cruz Biotech). Expression of this fusion protein is
under control of the SV40 early promoter. This construct (pTL-MTG-DIx2) was co-
transfected together with pCMVneo into SF7 SCID fibroblastic cells as described above
using the calcium phosphate procedure with the following modifications: 8 ug pTL-
MTG-DIx2 and 2 ug pCMVneo made up the total DNA transfected per 100 mm dish; 40
h post-transfection 600 ug/ml G418 was added to the cells. Cells were maintained in this
concentration of G418 until the formation of discernable colonies. Individual colonies of
cells were isolated and grown separately. Each clone was screened by PCR for the
presence of a zebrafish dix2 sequence. MTG-DIx2 protein was prepared from nuclear

extracts of the stable transfectant cell line SF7-MTG-DIx2 essentially as described by
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Andrews and Faller (Andrews and Faller, 1991). In brief, cells from each confluent 100
mm dish were harvested and resuspended in 1.5 ml PBS on ice. The cell suspension was
pelleted and resuspended in 400 pl of a cold solution of 10 mM HEPES-KOH pH 7.9, 1.5
mM MgCl,, 10 mM KCI, 0.5 mM DTT, 0.2 mM PMSEF, incubated on ice 10 min, then
vortexted 10 sec. Insoluble nuclei were pelleted and the supernatant, containing
cytoplasmic contents and outer membrane, was discarded. Nuclei were resuspended in
20-100 ul of a cold solution of 20 mM HEPES-KOH pH 7.9, 1.5 mM MgCl,, 420 mM
NaCl, 0.2 mM EDTA, 0.5 mM DTT, 0.2 mM PMSF, 25% glycerol. and incubated on ice
20 min. Cellular debris was removed by centrifugation. Protein concentration of the
supernatant was determined by the BIO-RAD protein assay, and single use aliquots

stored at -80° C.

The presence of MTG-DIx2 was determined by immunoblotting with the 9E-10
monoclonal antibody. Four individual clones were positive for MTG-DIx2 after both

rounds of screening and one was chosen for subsequent experiments. It was thereafter

maintained in 400 ug/ml G418.

Electrophoretic mobility shift assays

A 130 bp DNA fragment corresponding to positions 187-316 of [d4/d6i (Fig.
3.2A) was amplified by PCR using oligonucleotides 187 and 316. The PCR product was
inserted into the pCRII vector (Invitrogen). The fragment was excised with EcoRI prior

to filling of the 5’ overhangs with the large fragment of DNA polymerase I (Klenow) in
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presence of radiolabelled [a>°P]JdATP. Binding reactions were carried out in a total
volume of 20 pl in 12 mM HEPES-KOH (pH 7.9), | mM EDTA, 0.4 mM MgCl,, 100
mM NaCl, 0.6 mM DTT, 0.6 mM PMSF, 13% glycerol. Nuclear extract (10 ug ) from
the stable SF7-MTG-DIx2 cell line or from control SF7 cells was pre-incubated with the
9E-10 anti-myc monoclonal antibody or an equivalent volume of water at room
temperature for 30 min. Following pre-incubation, 1 ug BSA, I ug sheared calf-thymus
(Boehringer Mannheim) and 15,000 cpm of radiolabelled probe were added and
incubated at room temperature for 20 min. Protein-DNA complexes were resolved on a

4% polyacrylamide (29:1 acrylamide:bis-acrylamide) gel run in 1x TBE.

RESULTS

Identification of highly conserved elements in the zebrafish dix4/dix6 and mouse

Dix5/DIx6 intergenic regions.

We identified two highly conserved sequences in the region between the zebrafish
dix4 and dIx6 genes and their mouse orthologs DIx5/Dix6. A 1.4 kb Xhol/EcoRI
fragment from the zebrafish dix4/dix6 intergenic region (Fig. 3.1) was found to hybridize
to a pair of restriction fragments in the mouse D/x3/Dlx6 intergenic region. Nucleotide
sequence analysis revealed two sequences, of about 400 bp and 300 bp, respectively, that
are highly similar between the two species (Fig. 3.2 A, B). The orientation and the
relative position of the two sequences relative to dix4 (D/x5) and dix6 (D/x6) are identical

(Fig. 3.1). The 400 bp sequence, named 1d4/d6i is closer to the dix6 gene than is the 300
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bp sequence, hereafter named [d4/d6ii. The orthologous mammalian elements are
hereafter called ID5/D6i and ID5/D6ii, respectively. We have identified highly similar
sequences at the human DLX5/DLX6 locus by searching the GenBank database (Fig.

3.2A. B).

Nucleotide sequence comparisons indicate the human and mouse ID5/D6i
elements to be identical except for a 3-bp insertion in the human sequence (Fig. 3.2A).
The zebrafish 1d4/d6i sequence is 83% identical to its mammalian counterparts over 384
bp (Fig. 3.2A), including a central 131 bp with 94% sequence identity. The human and
mouse [D5/D6ii sequences are 98% identical and zebrafish 1d4/d6ii shares about 85%
identity over 275 bp with its mammalian counterparts (Fig. 3.2B). It lacks a stretch of

adenines, about 20 nucleotides in length, that is found in the two mammalian sequences.

A zebrafish dix4/dix6 intergenic fragment targets reporter gene expression to the

forebrain and olfactory placodes in transgenic mice

A construct containing the /acZ reporter gene under the control of a B-globin
minimal promoter and the entire zebrafish dix4/dix6 intergenic region (plus a short
segment of the transcription unit of d/x4 and a few base pairs of the transcription unit of
dix6; zfdix4/6lacZ transgene; Fig. 3.1) was injected into fertilized mouse eggs to produce
transgenic animals. We obtained seven lines of transgenic mice. All seven lines showed
lacZ expression, beginning around E10, in two groups of forebrain cells, one in the basal

telencephalon and one in the ventral thalamus/hypothalamus (indicated as I and II in Fig.
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3.3A). Examination of whole-mount embryos stained for P-galactosidase activity
indicated that the patterns of reporter transgene expression are strikingly similar to
patterns of endogenous mouse Dlx expression in the forebrain (Shimamura et al., 1997).
Mouse embryos express DIx5 and DIx6 in two separate domains within the forebrain.
Domain I is a longitudinal alar plate stripe that begins at the zona limitans intrathalamica
and extends rostrally through the ventral thalamus (VT) and several hypothalamic areas
(Hy) to the rostral midline. Domain II is a longitudinal region in the basal telencephalon
that extends rostrally from part of the caudal ganglionic eminence (CGE, amygdala
primordium), through the lateral and medial ganglionic eminences (LGE and MGE), and
into the septal and preoptic (POA) primordia (Bulfone et al., 1993a,b; Puelles et al.,

manuscript in preparation).

Activity of the B-galactosidase reporter transgene persisted in the forebrain of
transgenic mice until adulthood (Fig. 3.3B, C and data not shown). In addition to the
developing forebrain. the reporter transgene under the control of zebrafish sequences was
expressed in the olfactory placodes in 5/7 mouse lines (Fig. 1; Fig. 3.3A, B). There were
very few additional sites of transgene expression: one line had a few labeled eye cells;
one line had expression in the developing shoulder area and one showed expression in the
trunk somites (data not shown). Additional sites of endogenous mouse D/x5 and Dix6
expression were negative, including the branchial arches, the otic vesicle and the limb

apical ectodermal ridge.
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To assess the degree to which expression of the zfdlx4/6lacZ wransgene matches
endogenous DIx5 and DIx6 expression in the forebrain, we have compared their
expression patterns, using X-gal staining and radioactive in siru hybridization,
respectively. on transverse brain sections. We analyzed sequential sections from E10.5,

E12.5.E14.5, E17.5, and PO mice.

DIx3 and 6 are expressed in Domains [ and II in slightly different, but overlapping
patterns: DIx5 is expressed strongest in the subventricular zone (SVZ) whereas DIx6 is
expressed strongest in the mantle zone (MZ) (Fig. 3.3E,F). Neither gene is expressed

appreciably in the ventricular zone (VZ) (Liu et al.. 1997).

Remarkably, the zfdix4/6lacZ transgene is expressed in a pattern that is extremely
similar to the mouse Dlx5 and 6 genes. P-Galactosidase activity and D/x3 transcripts can
first be detected in the forebrain at ~E10.5, as a thin layer of cells overlying the
ventricular zone in the basal telencephalon. On E10.5, E12.5 and El14.5, zebrafish
dix4/6-enhancer driven B-galactosidase expression in the mouse telencephalon matches
mouse DIx5 expression (Fig. 3.3D, E, G, H and data not shown). In Domain L. the
ztdlx4/6lacZ transgene has a pattern that appears to be intermediate between DIx5 and

DIx6; note that it lacks the strong SVZ expression of Dix5 (Fig. 3.3G, H).



The zebrafish dix4/dix6 intergenic enhancer is active in the forebrain of zebrafish

embryos.

To determine if the intergenic sequences that target reporter gene expression to
the forebrain of transgenic mice can reproduce dlx expression in zebrafish embryos, we
microinjected, into one cell stage embryos, a construct that contained the 1.4 kb zebrafish
EcoRI-Xhol intergenic fragment from dix4/dlx6 (Fig. 3.1), the same B-globin minimal
promoter fragment as for the transgenic mouse experiments, and the gene coding for the
green fluorescent protein (GFP) as a reporter. Primary transgenic zebrafish embryos
carrying this construct expressed GFP specifically in forebrain cells forming two domains
(Fig. 3.3]) with patterns strikingly similar to endogenous d/x4/dl/x6 expression (Fig. 3.3K,
L). Of the 750 embryos that survived microinjection until the second day of embryonic
development, 4 had very high levels of GFP expression in the forebrain, 25 had 5-10
GFP-positive forebrain cells, 30 had | or 2 positive forebrain cells. Fifteen embryos
showed one or a few GFP-positive cells in ectopic locations. The onset of GFP
expression in the forebrain was around 17-19 hours after fertilization (h.p.f.), shortly after
the onset of dix4 expression as detected by in situ hybridization. GFP expression

persisted in the forebrain until at least 36 h.p.f.

The two domains of dix expression in the forebrain of zebrafish embryos
(Akimenko et al., 1994) are reminiscent of the two domains observed in the mouse
embryonic forebrain. To compare expression patterns of dlx genes in the zebrafish

forebrain, we made sections of 48 h-old embryos hybridized with dix probes.
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Interestingly, the patterns of expression of dix/ and dIx2 in both the telencephalon and
the diencephalon indicate that the two genes are expressed in more immature cells, as
reflected by their position closer to the ventricular walls than the cells that express dix4
and dix6 (Fig. 3.4). A similar observation had been made previously for the mouse

orthologs of these four genes (Liu et al., 1997).

Most of the forebrain activity of the dix4/dix6 intergenic enhancer is located in

1d4/dé6i.

The two conserved sequences located in the zebrafish dix4/dIx6 intergenic region
(Id4/d6i and Id4/d6ii) were inserted separately into reporter constructs and used to
produce transgenic mouse embryos. At El1, forebrain /acZ expression targeted by the
[d4/d6i enhancer construct was indistinguishable from the full-length 1d4/d6 enhancer
(compare Fig. 3.5A with Fig. 3.3B) although none of the embryos showed expression in

the olfactory epithelium (n = 12; Fig. 3.1).

We also generated transgenic mice with a reporter construct that contained the
second conserved sequence from the zebrafish dix4/dlx6 intergenic region, [d4/d6ii. Two
lines of transgenic mice and ten primary transgenic mouse embryos were produced.
Embryos from one transgenic line showed lacZ expression in the olfactory epithelium
(data not shown) resembling that obtained with the full-length Id4/d6. This was also
observed in one primary transgenic embryo, which, in addition, had expression in the

apical ectodermal ridge of the limb buds, where DIx genes are expressed (Bulfone et al.,
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1993; Dollé et al., 1992). Finally, one primary [d4/d6ii transgenic embryo showed
correct lacZ expression in the forebrain (data not shown). Thus, Id4/d6ii was much less
efficient at targeting /acZ to the forebrain (0/2 lines; 1/10 primary transgenic embryos)
compared to full length 1d4/d6 (7/7 lines) or to Id4/d6i (12/12 primary transgenic

embryos; Fig. 3.1).

We next tested whether the orthologous mouse ID5/D6i could regulate correct
DIx expression in the forebrain. Four stable lines and 4 primary transgenic embryos were
produced with the mouse ID5/D61 construct and nearly all showed forebrain expression
(Fig. 3.5B); one transgenic line did not express LacZ anywhere, possibly due to an
integration effect. Reversing the orientation of mouse [D5/D6i had no effect on its
expression (9/9 primary transgenic embryos; Fig. 3.1 and data not shown). Thus, both the
orthologous mouse [DS5/D6i and the zebrafish [d4/d61 fragments are enhancers that

efficiently replicate the correct pattern of Dlx expression in the forebrain.

Unlike the zebrafish [d4/d6i enhancer, mouse ID5/D6i in either orientation
frequently reproduced correct Dix expression in the branchial arches (2/4 stable lines and
7/13 primary embryos (sum of both orientations, Fig. 3.1, 3.5B and data not shown),
olfactory placode (1 line and 1 primary embryo) and apical ectodermal ridge (1 line; Fig.
3.1). No expression in the otic vesicle was observed in any embryos but some expression

was detected in the middle ear that is consistent with the branchial arch expression.
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To begin to identify the essential sequences within these enhancers. we used a
deletion fragment of the zebrafish Id4/d6i enhancer, corresponding to positions 187-316
(Fig. 3.1 top, 3.2A), and examined its activity in transgenic mouse embryos at E11. Of
five primary transgenic embryos, all appeared to have correct expression in Domain II in
the forebrain (Fig. 3.5C). However, B-galactosidase expression in Domain [ (ventral
thalamus and hypothalamus) was occasionally weaker or not detectable (data not shown).
A similar construct also targeted expression of GFP principally to the forebrain of

zebrafish embryos (data not shown).

Activity of the zebrafish intergenic enhancer is reduced in mice lacking Dix/ and

Dix2

Mutant mice that lack both Dix/ and D/x2 function have a time-dependent block
in basal telencephalon differentiation (Anderson et al., 1997a,b). While early
neurogenesis appears to be normal, later neurogenesis is not. This phenotype seems to be
due to a defect in the production and/or function of the subventricular zone. Accordingly,
in DIx1/2 mutants DIx5 and DIx6 expression is not detectable in the subventricular zone
of the LGE and MGE, but is maintained in early born mantle cells at E12.5 (Anderson et
al., 1997ab). As described above, the zebrafish and mouse intergenic enhancers are
highly active in the SVZ of the basal telencephalon. Therefore, it is possible that the
DIx1 or DIx2 proteins might be, at least in part, responsible for the activity of this
enhancer. To test this hypothesis, we bred mice containing the zebrafish dix4/dix6 full

intergenic reporter construct with mice heterozygous for a mutation that inactivates both
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Dlix! and Dix2. We then inbred mice that are heterozygous for both the mutation and the
transgene to generate Dix//2-/- homozygotes that also had at least one zfId4/d6lacZ

allele.

In embryos that are homozygous for the DixI//Dix2 mutation, -galactosidase
activity is strikingly reduced in the subventricular zone of the developing striatum (Fig.
3.6A-D). These results parallel the changes in endogenous D/x5 and DIx6 expression in
the Dix//2"” mutant mice (Fig. 3.6E-L). Based on these results, we propose that D/x/
and/or Dlx2 function is required, directly or indirectly, to regulate Dix5 and Dix6

expression via their intergenic enhancer.

To determine whether the loss of Dix3, Dix6 and zfDix4/6lacZ expression in the
SVZ of the DIx//2 mutants is due to a loss of those cells or to a change in gene regulation
in SVZ cells, we studied the expression of D/x/ and Di/x2 mRNAs. In the Dix//2
mutants, the 5° end of these genes was not deleted (Qiu et al.. 1997). Thus, if the Dix1/2
cis-acting regulatory sequences responsible for Dlx//2 expression are intact, and the
truncated Dix/ and/or Dix2 transcripts are stable, we should be able to detect the cells
that normally express D/x//2 in these mutants. In fact, in situ hybridization demonstrates
that both truncated genes are still expressed in the proliferative zones of the Dix//2
mutants (Fig. 3.6M-P and data not shown). This strongly supports the model that cells
expressing Dix//2 are maintained in the mutants, and that there is molecular
dysregulation within these cells leading to the loss of DI/x5, Dix6 and zfdix#/6lacZ

expression.
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DIx proteins can up-regulate transcription from conserved intergenic sequences.

Dix proteins bind DNA and can regulate transcription (Liu et al., 1997; Zhang et
al., 1997). Because analysis of Dix//2”" mutant mice suggest that DIx] and/or DIx2
function is necessary for proper expression of DIix5/DIx6, one possibility is that this
interaction is directly mediated by transcriptional activation of the intergenic enhancer(s)
by DIx1 or DIx2. To test this model. we performed transient co-transfection assays in
cultured cells. Reporter plasmids were constructed to contain either the zebrafish 1.4 kb
Id4/d6 fragment, which contains both Id4/d6i and 1d4/d6ii, or to contain only one of these
elements. Effector plasmids were constructed to express full length zebrafish DIx1,
DIx2, DIx3, DIx4, or DIx6 proteins under the control of the SV40 early promoter, or full-

length mouse Dix1, DIx2, or DIx3 proteins under the control of the CMV promoter.

Co-transfection, into mouse P19 murine embryonic-carcinoma cells, of a
construct expressing the zebrafish DIx2 protein resulted in a 20-fold increase in the
activity of the CAT reporter gene placed under the control of the 1.4 kb Id4/d6 intergenic
fragment (Fig. 3.7A). All of the zebrafish D/x expression vectors were able to activate
expression of the reporter construct to a similar extent (data not shown). The mouse
Dix1, DIx2, and DIx5 expression vectors were also able to activate transcription of the
same reporter construct in a neuroepithelial cell line (MNS-71; Yu et al., 1999). This
indicates that DIx proteins from either zebrafish or mouse are able to recognize similarly
the zebrafish intergenic enhancer sequences in at least two different cell types. However,

it does not seem that this effect can be obtained in every cell type because a stimulation
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of reporter gene activity by the zebrafish or by the mouse DIx proteins could not be seen
in NIH 3T3 cells (data not shown). Not all homeodomain proteins could activate
transcription from the 1.4 kb [Id4/d6 intergenic fragment; the products of sine oculis-
related genes (six genes) were unable to activate transcription from this sequence (data

not shown).

To determine if both Id4/d6i and Id4/d6ii contain targets for DIx proteins, the
same Dlx expression constructs were co-transfected with reporter constructs containing
either [d4/d6i or Id4/d6ii. All DIx proteins examined activated expression through the
[d4/d6i1 element (Fig. 3.7A and data not shown) but none activated transcription from a
reporter containing [d4/d6ii (Fig. 3.7A and data not shown), except perhaps for a weak
(less than two-fold activation) by the mouse DIx5 protein. Furthermore the degree of
activation produced by DIx proteins on [d4/d6i reporter constructs were comparable to

those obtained with the 1.4 kb [d4/d6 fragment.

In an attempt to narrow down the region of Id4/d6i required for activation by Dlx
proteins. a series of deletion fragments of Id4/d6i were prepared and subcloned into the
reporter plasmid. The orientation of each of the deletion fragments was maintained
relative to the orientation of the full-length [d4/d6i. In transient co-transfection
experiments, DIx2 activated transcription of constructs containing the 187-316 deletion
fragment, to an extent similar to that observed with the full-length Id4/d6i (Fig. 3.7A).
However, DIx2 did not activate transcription of constructs containing either the 1-204 or

305-450 fragments (Fig. 3.7A).
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To determine if the DIx proteins are able to directly interact with the Id4/d6i
element, electrophoretic mobility shift assays (EMSA) were performed. Nuclear extracts
from SF7 SCID fibroblasts expressing a fusion of a c-myc fragment with full-length
zebrafish DIx2 (MTG-DIx2) produced a lower mobility complex with the 187-316
deletion fragment of Id4/d6i (Fig. 3.7B). Migration of the lower mobility complex
obtained with MTG-DIx2 was further retarded in the presence of an anti-c-myc antibody,
indicating the lower mobility complex contains MTG-DIx2. No complexes of lower
mobility were obtained with a control SF7 nuclear extract (Fig. 3.7B). Furthermore,
neither of the other two deletion fragments of Id4/d6i produced a complex of lower
mobility in the presence of MTG-DIx2-containing SF7 extract (Fig. 3.7B)., a result
consistent with the absence of activation, by DIx2, of reporter constructs containing these

intergenic fragments in co-transfection experiments.

DISCUSSION

One intergenic enhancer is sufficient to recapitulate forebrain Dix expression

A zebrafish sequence from the intergenic region between the dix4 and dix6 genes
is sufficient, once combined to a minimal promoter, to direct expression in those cells of
the telencephalon and diencephalon, of either zebrafish or mice, that normally express
DIx genes (Fig. 3.3). This strongly suggests that the regulatory mechanisms controlling
Dlix expression in the forebrain have been conserved during vertebrate evolution and it

lends support to the idea that D/x function during forebrain development has also been
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conserved. Additional evidence for conserved function of DIx genes in forebrain
development comes from the differential expression of Dix genes in the telencephalon
and diencephalon where more immature cells express Dix/ and Dix2 compared to Dlx3
and DIx6, as seen both for the mouse genes (Liu et al.,, 1997) and for their zebrafish

orthologs (Fig. 3.4 and Akimenko et al., 1994).

Functional conservation of enhancer sequences between mammals and teleost fish
has been previously observed for the Orx2 (Kimura et al., 1997), hoxb! (Marshall et al.,
1994), and the Hoxd-11 (Beckers et al., 1996; Gérard et al., 1997), although in the latter
case. temporal, spatial and mechanistic differences could be observed between the fish

enhancer and its mammalian counterpart.

Because the two Dix genes that constitute a linked pair on a chromosome are
organized in an inverted and convergent manner, the intergenic enhancer we have
identitied is located downstream of the transcription units of both genes. Consistent to
known properties of enhancer sequences, the full Id4/d6 and Id4/d6i sequences are able to
function when placed upstream of a minimal promoter in a linear construct, and function

similarly regardless of their orientation relative to the promoter.
Comparisons of the enhancer activities of [d4/d6i (ID5/D6i) and Id4/d6ii suggest

the former plays a more important role in forebrain expression. Id4/d6ii may still be

necessary for optimal Dix expression in the ventral forebrain but this enhancer may
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require, in order to function efficiently, the presence of other regulatory sites, either from

[d4/d61 or from the promoters of one or both flanking genes.

Detailed analysis of reporter transgene activity in the mouse forebrain suggests
that both the full dlx4/dIx6 intergenic construct and the Id4/d61 (ID5/D6i) sequences
reproduce the endogenous DIx5 expression pattern more faithfully than the Dix6
expression pattern. This was observed principally by comparison of f-galactosidase
expression and endogenous transcript levels in the LGE and MGE of the telencephalon
(Fig. 3.3). In other areas, such as the ventral thalamus and hypothalamus, the pattern of 3-
galactosidase activity was intermediate between those for Dix5 and Dix6. Identical
results were obtained with constructs from either zebrafish or mouse origin. Therefore,
the observed differences cannot be attributed solely to the inability of a zebrafish
enhancer to precisely recapitulate D/x expression in a mouse embryo. One possible
explanation for this result is that sequences, necessary for maximal expression in cells of
the mantle, are absent from our constructs, and, therefore, located outside the intergenic
region. It is also possible that, although the intergenic enhancer is sufficient to direct
expression to the ventral forebrain, its activity is modulated by specific interactions with
other cis-acting regulatory elements, such as the promoters of each of the two flanking
genes, DIx5 and DIx6. An overall distinct set of transcriptional activators binding to
upstream and intergenic regulatory sequences would be responsible for the differences in
Dix5 and Dix6 expression patterns. Experiments in zebrafish designed to examine the
interactions between the intergenic forebrain enhancer and the d/x4 and dlx6 promoters

are presently under way to address this issue. In summary, although it is possible that the
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intergenic forebrain enhancer is shared between D/x5 and Dix6, which would explain
their partially overlapping patterns of expression, additional mechanisms must account

tor the overall distinct expression of the two genes in the forebrain.

Transgenic animals carrying constructs containing both Id4/d6i and Id4/d6ii
always exhibit expression of the reporter gene in the ventral forebrain. Reporter
expression is often seen in the olfactory placodes, but never in regions of the embryo,
such as the branchial arches, the inner ear and the AER of the limb buds where D/x5 and
DIx6 or their zebrafish orthologs are also expressed. This suggests, that elements
necessary for proper expression in the latter areas are located outside the Dix5/Dix6
intergenic region. On the other hand, several transgenic animals with the Id4/d6i or
ID5/D6i1 constructs showed expression in the ectomesenchyme of the branchial arches
reminiscent of endogenous Dix expression. The mechanisms that underlie such results
are, at present, unclear but may involve integration effects. [t is possible that intergenic
sequences, outside [d4/d6i (ID5/D61i) are necessary to restrict the activity of this enhancer

to the ventral forebrain.

DIx proteins interact with intergenic regulatory sequences

Expression of Dix5 and DIx6 is affected in the ventral forebrain of Dix//2 null

mutants (Anderson et al., 1997a,b). Thus, DIx5 and DIx6 transcripts are not detectable in

the SVZ of the LGE at E12.5 and E14.5. The normal expression of the truncated Dix/

and DIx2 transcripts in forebrain cells of the mutant (Fig. 3.6 and data not shown)
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suggests that the SVZ cells which normally express DIx5 and DIx6 are still present.
Therefore, the reduced expression of DIx5 and DiIx6 strongly suggests that Dix/ and/or
DIx2 are required for the induction and/or maintenance of Dix5 and DIx6 expression.
This might be achieved by direct regulation of Dix5/DIx6 expression by the DIx1 or DIx2
proteins which can function as transcriptional activators (Liu et al., 1997; Yu et al., 1999;
Zhang et al., 1997). Such cross-regulatory interactions involving homeobox genes have
been described, for example for members of the Hox clusters (Gould et al., 1997;
Nonchev et al., 1997; Studer et al., 1998) and for the zebrafish dix genes (Zerucha et al.,
1997). Alternatively, DIx1 or DIx2 may activate a yet unknown factor that is an essential
regulator of DIlx5 and D/x6 expression. The above two mechanisms are not mutually

exclusive.

The zebrafish /d4/d6 and Id4/d6i and the mouse /D5/D6i intergenic transgenes are
expressed with patterns similar to the endogenous mouse D/x3 gene (Fig. 3.3, 3.5). Like
endogenous DIx5 and DIx6, the activity of the zebrafish dix4/dix6 intergenic transgene
(/d4/d6) is drastically reduced in the D/x//2 null mutants (Fig. 3.6). These results suggest
that the Id4/d6i and the orthologous ID5/D6i enhancer may be the site that is directly
regulated by DIx1 and DIx2 in vivo in zebrafish and mouse, respectively. Our finding
that the DIx2 (Fig. 3.7A) and DIx1 (not shown) proteins, of either zebrafish or mouse
origin are able to up-regulate transcription of reporter constructs containing the conserved
Id4/d6 intergenic sequences in co-transfection experiments supports the view that these
sequences are the site of cross-regulatory interactions in vivo. Furthermore, we were able

to demonstrate binding of DIx2 to a short fragment of 1d4/d6i in gel mobility shift assays.
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This same fragment of [d4/d6i is responsible for most if not all of the activation by Dix
proteins in transfection experiments and is able to target transgene expression to the

ventral forebrain in mice and zebrafish.

The fact that Dix proteins are able to activate transcription of Id4/d6i-containing
constructs in cultured cells does not mean that such interactions are sufficient for
maximal enhancer activity in vivo. We cannot rule out that additional proteins
endogenous to the transfected cells cooperate with DIx in activating transcription of the

co-transfected reporter constructs.

Most, if not all DIx proteins are able to activate transcription of reporter
constructs containing the [d4/d6i sequence similarly in co-transfection experiments (data
not shown). The high degree of similarity in the DNA-binding homeodomains of the Dix
gene family makes it likely that this result indicates the ability of all DIx proteins to bind
this element. It is therefore difficult using co-transfection to determine which DIx
proteins bind to ID5/D6 sequences in vivo. It is quite possible that more than one of the
four DIx proteins present in forebrain cells interact with IDS/D6 (Id4/d6) in the normal
embryo. In addition to cross-regulatory interactions with Dix1 and/or DIx2, it is also
possible that the ID5/D6i sequences might be the site of auto-regulatory mechanisms
involving DIxS and/or DIx6. Such auto-regulatory loops have been described for other
developmental genes encoding transcriptional regulators, including homeobox-gene
products (Pépperl and Featherstone, 1992). Furthermore, because of structural

differences outside the homeodomain between DIx family members, we cannot rule out
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that different DIx proteins might participate in specific protein-protein interactions in vivo
and that these might influence their ability to participate in auto- or cross-regulatory

interactions at the [D5/D6 sequences.

The Id4/d6 (ID5/D6) sequences have many potential homeodomain binding sites
(Fig. 3.2). We consider it likely, for several reasons, that, in addition to the DIx proteins,
other homeodomain proteins and other types of transcription factors, may also modulate
the activity of the Id4/d6 (ID5/D6) enhancer. First, we hypothesize that there could be
repressor molecules that act on 1d4/d6 to restrict its expression primarily to the forebrain
and olfactory placode; in the absence of these repressors, the enhancer would be
expressed in all cells containing the DIx proteins. Almost all of the transgenic mice with
1d4/d6 only have forebrain expression; whereas when smaller fragments are used (which
may have eliminated the repressor binding sites), then additional sites of expression are
revealed (e.g. branchial arches and limb AER; Fig. 3.5). Most of these additional sites

correspond to tissues expressing DIx proteins.

Our second reason for suggesting that the Id4/d6 enhancer is regulated by
additional transcription factors is based on the high degree of sequence conservation
(83%) between Id4/d6i (~ 400 bp) and orthologous enhancers in mouse and man (Fig.
3.2A). Based on the nucleotide sequence of this enhancer, we have not yet been able to
unequivocally identify consensus sequences for distinct classes of transcription factors

other than homeodomain proteins, although similarities with some binding sites do exist.
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The biochemical basis for the partial functional redundancy observed between
DixI and DIx2? (Anderson et al., 1997a; Qiu et al., 1997) can be understood in part based
upon the similar transcriptional regulatory properties of the DIx proteins with respect to
the Id4/d6 and ID5/D6 enhancers in tissue culture cells (Fig. 3.7A and Yu et al., 1999).
However, these results do not explain why the loss of Dix/ and Dix2 expression only
eliminates DIx5, DIx6 and Id4/d6 expression in the SVZ, whereas their expression is
maintained in the early-born mantle cells (Fig. 3.6). This observation indicates that other
transcription factors (which might correspond to unknown DIx proteins), regulate DIxS5,
DIx6 and 1d4/d6 expression in a subset of early forebrain cells. Furthermore, the loss of
DIx5 and DIx6 expression in the SVZ of the Dix//Dix2 null mutants also raises the
possibility that the mutant phenotype may be attributable to the loss of function of all
four genes, implying some functional redundancy between them. A better understanding
of any differences in biochemical activities of DIx proteins, such as involvement in
specific protein-protein interactions, would help elucidate the functional consequences of

the partially overlapping expression of these genes during development.

Intergenic region and Dix gene evolution

The high degree of sequence similarity that we observed in the intergenic region
between a pair of DIx genes of mouse, of human, and of teleost fish (Fig. 3.2) is
remarkable considering that these sequences are outside the coding regions of either
genes. High degrees of sequence similarity outside gene coding regions have been

observed previously between human and mouse sequences (see for example Beckers et
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al., 1996; Williams et al., 1998) and some sequence conservation has also been found
with sequences of distantly related vertebrates such as the pufferfish, Fugu rubripes and
zebrafish (Beckers et al., 1996; Kimura et al., 1997; Marshall et al., 1994; Morrison et al.,
1995). However, this is the first time such extended sequence similarity is found between
a mammalian sequence and a teleost fish sequence outside the protein-coding regions of

genes.

The inverted convergent configuration of pairs of distal-less-related genes is
ancient as it has been reported for the ascidian Ciona intestinalis (Di Gregorio et al.,
1995). The distance that separates the two genes is relatively small (2-10 kb) for all cases
reported thus far. It is likely that the paired organization arose after the divergence of
arthropods from the lineage that would give rise to vertebrates since insects are thought to
have only one distal-less gene. It is possible that one or a few regulatory sequences
found downstream of the distal-less gene in the common ancestor to modern day
invertebrates and vertebrates were preserved after the first duplication and inversion
event that produced the first pair of distal-less/Dix genes. Enhancer sequences have been
described downstream of the Drosophila distal-less gene (O'Hara et al., 1993; Vachon et
al., 1992) and it will be interesting to determine if there is any degree of functional
conservation in these enhancers and those described in the current study. A potential
evolutionary advantage of enhancer-sharing by the two linked genes would be consistent
with the conservation of the inverted convergent configuration and the maintenance of a

relatively short intergenic distance. Enhancer sharing has been previously demonstrated
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for some of the clustered Hox genes (Gould et al., 1997; Sharpe et al., 1998; van der

Hoeven et al., 1996).

Vertebrates have at least three pairs of linked D/x genes (Ellies et al., 1997b; Liu
et al., 1997; McGuinness et al., 1996; Simeone et al., 1994), the Dix//Dix2, Dix5/Dix6
(dix4/dIx6 in zebrafish), and DIx3/Dix7 pairs. The presence of conserved regulatory
sequences may not be unique to the DIx5/Dix6 gene pair as the Dix//DIx2 intergenic
region also contains highly conserved sequences (Zerucha, Qiu, Liu, Rubenstein and
Ekker, unpublished) although the roles of such sequences in D/x gene regulation is, at
present, unclear. The function and evolution of intergenic enhancer sequences, combined
with studies of the functional specificity of D/x genes, will enable us to understand the
mechanistic basis for the concerted action of DIx proteins in embryonic cells and the

position of the D/x genes in regulatory cascades during development.
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Figure 3.1. Genomic organization of the zebrafish dix4 and dix6 genes (top) and of the
orthologous murine Dix5 and D/x6 genes (bottom) indicating the location of conserved
sequences with putative regulatory function. The third exons of zebrafish dix4 and dix6
and of mouse DIx5 and DIx6 are represented by boxes. Direction of transcription is
indicated by arrows. B, BamHI: E, EcoRl; X, Xhol; S, Sacl: Sa, Sal/l. The constructs
for the production of transgenic animals and for transfection experiments are
schematized. The position and orientation of the intergenic fragments relative to the
reporter genes (lacZ, CAT and GFP) is shown. B, minimal B-globin promoter; tk,
thymidine kinase promoter. Numbers of primary transgenic embryos or embryos from
transgenic lines that show LacZ expression in various sites of Dlx expression are

indicated to the right of each construct.
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Figure 3.2. Conserved sequences in the intergenic region that separates a pair of
vertebrate Dix genes. (A) Alignment of ID5/D6i sequences from human (h) and mouse
(m) and [d4/d6i from zebrafish (z). (B) Alignment of ID5/Dé6ii sequences from human
and mouse and Id4/d6ii from zebrafish. The human sequences were retrieved from
GenBank: accession number AC004774. Complete sequence identity across the 3

species is indicated by a star. The nucleotide positions of Id4/d6i corresponding to the

187 - 316 fragment are shaded.
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Figure 3.3. A DNA fragment encompassing the zebrafish dix4/dix6 intergenic region
directs expression of lacZ in transgenic mouse embryos with patterns that closely
recapitulate endogenous DIx5 and DIx6 expression in the forebrain. (A-C) lacZ
expression in the ventral thalamus and telencephalon, and in the olfactory placodes in
(A) EI10, (B) El1, and (C) E12 whole mount mouse embryos. D) Coronal section of an
El14.5 stage mouse embryo with LacZ expression in the lateral ganglionic eminence
(LGE). Higher PB-galactosidase activity is seen in the subventricular zone (SVZ)
compared to the mantle (MZ). (E-F) in situ hybridizations with (E) Dix5 and (F) Dix6
probes on coronal sections adjacent to that seen in (D). Note that the relative patterns of
DIx3 expression in the SVZ and MZ more closely resemble that seen in transgenic
animals (D) than do the relative patterns of D/x6 expression. (G-I) More caudal sections
of same stage embryos. Expression of B-galactosidase in the caudal ganglionic eminence
(CGE) and in the preoptic area (POA). (H-I) in situ hybridizations with Dix5 and DIx6
probes, respectively on sections adjacent to those seen in G. Embryos in (A-B) are from
line 7679 and those in (C-I) are from line 1469. (J-L) A 1.4 kb Xhol/EcoRI fragment
from the zebrafish d/x4/dIx6 intergenic region directs expression of a transgene which
recapitulates endogenous dlx expression in the forebrain of zebrafish embryos. (J)
Expression of Green Fluorescent Protein (GFP) directed by the 1.4 kb Id4/d6 zebrafish
fragment in a 36 h embryo. The patterns are similar to the expression of the endogenous
dix4 (K) and dix6 (L) genes. The domains I and Il of dlx expression correspond, by
analogy, to the diencephalic (I) and telencephalic (II) domains of D/x expression in the
mouse. Other abbreviations: [, domain [; I[I, domain [I; AEP, anterior entopeduncular
area: BT, basal telencephalon; Cx, cortex, HY, hypothalamus; LV, lateral ventricle; OB,
prospective olfactory bulb; OP, olfactory placodes; Se, septum; SPV, supraoptic

paraventricular area; VT, ventral thalamus; VZ, ventricular zone.
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Figure 3.4. The dix/ and dIx2 genes are expressed in more immature cells of the
zebrafish forebrain than their dix4 and dix6 paralogs. Transverse sections of 48 h-old
zebrafish embryos at the level of the telencephalon (A, C, E, G) and of the diencephalon
(B. D, F, H) are shown with dorsal to top. Cells that express dix/ and d/x2 are closer to
the midline compared to those expressing dix4 or dix6. The more medial expression of

dlx2 compared to dix4 confirms our previous observation (Akimenko et al., 1994).
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Figure 3.5. Specific intergenic sequences from either mouse or zebrafish target gene
expression to the forebrain of EI1l mouse embryos with highly similar patterns. (A)
zebrafish [d4/d6i . (B) Mouse ID5/Dé6i. In addition to the forebrain, -galactosidase
activity was observed in the first two branchial arches in 2 of 3 lines and 2 of 4 primary
transgenic embryos. (C) 187-316 fragment of zebrafish Id4/d6i. In addition to the
forebrain, B-galactosidase is also expressed in the apical ectodermal ridge (AER) of the
limb buds in lof 5 primary transgenic embryos carrying this construct. Note that the
forebrain expression patterns in (A-C) are highly similar to those of Fig 3.3B (full
zebrafish intergenic fragment). Abbreviations: Mx, maxillary component of the first
branchial arch; Md, mandibular component of the first branchial arch; Hy, hyoid arch.

Other abbreviations as in Fig. 3.3.
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Figure 3.6. Forebrain expression of a transgene driven by 1d4/d6 is drastically reduced
in mice with a targeted null mutation of the D/x/ and DIx2 genes. (A) Coronal section
showing lacZ expression (arrow) driven by [d4/d6 in the telencephalon of a E12.5 wt
mouse embryo. (B) Section adjacent to that in (A) from a mouse embryo with the Id4/d6
transgene and a null mutation for Dix/ and Dix2. (C) LacZ expression driven by 1d4/d6
in the telencephalon (arrow) in wt E 14.5 mouse. (D) reduced LacZ expression in an
adjacent coronal section to that shown in (C) in a mouse with a null mutation in the Dix/
and DIx2? genes. (E-H) in situ hybridizations with a Dix5 probe on coronal sections
roughly adjacent to those shown in (A-D). (I-L) in situ hybridizations with a Dix6 probe.
(M-P) in situ hybridizations with a full-length probe which recognizes full length Dix/ as
well as a truncated form of Dix/ expressed in the DIx//Dix2 null mutant mice. The
asterisk indicates that Dix5, DIx6 and zfId4/Id6lacZ expression is maintained in the
POAJSE in the Dix//Dlx2 mutants. Abbreviation: MGE, medial ganglionic eminence.

Other abbreviations as in Fig. 3.3.
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Figure 3.7. (A) The zebrafish DIx2 protein can activate transcription through intergenic
regulatory sequences in transient transfection assays. Co-transfected DIx2 activates
transcription through the 1.4 kb Xhol/EcoRI fragment from the zebrafish dlx4/d/x6
intergenic region (Id4/d6), through Id4/d6i, but not 1d4/d6ii. The 187-316 fragment from
Id4/d6i (see Fig. 3.2A) is also a target for DIx2 but neither are the 1-204 nor the 305-450
fragments. All values shown represent fold activation in the presence of DIx2 relative to
the same construct in the absence of co-transfected DIx2. The P19 embryonic carcinoma
(EC) cell line was transfected by the calcium-phosphate precipitation procedure. The
values shown represent three independent experiments * standard error on the mean. (B)
The zebrafish DIx2 protein binds the 187-316 fragment of [d4/d6i in a gel mobility shift
assay. Three fragments from [d4/d6i: 1-204; 187-316, 305-450 were radiolabeled and
incubated with a nuclear extract from a SF7-derived cell line which expresses MTG-DIx2
or with a control SF7 nuclear extract. A lower mobility complex is indicated by the solid
arrow. In the presence of the 9E-10 antibody directed against the MTG epitope of MTG-

DIx2, this complex is supershifted (open arrow).
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4. FUNCTIONAL CONSERVATION OF A SERIES OF DISTAL-LESS
ENHANCER ELEMENTS DURING VERTEBRATE AND INVERTEBRATE

EVOLUTION

Unpublished
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ABSTRACT

The Vertebrate Dix gene family consists of 3 linked pairs of convergently
transcribed genes and in zebrafish at least two additional apparently unlinked genes. The
linked organization of Dlx genes is ancient as it is also observed in urochordates. The
linked Dix genes demonstrate a striking degree of overlap in expression patterns during
development. Previously we have described elements in the intergenic region of one of
these gene pairs that is well conserved between teleost fish and mammals and that may at
least partially account for the overlap in expression patterns of its neighboring Dix genes
by acting as a shared enhancer element. Here we describe similar elements in the
intergenic regions of the other linked gene pairs. These elements are able to specifically
direct expression in transgenic mice and remarkably at least half of them can also direct
specific expression in analogous regions in transgenic flies. Interestingly the elements
which exhibit some function in transgenic flies are also the sites of regulation by the Dix
proteins themselves. Our results suggest a mechanism by which duplicated genes may be
stabily maintained during evolution as well as a possible explanation for the maintenance

of the Dix genes as linked pairs in the genome.
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INTRODUCTION

Many of the genes involved in vertebrate ontogeny are members of multi-gene
families. This is consistent with Ohno’s proposal (Ohno, 1970) that polyploidization
events which occurred early in the history of the vertebrate lineage were directly involved
in the morphological diversification of this group. Probably the most well-understood
example of a gene family that reflects this is the Hox family. The Hox genes have
undergone a number of gene duplication and cluster duplication events during their
evolution which has resulted in four clusters of ~40 genes in mammals and seven clusters
of at least 47 genes in teleost fish such as the zebrafish. It appears that the chromosomal
duplications that gave rise to the Hox genes also gave rise to the linked D/x family of

homeobox-containing genes (Stock et al., 1996).

The DIx gene family comprises six members in mammals and at least eight in the
zebrafish. The six orthologous genes between mammals and zebrafish are organized as
convergently transcribed pairs in the genome, Dix!/Dix2, Dix3/Dlx7 and Dix5 (zebrafish
dix4)/Dix6 (Fig. 4.1A). The two additional zebrafish Dix genes, dix5 and dIx8 are not
linked to each other and it is presently unknown if they constitute additional pairs with as
of yet unidentified dlx genes. The paired organization ot Di/x genes arose early in the
history of the vertebrate lineage as it has also been reported in urochordates such as
Ciona intestinalis (Di Gregorio et al., 1995). In the cephalochordate amphioxus however,
whose lineage is thought to have diverged from that of vertebrates following the

urochordate divergenece, only one Dix homologue has been reported (Holland et al.,
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1996). Lineages that diverged before urochordates, such as arthropods and nematodes,
are thought to have one Distal-less gene. The vertebrate Dix genes have been further
classified into one of two clades: one consisting of DixI, Dix6, Dix7 and zebrafish dix8;
and the other Dix2, Dix3, Dix5(zebrafish dix4) and zebrafish dix5. Each Dix gene pair
consists of one member from each clade. The evolution of the DIx genes, then, has been
proposed to have involved a tandem duplication event prior to the divergence of
tunicates, which resulted in an ancestral convergently transcribed gene pair. A number of
subsequent chromosomal duplications following the urochordate/cephalochordate
divergence then gave rise to the modern Dix family as observed in mammals and teleost

fish.

The domains of expression patterns of the Dix genes have been fairly well
conserved amongst vertebrate species. Strikingly, the expression patterns of the linked
DIx genes have considerable overlap and include regions of the forebrain, olfactory
placodes, visceral arches and limbs/fins. This suggests that many of the cis-regulatory
clements and mechanisms that direct Dix expression have been conserved at least
throughout vertebrate evolution. Interestingly, expression of the Drosophila DIl has been
reported in the developing legs and maxillary appendages that may be considered as

loosely analogous to the visceral arch-derived jaw structures of vertebrates.

The conserved and divergent patterns of DIx gene expression, across diverse

phyla, suggests a mechanism which may have contributed to the evolution of this gene

family. As genes are created by duplication events, for the new genes to be maintained,
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there must be some selective pressure placed upon them. This issue has been examined
in the past and was most recently discussed in terms of the maintenance of functional
redundancy, a common by-product of gene duplications (Cooke et al., 1997; Nowak et
al., 1997). Another possibility exists however, which may not be conducive to
maintaining redundancy. This involves the coincident duplication of cis-regulatory
elements as the coding regions of the genes are duplicated, followed by successive losses
of regulatory elements from specific genes. Thus while the full or close to full
complement of cis-regulatory elements remain associated with the gene family as a

whole, each gene becomes associated with only a subset of these regulatory elements.

To address this, here we describe the identification of conserved vertebrate
enhancer elements located in the intergenic regions of the linked D/x genes. In transgenic
mice. these elements are able to recapitulate specific domains of endogenous Dix
expression. Amazingly in transgenic flies, these same elements are able to recapitulate
domains of expression of the single Drosophila DIl which correspond to potentially

homologous regions observed in transgenic mice.
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MATERIALS AND METHODS

Identification Of Conserved Sequences In The Zebrafish And Mouse Dix1/Dix2 And

Dix3/Dix7 Intergenic Regions

Restriction fragments of a genomic clone containing the zebrafish dix//dlx2 locus
(Ellies et al., 1997b) were radiolabeled and hybridized to a Southern blot of various
restriction digests of a mouse genomic clone containing the orthologous Dix//DlIx2 locus
(Liu et al., 1997). Of the zebrafish restriction fragments containing the dix//dix2
intergenic region, only a 440 bp Sphl-Xhol fragment hybridized to the mouse genomic
fragments (Fig. 4.1A,B). This zebrafish fragment and the hybridizing mouse fragments
were sequenced using the dideoxy procedure. The nucleotide sequence of the zebrafish
dix3/dlx7 intergenic region was determined using the dideoxy procedure. and the
corresponding mouse and human Dix3/Dix7 intergenic region nucleotide sequences (Fig.
4.1A,C) were kindly provided by Frank Ruddle, Ken Weiss and David Stock. Nucleotide
sequence comparisons were done using the CLUSTAL W version 1.7 (Thompson, 1984)

multiple sequence alignment program.

Production Of Transgenic Mice

DNA fragments from the zebrafish or mouse Dix//Dix2 locus or the zebrafish

dIx3/dlx7 intergenic region were sub-cloned into the p1229 or pl1230 LacZ reporter

vectors (Yee and Rigby, 1993). For the production of transgenic mice, linearized
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plasmids were injected at a concentration of 5 ng/ul in eggs from FVB/n crosses using
standard procedures (Hogan et al., 1986). Transgenes were analyzed in either founder
embryos or from established transgenic lines. Presence of the transgene was determined
by PCR on DNA prepared from extra-embryonic tissues with the following
oligonucleotide primers 5’-AGGGCAGAGCCATCTATTGC-3’ and 5-
CGCTCATCCGCCACATATCC-3’ derived, from the B-globin promoter and Lac-z
sequences of the p1229/p1230 vectors respectively. As a positive control in these PCR
reactions, a region of the mouse fetal hemoglobin gene was amplified with the
oligonucleotide primers X1 (5'-GAT CAT GAC CGC CGT AGG-3’) and X2 (5'-CAT

GAA CTT GTC CCA GGC TT-3").

Morphological Analysis Of Transgenic Mice

Founder transgenic embryos or embryos from the cross of a transgenic male and a
normal FVB or CDI female were harvested at various embryonic stages. Transgene
expression was also determined in newborn pups, young mice and adults from an
established line. Embryos were fixed in 1% formaldehyde; 0.2% glutaraldehyde; 0.02%
NP-40 in phosphate-buffered saline (PBS) for 30 min at 4° C, washed in PBS for 20 min
at room temperature and stained for (-galactosidase activity overnight at 28° C in a
solution of 1 mg/ml X-gal, 5 mM K;Fe(CN)s, 5 mM KiFe(CN)s, 2 mM MgCl,, 0.02%

NP-40 in PBS.
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Production Of Transgenic Drosophila

The 440 bp Sphl/Xhol 1d1/d2 (Fig. 4.1A,B) and the 1.4 kb Xhol/EcoRI 1d4/d6
(Fig. 4.1A and (Zerucha et al., 1999)) DNA fragments from the zebrafish dix1/dix2 and
dix4/dlx6 loci respectively, were sub-cloned into the pWHIZ vector (personal
communication, S. Co6té) containing an hsp70 basal promoter fused to the LacZ gene.
For the production of transgenic Drosophila, plasmids were injected into dechorionated
embryos (5% Sodium Hypochlorate) at a concentration of 600 ng/pl according to
Spradling and Rubin (1982) except the source for transposase was 150 ng/pl pTurbo
helper phage instead of the delta2-3 chromosome. Presence of the transgenes was
confirmed by PCR amplification of the zebrafish 1d1/d2 and Id4/d6 sequences and the
LacZ gene. PCR was performed with oligonucleotides 245 (see below)/LacZ (5’-
AATCGCCTTGCAGCACATCC-3’) for Id1/d2 and 1060 (Zerucha et al., 1999)/LacZ for

Id4/d6.

Morphological Analysis Of Transgenic Drosophila

Transgenic embryos were collected at various stages up to approximately stage 12
(7-9 hours) of development. Embryos were dechorionated in 6% sodium hypochlorate
then fixed in 0.8% paraformaldehyde/PBS, 80% heptane. Embryos were washed once in:
10 mM Na2HPO4/NaH2PO4 pH 8.4; 150 mM NaCl; 1| mM MgCI2 and then again in the
same solution with 0.2% Triton X-100. Following these washes, embryos were stained at

37°C, 16-24 h in: 10 mM Na2HPO4/NaH2PO4 pH 8.4, 150 mM NaCl, | mM MgCL2, 3
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mM K3Fe(CN)6, 3 mM K4Fe(CN)6 and 0.2% S5-bromo-4-chloro-3-indolyl-B-D-

galactopyranosid in N,N dimethylformamide.

Constructs For Transient Co-Transfection Experiments

The construction of the effector plasmid that expresses the zebrafish dix2 gene
under control of the SV40 early promoter has been described previously (Zerucha et al.,
1999). Reporter plasmids were constructed by inserting fragments of the zebrafish
dix1/dl2 or dix3/dIlx7 intergenic region into the pBLCAT2 vector (Luckow and Schiitz,
1987) which contains the Thymidine Kinase (tk) minimal promoter driving expression of
the Chloramphenicol Acetyl Transferase (CAT) gene. The 440 bp Spil-Xhol 1d1/d2
fragment from the zebrafish dix//dIx2 intergenic region (Fig. 4.1A,B) was subcloned into
pBLCAT?2 directly upstream of the tk promoter. The 1.4 kb HindlIl/Sacll fragment from
the dix3/dIx7 intergenic region and which contains the 89 bp Id3/d7 element (Fig.
4.1A.C) was also subcloned into the pPBLCAT2 plasmid. The deletions of Idl/d2 were
prepared by PCR from a pSP72 (Promega) subclone, containing the 440 bp Sphl-Xhol
[d1/d2 fragment using the following oligonucleotides:

133: 53’-CAGTTGAGCATTCTGGCT-3*; 245: 5-TAGCTGGAAATTGTCTTG-3’;
323: 5'-GATGTTATGCTAAAA-3"; 328: 5-TCCGCGATAATTATAT-3" and inserted
in pBLCAT2 directly upstream of the tk promoter. The numeric name of the
oligonucleotide refers to the position within Id1/d2 corresponding to the 5° end of the
oligonucleotide (Fig. 4.1B) and the PCR generated deletion fragments were: T7/245,

133/SP6, 133/323, 328/SP6. The T7 oligonucleotide recognizes a region in pSP72
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upstream of the I[d1/d2 Sphl site which corresponds to position 1, and the SP6
oligonucleotide recognizes a region in pSP72 downstream of the Id1/d2 Xhol site which

corresponds to position 440 (Fig. 4.1B).

Transient Co-Transfection Experiments

Transient co-transfection experiments were performed in the P19 murine
embryonic carcinoma (EC) cell line as described previously (Zerucha et al., 1997;
Zerucha et al., 1999). Cells were seeded 24 h prior to transfection at a density of 10’
cells per 100 mm dish. Transfections were carried out by the calcium phosphate
precipitation procedure (Sambrook et al., 1989). A total of 10 ug of DNA per dish was
used in each transfection. This included: 2 ug pRSV-fgal as an internal control for
transfection efficiency; 2 pg of reporter plasmid; 2 ug of effector plasmid: and sheared
calf thymus DNA (Boehringer Mannheim) to the total of 10 ug. Precipitates were left on
the cells for 16 h and the cells harvested 64 h post-transfection. Cells were collected in
PBS, pelleted by centrifugation and resuspended in freeze/thaw buffer (250 mM Tris-HCI
pH 8. 10 mM DTT, 15% Glycerol). Cell extracts were prepared by repeated cycles of
freezing/thawing. B-Galactosidase activity was assayed as described by Sambrook et al.
(1989). CAT activity was determined by thin-layer chromatography and measured as
percent conversion of mono- and diacetylated chloramphenicol relative to unmodified
plus acetylated chloramphenicol using the BIO-RAD GS-525 Molecular Imager System.
CAT activity was standardized to B-Galactosidase levels to compensate for variations in

transfection efficiency. Experiments were performed in duplicate and repeated a
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minimum of three times. Error bars in the figures represent standard errors on the means

of all replications.

Electrophoretic Mobility Shift Assays

A 132 bp DNA fragment corresponding to positions 328-440 of Idl1/d2 (Fig.
4.1B) was amplified by PCR using the oligonucleotide primers 328 and SP6. The PCR
product was cloned into the pCRII vector (Invitrogen). The fragment was excised with
EcoR1 prior 1o filling of the 5° overhangs with the large fragment of DNA polymerase |
(Klenow) in the presence of radiolabelled [a’P]dATP. Binding reactions were carried
out in a total volume of 20 ul in 12mM Hepes-KOH (pH 7.9), ImM EDTA. 0.4 mM
MgCls, 100 mM NaCl, 0.6 mM DTT, 0.6 mM PMSF, 13% glycerol. Nuclear extract (10
pg ) from the stable SF7-MTG-DIx2 cell line (Zerucha et al., 1999) or an equivalent
prepared from control SF7 cells was pre-incubated with the 9E-10 anti-myc monoclonal
antibody (Santa Cruz Biotech) or an equivalent volume of water at room temperature for
30 min. Following pre-incubation, 1 pg BSA, |1 ug sheared calf-thymus (Boehringer
Mannheim) and 15000 cpm of radiolabelled probe were added and incubated at room
temperature for 20 min. Protein-DNA complexes were resolved on a 4% polyacrylamide

(29:1 acrylamide:bis-acrylamide) gel run in 1 XTBE.
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RESULTS

Identification Of Highly Conserved Elements In The Paired Dix Intergenic Regions

Previously we have reported the presence of two highly conserved elements in the
intergenic region of the D/x5 (zebrafish d/x4) and dix6 genes (Zerucha et al., 1999).
These elements are conserved between zebrafish, mice and humans. To determine if
similar elements exist in the intergenic regions of the other Di/x gene pairs, these regions
(from between DIx1/Dix2 and DIx3/DIx7) were compared between zebrafish and mouse
by cross-species Southern hybridizations and nucleotide sequence alignments. A 440 bp
region was identified in the D/x//Dix2 intergenic regions that is 91% identical between
mouse and zebrafish and which we have named Id1/d2 and ID1/D?2 for the zebrafish and
murine elements respectively (Fig. 4.1A,B). A 117 bp region was identified in the
DIx3/DIx7 intergenic region by comparing the nucleotide sequence of this entire
intergenic region in zebrafish, human and mouse (Webb Miller, personal
communication). We have named this element [d3/d7 in zebrafish and ID3/D7 in the
aforementioned mammalian species. The [d3/d7 element is 65% identical between
zebrafish and mouse and 64% similar between zebrafish and human, the human and

mouse sequences are identical apart from three single base pair substitutions (Fig. 4.1C).
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The Dix Intergenic Elements Are Able To Target Reporter Gene Expression In

Transgenic Mice

We have previously demonstrated the 1d4/d6-IDS5/D6 elements to direct
expression to the ventral forebrain of the developing mouse (Fig. 4.2B and Zerucha et al.,
1999). To determine if the Id1/d2 and Id3/d7 elements are able to direct expression in a
similar manner, we produced transgenic mice carrying the LacZ reporter gene coupled to
either one of these elements. A construct containing the LacZ reporter gene under the
control of a B-Globin minimal promoter and the zebrafish or murine Id1/d2-ID1/D2
element was injected into fertilized mouse eggs to produce transgenic mice. We obtained
4 lines and | primary transgenic animals carrying the murine ID1/D2 element and 1 line
and 3 primaries carrying the zebrafish Id1/d2 element. Both of these orthologous
elements direct virtually identical expression to the mandibular arch of transgenic mouse
embryos (Fig. 4.2A and data not shown). This domain of expression within the visceral
arches is consistent with the pattern observed for the endogenous Dlx genes although the
transgene appears to be expressed in a slightly smaller region of the domain observed for

the endogenous Dix genes.

Similarly, we tested the ability of the full zebrafish dix3/dIx7 intergenic region to
direct expression of the LacZ reporter gene under control of the same -Globin minimal
promoter. We obtained 2 lines and 2 primary transgenic animals. The entire dix3/dlx7

intergenic region directed expression to the genital ridge in transgenic mouse embryos
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(Fig. 4.2C). We also tested the ability of the Id3/d7 element alone to direct expression of

LacZ with no success to date.

The Dix Intergenic Elements Are Able To Target Reporter Gene Expression In

Transgenic Drosophila

It has been demonstrated previously that enhancers of the Hox genes have some
activity in Drosophila (Gould et al., 1997; Haerry and Gehring, 1997; Haerry and
Gehring, 1996; Keegan et al., 1997). To determine if the conserved vertebrate Dix
elements might echo this, we prepared lines of transgenic Drososphila carrying the LacZ
reporter gene under the control of the hsp70 basal promoter and the conserved zebrafish
intergenic elements. The Id4/d6 elements direct expression in transgenic Drosophila to
the developing brain (Fig. 4.2E), what appears to be the peripheral nervous system (Fig.
4.2F) and the developing maxillary (not shown, but virtually indistinguishable from that
shown in Fig. 4.2D). The Id1/d2 element directs expression of the reporter transgene to
an anterior region of the embryo which will ultimately give rise to the maxillary (Fig.
4.2D). Remarkably the expression domains directed by the zebrafish d/x intergenic
elements in Drosophila are very similar by analogy to the domains of expression they
direct in transgenic mice: the [d4/d6 elements to the brain; and Id1/d2 to the developing

jaw in mice and primordia for the mouth appendages in Drosophila.
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Dix Proteins Can Bind And Activate Transcription Through The 1d1/d2 Element

Of particular interest is the ventral maxillary expression directed by Id1/d2 in
Drosophila. Previously, a number of enhancer elements were reported for the D/l gene in
Drosophila including one, ETD6, located downstream of the D// coding region (O'Hara
et al., 1993; Vachon et al., 1992) as are the vertebrate intergenic elements we have
identified. In transgenic fly experiments, the ETD6 element directs expression to the
ventral maxillary in a pattern virtually identical to that defined by Id1/d2 (O'Hara et al.,
1993) suggesting that this element may have at least been functionally conserved
throughout the evolution of vertebrates and arthropods. It has been determined that
ETD6 is regulated by the HOM-C gene Deformed (Dfd). To determine if this may also
be true for the Id1/d2 element, we tested the ability of one of the zebrafish Dfd
orthologues, hoxd4, to regulate transcription through Id1/d2 in transient co-transfection
experiments. It was determined that neither Hoxd4 alone, nor together with Pbx, a
known partner which acts with the murine HoxD4 (Phelan and Featherstone, 1997), were
able to activate transcription through Id1/d2 (not shown). Previously we have
demonstrated that DIx proteins are able to auto- and/or cross-regulate each other (Zerucha
et al., 1997; Zerucha et al., 1999), including acting through the Id4/d6i element (Zerucha
et al., 1999). To determine if [d1/d2 can be regulated by DIx proteins as well, we
performed similar co-transfection experiments and determined that all zebrafish dlx genes
examined (dix!, dix2, dix3, dix4, dix6) were able to activate transcription through the
Id1/d2 element (Fig. 4.3 and data not shown). A number of zebrafish orthologues of the

Drosophila sine oculus (so) gene six3, six6, and six7 (kindly provided by Hee-Chan Seo;
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Seo et al., 1998a,b) were also examined for the ability to regulate transcription through

the Id1/d2 element, but to no avail.

To attempt to determine a specific region of Id1/d2 recognized by Dlx proteins to
activate transcription, a number of deletion fragments of Id1/d2 were prepared (Fig.
4.3A) and co-transfected with a dlx2 expression construct. DIx2 is able to activate
transcription through the 133-440 fragment but not the 1-245 fragment (Fig. 4.3B). Co-
transfections with the further sub-divisions of the 133-440 fragment into the 133-323 and
328-440 fragments illustrated that DIx2 is activating transcription through the 328-440
region of [d1/d2. In order to determine if DIx proteins can directly interact with the 328-
440 fragment of Id1/d2 as was suggested by their ability to regulate transcription through
it. electrophoretic mobility shift assays (EMSAs) were performed. Nuclear extract from
the SF7-MTG-DIx2 cell line (Zerucha et al., 1999), which contains the zebrafish Dix2
protein fused to six repeats of a c-myc epitope, was compared to nuclear extract from the
SF7 parental cell line for the presence of proteins with the ability to bind the 328-440
fragment of Id1/d2. A retarded mobility complex was obtained with the SF7-MTG-DIx2
nuclear extract (Fig. 4.4). This complex was further delayed in the presence of the 9E-10
monoclonal antibody which recognizes the MTG epitope of the MTG-DIx2 fusion

protein indicating that the lower mobility complex does indeed contain MTG-DIx2.



DISCUSSION

Highly Conserved Elements From The Intergenic Regions Of The Paired Vertebrate

Dix Genes Can Target Expression In Transgenic Mice

Conserved elements have now been identified in the intergenic regions of all
vertebrate, paired Dix genes. These elements are well conserved between teleost fish and
mammals. Of the four elements identified, at least two, Id1/d2 and Id4/d61, are able to
direct expression of a transgene in a pattern which represents a partial recapitulation of
endogenous murine D/x expression. Thus Id1/d2 and 1d4/d6i direct expression to the
visceral arches and ventral forebrain, respectively, of the developing mouse. It seems
that the function of these two elements has been conserved during vertebrate evolution as
the [d4/d6i element can function similarly in transgenic zebrafish (Zerucha et al., 1999)
and preliminary evidence suggests this may also be true for the Idl/d2 element
(Westerfield and Ekker unpublished observations). The roles of the Id4/d6ii and [d3/d7
elements are less clear. Previously we described the low activity of the Id4/d6ii element
in transgenic mice, and while we have obtained transgenic mice with the entire dix3/dIx7
intergenic region, and thus which also contain the Id3/d7 element, we can not at this time
confidently attribute the expression pattern conferred by the entire intergenic region to
the Id3/d7 element. In comparing the full intergenic region of the murine and zebrafish
DIx3/DIx7 genes, the Id3/d7 element is the only conserved region, however this does not
preclude the possibility that sequences other than the conserved elements may also be

able to direct expression during development. To date, transgenic mice carrying just the
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Id3/d7 element have exhibited no expression of the transgene. A possible explanation for
this is that for proper function, Id3/d7 requires additional sequences to function properly.
These sequences may exist within or outside of the intergenic region. The inability of the
Id1/d2 element to reproduce the entire domain of endogenous visceral arch Dix
expression suggests the requirement for extra sequences for optimal function as well.
One possibility is that these intergenic elements may require to interact with the specific

promoters of the Dix genes.

[nterestingly the two enhancers, Id1/d2 and [d4/d6i, which are able to recapitulate
sub-domains of the expression patterns of the endogenous D/x genes which flank them in
the genome, are also the sites of cross-regulation by the Dix genes (Zerucha et al., 1999),
and this study). Previously we have also described the ability of DIx proteins to activate
transcription through the 1.7 kb region from upstream the dix4 gene (Zerucha et al..
1997). This suggests that auto- and cross-regulatory interactions significantly contribute
to DIx expression during development. The importance of cross-regulatory interactions
between the DIx genes was probably best illustrated by the inactivation of the Id4/d61
enhancer in mice lacking the normal functions of Dix/ and Dix2 (Zerucha et al., 1999).
The ability of DIx proteins to activate transcription through these two defined elements
also presents the possibility to compare the sequences to ascertain if there is any sequence
similarity which may represent a recognition site for DIlx proteins. In the
characterizations of each of these elements, regions were identified of approximately
110-130 bp (328-440 of Id1/d2 and 187-316 of [d4/d6i) that could be bound and activated

by DIx2. The region of Id1/d2 from 412-422 (CTATAATTTTC, Fig. 4.1B) shares >90%
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similarity, or ten of eleven nucleotides, with a region from 271-281 (CTGTAATTTTC)
of Id4/d6i. This sequence was the region conserved to the greatest degree between the
two elements and in addition contains an ATTA/TAAT core sequence, which has been
previously demonstrated to be a common motif recognized by many homeodomain
proteins. The DIx2 protein is unable to bind a double stranded oligonucleotide pair
containing this element. Furthermore, the mutation of this site to CTCTAGATTTC in
[d4/d6i, which removes the ATTA/TAAT core sequence, does not affect the ability of
DIx proteins to activate transcription through this element (Zerucha and Ekker

unpublished observations).

The Function Of Id1/d2 And Id4/d6 Seems To Be Similar In Mice And Drosophila

The conservation of activity of the Id4/d6 and Id1/d2 elements between
vertebrates and Drosophila is highly significant. Of particular interest is that these
elements seem to be able to direct expression in analogous regions of the Drosophila and
murine embryos. The Id4/d6 elements direct expression to the ventral forebrain of
vertebrates and the brain of Drosophila during development. The forebrain has been
considered a vertebrate innovation but recently the expression of a Distal-less gene in the
developing brain of the cephalochordate amphioxus was used to suggest an earlier origin
for this structure (Holland et al., 1996). If the expression we describe in this study does
in fact represent a true domain of expression of the Drosophila DIl gene, these
conclusions on the origins of the forebrain may have to be re-thought. It would be

possible, then, that DI/-like genes have been expressed in the brains and brain-like
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structures of organisms whose lineages arose prior to the vertebrate/invertebrate
divergence. This could suggest that the origin of the forebrain resulted from an
exaptation of pre-existing mechanisms including DI/ expression. It is possible that
vertebrate and invertebrate DI/ brain expression arose independently of one another, but
the conservation of function of the [d4/d6 enhancers seems to refute this. It can not be
ruled out that the expression we observe directed by 1d4/d6 is simply Id4/d6 responding
solely to the endogenous Drosophila DIl as we have demonstrated that this element does
respond to vertebrate Dlx genes (Zerucha et al., 1999). However the lack of reporter
expression in other regions where DI/ is expressed, most notably the limbs, implies this to

be unlikely.

The Id1/d2 element directs expression to the visceral arches of vertebrates and the
ventral maxillary of Drosophila during development. It is tempting to speculate that this
might imply a common origin for vertebrate jaws and invertebrate mouth parts. However
while it is possible DI/ may have been expressed in the developing, primitive, external
feeding apparatus associated with the mouth of the ancient ancestors to vertebrates and
invertebrates, it seems highly unlikely that the vertebrate jaw and Drosophila segmented
mouth appendages could have diverged from common ancestral structures. The shared
pattern of expression directed by [d1/d2 and the Drosophila ETD6 elements, however,
may shed light on the differences in the developmental pathways resulting in jaws or
mouth appendages. The important aspect of this expression is that in Drosophila ETD6
is regulated by at least one of the HOM-C genes, while in vertebrates it appears that

Id1/d2 expression is independent of the actions of the orthologous Hox genes. This
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suggests, then, that the evolution of the development of the Drosophila mouth
appendages has occurred to be directly dependant on patterning conferred by the HOM-C
genes while in vertebrates this appears to not be the case. This is consistent with the
observations that while Hox genes are expressed in the hindbrain during vertebrate
development, they are not expressed in the migrating neural crest of the anterior-most
visceral arch, which gives rise to the jaw structures. Comparison of Id1/d2 with the
Drosophila DIl locus in cross-species Southern hybridizations revealed no similar
regions, suggesting that any nucleotide sequence conservation between the two elements
is low. In addition the ability of these elements to be regulated by the D/x genes has not
been conserved as DIx proteins can not activate transcription through the ETD6 element
(Zerucha and Ekker, unpublished observations). The degree of functional conservation
of these elements is also unknown as transgenic mice carrying the ETD6 element do not
exhibit any expression of the transgene (Hatch and Ekker, unpublished observations). It
is possible that this lack of reporter expression may be due to the lack of important
regions outside the ETD6 element proper, although the exact reasons why it is inactive in
mice while Id1/d2 is active in Drosophila is not exactly clear. It is possible that
Drosophila have evolved a different complement of requirements for optimal function of
the ETD6 element such as specific interactions with other cis- or trans-acting elements.
It is also possible that for similar reasons it is easier for an element to function in a less
complex setting than a more complex one. This may be due to a few factors that have
been conserved between a less complex and a more complex organism being sufficient to
activate a functionally conserved element between two organisms of differing

complexities. However in the organism of higher complexity, the hierarchies of controls
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on the conserved element may have been evolutionary built up such that all the
components required for its coordinated expression simply can not regulate the element

from the organism of lower complexity.

A Proposed Model For The Evolution Of The Dix Gene Family

Based on the expression patterns directed by the DIx intergenic elements in
Drosophila and vertebrates we can perhaps suggest a mechanism by which this family
evolved (Fig. 4.5). An ancestral Distal-less-like gene had a number of downstream
enhancer elements associated with it, such as is proposed to exist in Drosophila. This
gene underwent a tandem duplication event resulting in an ancestral convergently
transcribed gene pair as is observed in modern urochordates such as the ascidian Ciona
intestinalis. We propose that this ancestral pair of Distal-less genes, at least originally,
contained a full or close to full complement of the downstream enhancer elements which
are now localized to the intergenic region separating the gene pair. A series of large-
scale genomic events resulted in the duplication of this ancestral pair resulting in three
pairs of convergently transcribed gene pairs, which initially would have the full
complement of intergenic enhancer elements. For these gene pairs to be maintained some
selective pressure must be exerted on these gene pairs. We propose that one such
selective pressure resulted from the loss of elements from pairs of genes. Thus while the
whole gene family still had a full, or close to full complement of elements, individual
gene pairs became associated with specific regions of the developing embryo such as

dix1/2 with the visceral arches and d/x4/6 with the forebrain. The function of the Id3/d7
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element in Drosophila remains to be determined, however it is known that Drosophila
DIl is expressed in the genital disc during Drosophila development. It will be interesting
as well to determine if the entire intergenic region from the single C. intestinalis DIl gene

pair can similarly direct expression in transgenic Drosophila.

This mechanistic model does not preclude the possibility that the enhancers have
taken on new functions during vertebrate evolution. However it is possible that they still
have some basal activity in Drosophila perhaps reminiscent of their ancestral function
and indicated by the activity of the vertebrate elements in Drosophila but not the reverse.
[t is interesting that if this model is true, it suggests that the biological cost of maintaining
a higher number of genes than is minimally required can be seen as an investment in
evolutionary potential. Essentially, the mechanism of this model provides a greater
number of genes for the mechanisms of evolution to act upon to move toward greater

complexity.
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Figure 4.1. Identification of sequences in the intergenic regions of the paired zebrafish
dix genes that are highly conserved between mice and zebrafish. A) Genomic
organization of the paired zebrafish dix genes. The third exons of each of the genes is
represented by a filled box and labeled appropriately. Direction of transcription of the
dlx genes is indicated by an arrow. The conserved elements are shown as open ovals and
are labeled. E, EcoRIl; H, Hindlll; P, Pstl: Sa, Sall; Sp. Sphl; S1. Sacl; S2, Sacll: X,
Xhol. B) Alignment of the Id1/d2-ID1/D2 sequences from zebrafish and mouse.
Nucleotide identity between the two orthologous sequences is indicated by a star below
the nucleotide. Putative homeodomain recognition sites as characterized by a
TAAT/ATTA core nucleotide sequence are shaded. Numbering is indicated for the
zebrafish sequence and is relative to the Sphl site (position 1) and Xhol site (position
440). The positions of the oligonucleotide primers used to construct deletion clones of
the zebrafish element are indicated. C) Alignment of the [d3/d7-ID3/D7 sequences from
zebrafish, mouse and human. Nucleotide sequence identity across the three species is
indicated by a star below the nucleotide. The single TAAT/ATTA core sequence is

shaded and numbering is relative to the zebrafish sequence.
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Figure 4.2. The zebrafish Id1/d2 and Id4/d6 elements are able to direct expression in
transgenic mice in domains which reflect a subset of the full expression patterns of the
Dlx genes which flank their murine homologues. A) Id1/d2 directs expression of LacZ
to the mandibular arch (arrow) in stage Ell transgenic mouse embryos. B) Id4/d6
directs expression of LacZ to the ventral forebrain (arrows) and the olfactory placode (o)
in stage El1l transgenic mouse embryos. C) The entire dix3/dIx7 intergenic region
directs expression of LacZ to the genital ridge in stage E!1 transgenic mouse embryos.
D) Idl/d2 directs expression to the ventral maxillary (arrow) in stage 12 transgenic
Drosophila embryos. E) [d4/d6 directs expression to the developing brain (arrows) of
stage 11 transgenic Drosophila embryos and F) the peripheral nervous system of stage

10 transgenic Drosophila embryos.
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Figure 4.3. DIx proteins can activate transcription through a specific region of id1/d2.
A) Summary of deletion fragments of [d1/d2 in the pBLCAT2 reporter construct. The
numerical names of the full length Id1/d2 element and the deletion fragments of it reflect
the nucleotide sequence boundaries within the Id1/d2 element and correspond to the
numbering in Fig. 4.1. The orientation of all the fragments relative to the Thymidine
Kinase basal promoter (tk) and the Chloramphenicol Acetyl Transferase (CAT) gene is as
shown. The direction of transcription of the CAT gene is indicated by an arrow. B) Co-
transfected DIx2 activates transcription through the full length (1-440) I[dl/d2.
Specifically DIx2 is able to activate transcription through the 133-440 and 328-440
deletion fragments, but not the 1-245 and 133-323 deletion fragments. The values shown
represent three independent experiments and the error bars indicate standard error on the

mean.
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Figure 4.4. The zebrafish DIx2 protein binds the 328-440 fragment of Id1/d2 as shown
by electrophoretic mobility shift assay. The 328-440 fragment was radiolabeled and
incubated with nuclear extract from the SF7-MTG-DIx2 cell line or from SF7 cell line as
a control. The filled arrow indicates the mobility shift resulting from DIx2 interacting
with the 328-440 fragment. This shift is super-shifted (open arrow) in the presence of the

9E-10 monoclonal antibody to the MTG epitope ot MTG-DIx2.
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Figure 4.5. A proposed model for the evolution of the Distal-less-related gene family
under the selective pressure of enhancer duplication followed by the subsequent loss of
specific enhancers from different gene pairs. Genes are represented by filled boxes and

their direction of transcription indicated by arrows above each gene. Enhancer elements

are represented by ovals.
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5. CONCLUSIONS

The over-riding theme of this thesis has been the importance of auto- and cross-
regulatory interactions between the DIx family of homeobox-containing genes and how
the elements that are the sites of these interactions may have evolved. There are
precedents for such auto- and cross-regulatory interactions between genes that encode
transcriptional regulatory proteins, most notable the Hox genes that have already been
discussed. A possible benefit for the evolution of auto-regulatory mechanisms,
particularly for transcriptional activators is, intuitively, simply to maintain their
expression once they are activated. Often during development it appears that the
expression of genes encoding transcription factors is activated by gradients of
extracellular signals. The optimal conditions then for activation of a gene may be
fleeting, thus the ability to maintain its expression, once activated would seem to be an
ability with a heavy positive selective pressure attached. This then also implies the
importance of mechanisms to turn off the expression of such auto-regulatory factors.
One possibility in the case of DIx genes, involves inhibitory interactions with other
factors such as members of the Msx family of homeodomain proteins which has been

discussed previously in more detail in the Introduction.

The initial evolution of an auto-regulatory mechanism also presents an interesting
possibility related to the work and findings described in this thesis. Hypothetically. I will
begin with the evolution of an auto-regulatory element associated with a specific gene

that encodes a transcription factor. A number of genomic events occur which result in a
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number of duplications of the locus of this gene, including the auto-regulatory element.
There will be little, or no selective pressure to maintain a number of identical genetic
loci, therefore copies of loci will either become inactive via deleterious mutations, or will
take on new functions that will somehow increase the fitness of the organism. To take on
new functions, the coding region of the gene may change, the elements that direct its
expression may change, or some combination of these may occur. An interesting
prospect arising from this latter possibility is the evolution of a cross-regulatory element.
As changes occur within the coding region of the gene, the protein that it encodes may
take on new functions while retaining some of the original functions such as DNA
binding. Thus a family arises which can bind the same or very similar recognition
elements, but because there have been modifications outside the DNA binding domain,
different members of the family may play different roles when bound to similar
recognition elements. Also, changes in the regulation of the different family members
will alter which specific members will even be available to interact with specific

elements.

What then do the regulatory elements [ describe here for the D/x family represent?
From the results described in chapter two, the upstream region of d/x4 seems to represent
a cross-regulatory element regulated by d/x3. Expression of dlx3 precedes that of d/x4 in
the same cells of the otic vesicle during zebrafish development. Also in cultured cells
dlx3 can activate transcription through a 1.7 kb region from upstream dix4. However
from what we have seen in chapters three and four, it seems that most DIx proteins are

able to activate transcription from identical nucleotide sequences. Thus despite the
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temporal relationship between dlx3 and dix4 expression it is difficult to state with

absolute certainty that this upstream region of dix4 represents a cross-regulatory element.

Similar conclusions can also be reached for the Id1/d2 element. I have shown in
chapter four that DIx proteins can activate transcription through this element and that at
least one of them, DIx2, can bind it. It will be interesting to see the activity of this
element in mice lacking the Di/x/ and Dix2 genes as this will give us a better insight as to
whether it s activity is dependant on auto- or cross-regulatory interactions. It does appear
that the D/x2 gene is the first family member to be expressed in the visceral arches during
development so this may suggest that we are observing an auto-regulatory mechanism.
Conversely, the loss of activity of the [d4/d6 element in mice lacking functional D/x/ and

DIx2 suggests a cross-regulatory interaction.

An important question also arises from the pattern of expression directed by
Id4/d6. It appears that although the endogenous murine D/x5 and DIx6 genes are roughly
co-expressed in the forebrain coincident with the pattern directed by the Id4/d6 or
ID5/D6 elements, the expression directed by this element more closely resembles that of
DIx5. In addition as previously mentioned, expression of the D/x2 gene precedes that of
Dix!I and in fact all D/x genes in the visceral arches (where Id1/d2 directs expression).
Does this mean that these elements are acting uni-directionally? Because of the
organization of the convergently transcribed, paired D/x genes, the intergenic elements
are located downstream of each of the genes that flank them. Thus their organization

relative to the transcriptional start sites of either the flanking genes is the same. It will be
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interesting to determine if insulating sequences exist within the intergenic regions or if
specific interactions occur between the intergenic enhancers and specific promoters or

other cis-regulatory elements to affect the transcription of only one gene in each Dix pair.

Future work on this project may also shed light on the mechanism of evolution of
cis-regulatory elements. As was mentioned in chapter four, there is no striking similarity
between the vertebrate Dlx intergenic elements and the single known homologous region
in C. intestinalis. It will be of great interest to determine if there is any sequence
conservation between the C. intestinalis DIl intergenic region and that of other ascidians.
Also if any of the ascidian DI/ intergenic regions are able to direct expression in
transgenic Drosophila, in vertebrates and of course themselves, the comparisons and
contrasts with the already identified vertebrate elements will perhaps contribute to a
better undertanding of the evolution of cis-regulatory elements as well as helping us to
understand the differences between functional conservation and actual nucleotide

sequence conservation.

My project has contributed to a better understanding of the transcriptional
regulation of the Dl/x family of homeobox-containing genes. My work has also
contributed to an explanation for the maintenance of the close linkage of the paired Dix
genes and perhaps suggested a model for the evolution of this gene family. This overall
project has grown considerably in the last few years and it will be of great interest to see

how it evolves in the future.
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