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PREFACE

This book is about an old fundamental problem of embryogenesis and
the contemporary methods and ideas used to approach this subject. In the long
history of science the invention of a new instrument or an innovative tech-
nique have played an unpredictable role with far reaching consequences for
scientific progress and society in general. Such an outstanding case is the
construction of the pendulum by Galileo who used it as a ‘clock’ in order to
measure time with unprecedented accuracy for the standards of his era. With
this new instrument he could precisely determine the kinematic features of
moving bodies and lay down the foundations of the classical mechanics
that was later developed by Newton. During the last decade or so we have
experienced another case of the unexpected consequences stemming from
the exploitation of a novel invention: the need of some collaborating labora-
tories of CERN to exchange their collected results led to the use of telecom-
munication cables and the data, in the form of electronic documents, which
were transmitted and shared by all via a computer network and suitable
browsing software. This facility initiated the spectacular development of
the WWW which revolutionized not only scientific advancement but most
social activities of our times. The present book with its online edition is an
example of the profound changes introduced recently in the area of com-
munications in general and in publishing in particular.

In biology an analogous revolution occurred during the last three
decades when some ingenious biochemical methods and techniques were
developed, in particular gene cloning and sequencing. Developmental and
evolutionary biology have particularly benefitted from these innovations and
the questions that can now be addressed and answered go to an unprec-
edented depth. The case of Hox genes is a typical example of how a long-
standing morphological enigma can now be tackled at its molecular and
genetic roots. In 1894 Bateson systematically analyzed for the first time in
fruitflies mutations that he termed homeotic mutations, in which one body
region develops at the location of another body region. For many decades
classical genetics and embryological observations were the only means em-
ployed in the study of these peculiar mutations. Nevertheless, hard work,
experimental skills and ingenuity resulted in the accumulation of important
observations which are indispensable for the formulation of some illuminat-
ing empirical rules. This effort was rewarded in 1978 when E.B. Lewis es-
tablished a physical correlation between the extent of the functional do-
mains of the Bithorax genes of the fruitfly and the location of these genes in
the third chromosome. This unexpected property, coined collinearity, was
later found to be not only a feature of the Bithorax complex in insects but a
developmental strategy that controls axial patterning of most animal species.

With the discovery of the homeobox in the early 80s, the era of mo-
lecular embryonic development came dynamically into play imposing a com-
plete metamorphosis of the field. Most efforts are now focused on clarifying



the structure, regulation and interactions of genes involved in different stages
of development. In this pursuit the study of Hox genes plays a central role.

This book is a synopsis of the activity of homeotic genes without aiming
to cover all features and related topics of this wide area of research. For in-
stance the role of homeobox genes in plant development is not included and
only selected aspects of Hox gene expression in specific examples of verte-
brate organogenesis are presented in detail. Since the book is not intended
to be all-encompassing, the choice of chapter subjects is selective. Neverthe-
less I hope the choice is coherent and representative of most research direc-
tions where Hox genes are involved. It is only just the beginning of the
molecular era of biology, but it is an exciting time because one feels that the
discoveries will enrich our knowledge will converge from different scientific
disciplines.

I would like to take this opportunity to thank the authors of this
volume who accepted promptly to contribute and succeeded in giving a
balanced and authoritative overview of this rapidly progressing field. As men-
tioned above, it is a great advantage of electronic publishing that the chap-
ters appear online and they are stored in the Eurekah updatable database so
that a continuous flow of new results may be incorporated in the book. The
idea for creating this book is due to Dr. Ronald Landes, the publisher of
Landes Bioscience. I hope his initiative will prove helpful to many graduate
students and researchers working in different branches of biology and medi-
cine. Thanks are also due to Ms. Cynthia Conomos, the Book Publications
Director, who undertook with enthusiasm the administrative responsi-
bilities of the edition.

Spyros Papageorgioun



CHAPTER 1

The Homeobox as a Key for Understanding
the Principles of the Genetic Control

of Development
Walter J. Gehring*

Abstract

he discovery of the homeobox, and the Hox gene clusters have uncovered a general

universal principle of the genetic control of development. In all bilaterian animals these

Hox clusters determine the body plan along the antero-posterior axis. Despite a bewil-
dering diver-sity of modes of development, ranging from animals with a fixed cell lineage and
a predetermined egg architecture to organisms with a highly variable cell lineage whose devel-
opment is primarily based on cellular interactions, all merazoans share Hox gene clusters, char-
acterized by a high degree of sequence conservation and a colinear gene arrangement in which
the Hox genes are arranged on the chromosome in the same order as they are expressed along
the antero-posterior axis of the developing embryo. This arrangement can only be understood
on the basis of evolution. Hox genes have provided the entry point for a newly emerging field,
evolutionary developmental genetics.

Introduction
The importance of genes in controlling development was first pointed out by T. H. Morgan
who put forward the hypothesis that development is controlled by differential gene activity.'
The first homeotlc gene was identified in Drosophila by Bridges as early as 1915 in Morgans
laboratory Mutations at the bithorax (bx) locus partially convert the halteres into wings and
alter the body plan, by transforming a structure of the third thoracic segment into the corre-
sponding structure of the second thoracic segment. E. B. Lewis began his analysis of the
Bithorax-Complex (BX-C) not with the intention to study homeosis, but rather to test the
hypothesis of Bridges, that the genome contains naturally occurring gene duplications, often
tandemly arrayed and visible as doublet bands in the giant polytene chromosomes. Lewis thought
that the &x mutants might represent such a case. This hypothesis later proved to be correct.
However, in his 1963 paper” he introduced the concept of developmental genetic control which
he pursued relentlessly until his death. In 1978* Lewis published his classical paper in Nature
in which he proposed a model which provided a frame work for the subsequent molecular
genetic analysis of homeotic genes.
The “Lewis Model” can be summarized as follows:
1. Dipteran flies have evolved from more primitive insects which had four wings, and insects
have evolved from more primitive arthropods which had legs on all of their abdominal

*Walter ). Gehring—Biozentrum, Department of Cell Biology, University of Basel,
Klingelbergstrasse 70, CH- 4056 Basel, Switzerland. Email: walter.gehring@unibas.ch

HOX Gene Expression, edited by Spyros Papageorgiou. ©2007 Landes Bioscience
and Springer Science+Business Media.




2 HOX Gene Expression

segments. During evolution two major groups of genes must have arisen: “leg-suppressing”
genes, which removed the legs from all the abdominal segments, leaving only three pairs of
legs on the three thoracic segments, and “haltere-promoting” genes which suppressed the
second pair of wings found in the four-winged ancestors of the flies. Loss-of-function mu-
tations in these genes should produce flies with additional legs on the abdomen and
four-winged flies respectively. Indeed, Lewis has constructed such 8-legged and four-winged
flies (Fig. 1), by combining different loss-of-function mutants of the Bithorax-Complex.

2. These genes form a single cluster of pseudoallelic genes known as the Bithorax-Complex
(BX-C) consisting of a battery of closely linked homeotic genes which arose by tandem
duplications in the course of evolution and subsequently diverged from each other by mu-
tation.

3. One gene function is required for every body segment. Each gene is primarily expressed in
the one segment which it specifies, and to some extent also in all segments posterior to it, so
thar all genes of the BX-C are expressed in the last abdominal segment. Each segment is
specified by an array of homeotic genes in a combinatorial fashion.

4. The primitive or ground state is the mesothoracic segment T2. Loss-of-function mutations
lead towards the ground state (e.g., the four-winged fly: T3—T2), whereas gain-of-function
mutants like Contrabithorax or Haltere-mimic lead away from the ground state to flies with
four halteres (T2—T3).

5. The genes of the Bx-C are arranged in the same order on the chromosome as they are
expressed in the segments of the embryo. This is designated as the “colinearity rule”.

Figure 1. Homeotic mutants in Drosophila: a) Wildtype fly; b) Four-winged fly constructed by
E.B. Lewis; ¢) Head of a wildtype fly; d} Antenna-to-leg transformation in an Antennapedia
mutant (Antp™/Antp”3®).
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6. Finally Lewis assumed that “the various BX-C substances acted indirectly by repressing or
activating other sets of genes which then directly determine the specific structures and
functions that characterize given segment”. This implies that the genes of the BX-C are
regulatory genes whose function it is to regulate the activity of their target genes.

On the basis of classical genetics two major modifications of this model had to be introduced:

1. The discovery of compartments by Morata, Ripoll and Garcia-Bellido’ indicated that the
expression of the genes of the BX-C was not segmental but rather parasegmental, which
explains the earlier observation that bithorax (bx) mutations transform only the anterior
part of the haltere into wing structures, whereas bithoraxoid (bxd) mutations transform only
the posterior part of the haltere.

2. Standard chemical mutagenesis of the BX-C by Morata and collaborators® showed that
there are only three essential genes in the BX-C, Ultrabithorax (Ubx), abdominal-A (abd-A)
and Abdominal-B (Abd-B), and not one for every segment. However, the molecular analysis
later showed that the genes identified functionally by Lewis correspond to
(para)segment-specific cis-regulatory regions (enhancers)’ or to genes encoding regulatory
micro-RNAs.®

The Lewis model invited a molecular analysis, but there was no clue as to the biochemical
nature of the BX-C gene products and the cloning of homeotic genes had to await methods for
cloning of genes without any information about the molecular nature of their gene products.
An ingenious method for positional cloning, called “walking along the chromosome” was de-
veloped by David Hogness and his collaborators and lead to the cloning of the BX-C.’

Molecular Cloning of the Homeotic Bithorax-Complex
in Drosophila

In an extensive chromosomal walk the Hogness' group'® first cloned 195 kb of chromo-
somal DNA covering the left half of the complex and mapped the known mutations in the
Ultrabithorax-region. It was possible to localize the genes by restriction enzyme mapping since
most of the x-ray induced mutations are due to chromosome rearrangements and therefore,
can be mapped on the cloned DNA. Also, most of the spontaneous mutations were shown to
be caused by insertions of mobile transposable elements rather than point mutations, in par-
ticular by the gypsy element. The Ultrabithorax (Ubx) locus spans some 73 kb of chromosomal
DNA and comprises all the recessive loss-of-function mutants identified by Lewis, anterobithorax
(abx), bithorax (bx), bithoraxoid (bxd) and postbithorax (pbx). This was confirmed by isolating
¢DNA clones which indicate that the exons are spread out over the entire 73 kb Ubx region.
Therefore, Ubx is a very large and highly complex gene. All of the recessive mutations are
loss-of-function mutants leading towards the T2 ground state and the dominant Ubx alleles are
also loss-of-function mutations, since they are recessive in triploids. However, the dominant
Contraxbithorax (Chx) mutation was classified by Lewis as gain-of-function since it transformes
wings into halteres (T2—T3), i.e., away from the T2 ground state. Chx arose after X-irradiation
together with postbithorax (pbx) and was subsequently separated by recombination. The mo-
lecular analysis indicated that a DNA segment of 17 kb from -3 kb to +14 kb is deleted in pbx
and inserted at position -44 kb with its orientation inverted. This complicated rearrangement
(transposition plus inversion), did not allow to unequivocally explain the cause of the
gain-of-function mutant phenotype. This issue was settled later in Antennapedia by construct-
ing gain-of-function mutants (see below).

The right half of the Bx-C was later cloned by Karch et al'' covering another 215 kb of
chromosomal DNA, the entire Bx-C comprising more than 300 kb. As predicted by Morata
and collaborarors there are only three protein coding genes, Ubx, abdominal-A (abd A) and
Abdominal-B (Abd B), all which were shown to contain homeoboxes (see below). These three
genes are associated with large cis-regulatory regions. Many of the “genes” identified by Lewis
through mutations turned out to be segment-specific cis-regulatory elements.” However, some
of these intergenic regions are extensively transcribed. In particular a set of bithoraxoid transcripts
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of 1.1 to 1.3 kb in size are produced by differential splicing of a series of exons derived from a
26 kb primary transcript, but these RNAs do not possess significant protein coding potential,
suggesting that they might encode regulatory RNAs. Also, the infraabdominal-4 (iab-4) region
is transcribed.” Recently; it has been found that a group of Drosophila microRNAs (miRNAs)
map to a hairpin located at the distal end of the iab-4 locus'? between the abd-A and Abd-B
genes. Two miRNAs were cloned from both arms of this hairpin and designated as iab-4 -5p
and iab-4 -3p.!2 iab 4 -5p selectively inhibits Ubx by binding to the Ubx-3’UTR which con-
tains predicted target sites complementary to miR- iab-4 -5p.” The expression of a
GFP-Ubx-3'UTR “sensor” transgene is repressed by ectopic expression of a mir-iab4 mini
gene. By expressing this mir-iab-4 mini gene in the haltere imaginal discs, a bonafide homeotic
transformation of halteres into wings can be induced. Thus, ieb-4 encodes a miRNA and
represents a bonafide homeotic regulatory gene.®

Molecular Cloning of Antennapedia Complex and the Discovery
of the Homeobox

As a graduate student I discovered a dominant mutation which transforms the antennae
and parts of the head capsule into complete middle legs and the sternopleura, the ventral part
of the thorax where the legs are inserted. I called this mutation Nasobemia'? and I could map it
by recombination to locus 48 on the third chromosome, since it was not associated with a
chromosomal inversion. A highly similar mutation, which however did not form a sternopleura
on the head, had been described by Le Calvez'* who thought that it was a dominant allele of
aristapedia which transforms only the distal part of the antenna into tarsal structures. However,
he could not map i, since it is caused by a chromosomal inversion which suppresses recombi-
nation. Around the same time Yu in E.B. Lewis’ laboratory'” induced a similar mutation by
X-irradiation. His mutation which he named Antennapedia (Antp) was also associated with
chromosome rearrangements with four breakpoints, one of which roughly coincided with the
one in the inversion of Le Calvez in chromosome section 84 A. Since 84 A roughly corresponds
to the genetic locus 48 which is far away from aristapedia, this suggests that all three mutations
wete Anzp rather than aristapedia mutations. However, all the known An#p mutations at that
time were homozygous lethal and complemented Nasobemia (Ns) for lethality. The
transheterozygotes Antp/Ns have spectacular antenna to leg transformations (Fig. 1), but they
are viable. Therefore, I could not conclude whether Ns and Antp were alleles, or whether they
were closely linked genes with a similar phenotype. This question was resolved much later by
molecular genetics, ' and it became clear that Ns and Antp are allelic.

Following in the food steps of David Hogness my group embarked upon a chromosome
walk to clone my favourite Antennapedia (Antp) gene. When Richard Garber, Atsushi Kuroiwa
and I started the chromosome walk, we only knew that the Anzp gene maps cytologically at 84
A (later assigned by Kaufman to 84 B). We started with a genomic DNA fragment from 84 F
and used an inversion to “jump” into 84 B, close to the Antp gene. From this point we contin-
ued to walk towards the centromere for over 200 kb and mapped the breakpoints of several
Antp inversions and deletions. Subsequently, we used several chromosomal DNA clones to
screen c-DNA libraries (kindly provided by the Hogness™ laboratory) for Anzp cDNAs. First,
an embryonic and a pupal ¢-DNA clone were isolated. By hybridizing these cDNAs back to
the chromosomal DNA from the walk, the An#p exons were mapped and shown to be spread
over ~ 100 kb, indicating that the Antp gene is extremely large. Furthermore, the exon map
showed that the two transcripts represented by the two clones arise by differential splicing.
However, there was also cross hybridization outside of Angp gene as defined by deletions
removing only Antp and leaving the flanking genes intact. “Under stringent hybridization
conditions, weak homology with both the 903 and 909 ¢cDNA probes was detected at posi-
tion 190 kb”. “These findings are being investigated further”.!” This was in fact the first sign
of the fushi tarazu (fiz) gene, which was subsequently cloned by Atsushi Kuroiwa and also the
first sign of the homeobox. I go through this history in some detail because my recollections
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have been challenged by McGinnis and Lawrence.'® “...there was an anomalous band in

Garber’s gel that could have led to discovery. However, it was attributed to overloading of the
gel, lumped into the ‘uninterpretable results’ category and not followed up”. This is com-
pletely wrong;'? it was followed up and shown to be reproducible by both c-DNA probes and
this finding led on one hand to the isolation of ftz gene by Atsushi Kuroiwa and on the other
hand to the discovery of the homeobox, since the cross-hybridization is due to the homeobox
being present in both genes, An#p and fz. In fact, since Richard Garber was leaving the labo-
ratory around that time, I specifically asked Bill McGinnis to define and sequence the region
of cross-homology. He may not remember that, but I know this for a fact. At that time, Bill
McGinnis was the expert on low stringency hybridization and sequencing in the laboratory,
and he certainly did a great job on the homeobox. My views have been confirmed by both
Richard Garber and Atsushi Kuroiwa, and Bill McGinnis’ statement “It is always possible that
Gehring sensed or knew in 1982 that Garber’s band was a crucial clue which should be the
basis of further investigation”'® is absolutely correct. Both Richard Garber and I expected to
find cross-homology between homeotic genes, because the Lewis model assumes that these
genes arose by tandem duplication. However, the finding of a precisely defined box with a
remarkable degree of evolutionary conservation, came as a total surprise.

After finding that the homeobox is present in both An#p and fiz genes, I asked Pierre Spierer
and David Hogness to send us the corresponding clones from Ubx and sure enough Bill
McGinnis identified the homeobox by low stringency hybridization in the 3’ exon of Ubx.
Eureka at this point we knew that we had discovered something important and coined the term
homeobox. We then went on to use the homeobox as a probe to screen a genomic library for
the presence of the homeobox in other homeotic genes and identified two other homeotic
genes, Deformed (Dfid) in the ANTP-Complex and abdominal-A (abd A) in the BX-C.?° It took
two and a half years to isolate An#p and by using the homeobox as a probe we were able to clone
a dozen homeobox-containing genes in just a few months. The DNA sequence homology was
shown to be due to a highly conserved protein-coding sequence, the homeodomain.

Independently, the ANTP-Complex had also been cloned by Scott et al*! and later they also
found the crosshomology between Anp, fiz and Ubx,* but my group immediately went on to
show that the homeobox was not only found in insects, but it is also found in vertebrates, such
as chickens, mice and humans,?? and in collaboration with Eddy De Robertis the first verte-
brate Hox gene from the frog Xenopus laevis was cloned?® and shown to be identical to the
Antp homeodomain at 55 out of 60 amino acid positions. The first mouse homeobox genes
were cloned in collaboration with Frank Ruddle who happened to be on sabbatical leave in my
laboratory at that time.? If the homeobox had been confined to insects it would have been
merely an interesting curiosity, but its finding in vertebrates and later in all metazoan indicated
that we had discovered a universal principle in the genetic control of animal development.
Despite a bewildering diversity in their modes of development, all animals share a common set
of regulatory genes involved in the determination of the body plan, in particular in the specifi-
cation of the antero-posterior body axis.

Specification and Redesigning of the Body Plan

Antp loss-of-function mutants die as late embryos and show a homeotic transformation of
the second thoracic segment towards the first (T2—T1), whereas the dominant gain-of-function
mutants transform T1 and the posterior head segments (H) towards T2 (H, T157T2) i.e., in
the opposite direction. Similarly, in the adult fly the gain-of-function mutants exhibit a dra-
matic transformation of the antennae into second legs (Fig. 1), indicating that Anzp specifies
the second thoracic segment, and not the antennal segment. This is consistent with our in situ
hybridization data. In parallel to the work on A#n#p, Ernst Hafen and Michael Levine developed
a method for in situ hybridization to detect transcripts of a given gene on frozen sections, and
these methods were immediately used to localize the Angp transcripts.2® It was found that the
highest concentration of transcripts is detected in the ganglion cells of T2, which is consistent
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with the notion that Arsp specifies T2. Upon the development of methods for in situ hybrid-
ization to embryos in whole mount preparations, a single band of An#p transcripts could be
detected in the T2 region as early as the blastoderm stage, when initially the body plan is laid
down (Fig. 2).

Later studies have revealed that the body plan is specified in Drosophila in four conceptual
steps in all of which homeobox genes are involved (Fig. 2). In a first step the maternal mRNA
of the homeobox gene bicoid (bcd) is localized in the anterior pole of the oocyte as a “cap”.
Upon fertilization the bicoid mRNA is translated into BCD protein which forms a concentra-
tion gradient with its highest concentration at the anterior pole. BCD protein enters the nuclei
to exert its gene regulatory function, whereas the cytoplasmic BCD protein binds to caudal
(cad) mRNA and induces its degradation at the anteriore pole. Initially, cauda!/ mRNA is uni-
formly distributed in the egg, but upon degradation by BCD it forms a gradient, which is in
fact the first gradient that was described in the Drosophila egg.”” Upon translation the CAD
protein forms an opposite gradient to that of BCD. In a third step these gradients are subdi-
vided into a repetitive pattern of body segments. First by gap genes which are expressed in
regions comprising several segments, then by pair-rule genes which are expressed in alternate
segments, and finally by segment-polarity genes that are expressed in every segment. Most of
the gap genes belong to the Zinkfinger class of transcription factors, but both erthodenticle
(otd) and empty spiracles (ems) that have an important evolutionary conserved role in head
development contain a homeobox. Among the pair-rule class e.g., fushi tarazu (fiz) and
even-skipped (eve) are homeobox genes, and among the segment polarity genes engrailed (en) was
also cloned on the basis of its homeobox homology.?® In a fourth step the identity of each
individual segment is specified by the Hox genes, i.c., by those homeobox genes which are
clustered in the ANT-C and BX-Complexes.

In order to prove definitively that the gene which we had cloned was indeed Anzp we
should have demonstrated that the cloned DNA segment was capable of rescuing an Antp
mutation. This proved to be very difficult since the An#p gene is 100 kb long, and such large
DNA segments are difficult to use for transformation. Therefore, we took an alternative
approach, which at the same time was directed towards understanding of the nature of the
dominant gain-of-function mutants. Most An#p mutants are caused by chromosomal inver-
sions with one breakpoint in the An#p gene and the other outside at many different chromo-
somal sites. The enigma was how one could split a gene in the middle and still retain its
activity. However, the breakpoints of the An#p inversions were actually not splitting the gene
in the middle, but rather they left the protein-coding region intact and fused it to another
gene, potentially to another promoter or cis-regulatory region leading to an ectopic
misexpression of the ANTP protein. Since it is highly unlikely that all known An#p inver-
sions fuse the ANTP-coding region to an antenna-specific promoter at the other breakpoint
of the inversion, we assumed that the antennal disc was probably the weak spot in the cir-
cuitry and was transformed by the ectopic expression of Anp, whereas other imaginal discs
in which An#p might also have been expressed were more stably determined. These consider-
ations led me to the idea of using a heat-shock promoter to ectopically express Anzp all over
the fly, before antennal determination had taken place, in order to induce antenna-to-leg
transformations. Stephan Schneuwly, with the help of Roman Klemenz, carried out this
experiment and as predicted the antennae were transformed into second legs, and the top of
the head into dorsal mesothorax (Fig. 3). This was the first successful attempt at redesigning
the body plan.?’ At the same time this experiment proved that we had cloned the Ansp gene
and that the dominant gain-of-function mutations were due to the ectopic expression of an
at least partially active gene product.

Besides the antenna-to-leg transformation the heatshock-induced ectopic over expression
induces the transformation of the dorsal head capsule into notum (dorsal T2), a structure
derived from the wing disc. The Antp™ allele also transforms the dorsal most part of the
compound eyes into wings, but most other alleles do not. Carroll et al*® have claimed that Anzp
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Figure 2. Four conceptual steps in the establishment of the body plan in Drosophila: a) bicoid
mRNA localized in a cap (C); at the anterior pole of the egg; b) Bicoid protein forming an
antero-posterior concentration gradient in the nuclei (N) of the early preblastoderm embryo;
c) Formation of a repetitive pattern of seven stripes by the pair-rule segmentation gene fushi
tarazu (in situ hybridization); d) Expression of the homeotic Antennapedia gene in a single
stripe in the mesothoracic region of the blastoderm embryo. Bc blastoderm cells, Pc pole cells
(in situ hybridization).

does not specify the wing disc since a wing disc primordium is formed in Antp embryos.
However, they did not show thar this primordium can infact develop into a wing. Our recent
genetic mosaic experiments show that mosaic clones of Anz” cells do not survive when sur-
rounded by wild-type cells and the wings do not contain any An#p™ cell clones, whereas such
clones are viable on the legs, the head and the abdomen, indicating that An#p* is required in
wing specification. The reason for the failure to induce eye-to-wing transformations by most
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Antp gain-of-function mutants is due to the fact that in order to install the wing developmen-
tal program, the eye program first has to be switched off. However, switching off the eye pro-
gram initiated by eyeless {¢y) leads to an ey phenotype, i.e., cell death of the eye forming cells
by apoptosis. By coexptession of Anzp® and the antiapoptotic genes p35 of baculorvirus or
Notch we have been able to induce eye-to-wing transformations. Therefore, Anzp specifies the
entire T2 segment, including a pair of middle legs and a pair of wings. After the blastoderm
stage Anzp is also expressed more posterior in specific cells of T3 and of all abdominal segments,
where its function is largely repressed by the posterior Hox genes.

The Structure and Function of the Homeodomain

The first hint at the possible funcrion of the homeodomain came from a sequence compari-
son between the homeodomain and the gene regulatory proteins encoded by the yeast
mating-type genes MATal and 02! which showed a weak, but significant similarity. This
suggested that homeodomain proteins might be transcriptional regulators and that the
homeodomain may represent their DNA binding domain. Sequence comparisons led to the
further speculation that the homeodomain mi%ht contain a helix-turn-helix motif like the one
found in prokaryotic repressors and activators.”"*? These hypotheses were tested by analyzing
the structure and function of the homeodomain in great detail. The ANTP homeodomain was
expressed in bacteria, and the isolated and purified homeodomain was found to bind with high
affinity (Kp - 10" M) to specific oligonucleotides from putative binding sites.>® Therefore, the
homeodomain does represent a DNA binding domain. In contrast to prokaryotic repressors
and activators, the homeodomain binds as a monomer to DNA and the consensus binding
sequences in the DNA are rather loosely defined.

In a fruitful collaboration between Kurt Wiithrich’s and my group, the three-dimensional
structure of the Antp homeodomain polypeptide was determined at high resolution in solu-
tion by NMR spectroscopy.>* The core structure of the homeodomain is formed by four
o-helical regions. Helix 1 is connected by a loop to helix 2 which is antiparallel to helix 1,
and separated by a tight turn from a well defined helix 3 which is elongated by a more
flexible helix 4. Helix 2, the connecting turn, and helix 3/4 constitute the helix-turn-helix
motif as first described in prokaryotic gene regulatory proteins. Eventhough there is hardly
any amino acid sequence conservation, the three-dimensional structures of these motifs are
essentially superimposable.

In order to analyze the homeodomain-DNA interactions we also solved the structure of the
Antp homeodomain-DNA complex (Fig. 4) with a 14bp consensus binding site
5'-GAAAGCCATTAGAC-3'3>36 As expected the “recognition” helix 3/4 contacts the DNA
specifically in the major groove, but the turn of the helix-turn-helix motif is shifted away from
the DNA by -7 A as compared to prokaryotic repressor-DNA complexes. Other important
contacts are established between the N-terminal arm, which is flexibly disordered insolution,
and reaches into the minor groove of the DNA. The loop between helices 1 and 2 contacts the
DNA backbone in the major groove. These data were subsequently confirmed by X-ray crystal-
lography of other heomeodomain-DNA complexes.’”*® A refined NMR analysis indicates that
the invariant Asp51 and probably also GIn50 in helix 3 are in a slow dynamic equilibrium
between two different cytosine residues in the DNA (see below).

Some of the essential features of the homeodomain-DNA interactions have been verified
by genetic experiments in vivo. The functional analysis of different homeodomains in Anzp,
[z, paired (prd) and bicoid (bed) showed that residue 50 is of crucial importance in DNA
sequence recognition.’”*®*! The fiz homeodomain has a glutamine (Gln) at position 50
and, like Antp, it binds with high affinity to the consensus sequence CCATTA, whereas bed
has a lysine (Lys) at this position and preferentially binds to GGATTA.*> As mentioned
above the NMR spectroscopy shows that in the Antp homeodomain-DNA complex Gln50
contacts the two C residues adjacent to the ATTA core motif. In order to test the importance
of these contacts for binding specificity in vivo, we carried out a second site suppression
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Figure 3. Redesigning of the body plan by ectopic overexpression of Antennapedia: a) Wildtype
antenna; b-d) heat-induced ectopic overexpression of Antennapedia under a heat shock
promoter (hs-Antp); b) head-to-notum transformation; ¢} antenna-to-second leg transformation
d) eye-to-wing transformation.

Figure 4. Solution structure of the Antennapedia homeodomain-DNA complex as determined by
NMR spectroscopy a) Double-stranded DNA in yellow; homeodomain backbone in magenta,
homeodomain side chains in blue b) DNA in red; homeodomain backbone in magenta, amino
acid side chains contacting the DNA in blue. Amino acids contacting specific bases are con-
nected by dotted yellow lines.
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experiment using the fiz homeodomain which binds to its own autoregulatory enhancer.!

Upon mutating the mulriple ftz binding-sites in the enhancer to GGATTA i.e., to bed
concensus binding sites, FTZ protein binding and autoregulation is largely abolished. A
single amino acid substitution from GIn50 to Lys50 in the ftz transgene suppresses this
mutant effect and restores the normal pattern of seven stripes. Thus, the substitution of two
bases in the binding site can be overcome by substituting a single amino acid in the
homeodomain. This demonstrates a direct interaction of amino acid 50 in the homeodomain
and the two CC (or GG) residues in the binding site.

The functional importance of the flexible N-terminal arm of the homeodomain which
binds in the minor groove was analyzed by comparing the functional specificities of the Anzp
and Sexcombs reduced (Scr) which are very similar. By exchanging only four specific amino acids
in the N-terminal arm, che specificity of a hybrid protein can be changed from that of Ser to
that of Ansp capable of inducing antenna-to-leg transformations.** Two of these Scr-specific
amino acids at position 6 and 7 are threonine and serine and occur in phosphorylated and
nonphosphorylated form. As shown by substituting T and S by either AA or two DD residues
mimicking the dephorylated and the phosphorylated form respectively, we have shown that
the phosphorylated form is inactive. Dephosphyorylation of Tand S by protein phosphatase
PP2A activates the Scr homeodomain.** The inactivity of the phosphorylated form can be
attributed to impaired DNA binding.

However, specific DNA binding is not the only function of the homeodomain. In addition
the homeodomain of bicoid (bcd) is capable of binding caudal (cad) mRNA in vitro, and exert
translational control of cad mRNA through bed-binding in vivo.*>

Furthermore, our analysis of repression of eye development by ectopically expressed ANTP
protein has shown that ANTP and Eyeless (EY) proteins interact at the posttranslational level®6
and that repression occurs via protein-protein interactions due to the binding of the Antp
homeodomain to the paired domain and the homeodomain of eyeless (ey).

Finally, the homeodomain contains an oligopeptide sequence called penetratin, which al-
lows it to penetrate through the plasma membrane.*” For the outgrowing axons from Xenopus
retinal neurons the engrailed protein can serve as either an attractant or repellent in axon
guidance.*®

Evolution of Homeobox Genes

Homeoboxes have been found in fungi, plants and animals. In each “kingdom” homeobox
genes occupy a key position in the genetic control of either cell differention, morphogenesis
and or body plan specification. In fungi which exhibit only a limited capacity for cell differen-
tiation homeobox genes control the mating-types in both budding and in fission yeasts, and in
the determination of filamentous versus yeast-like growth forms in Uszilago.® In plants they
play a different role than in animals. The “homeotic” genes which specify the various witls of
the flower encode MADS box proteins; however, the knotted homeobox-containing gene in
maize, for example®® has an important function in the meristem and therefore, in morphogen-
esis. In animals homeobox genes can be traced back to the most primitive metazoan, to cnidarians
and sponges. Only limited data are available on protozoa, but the recently available genome
sequence of Dictyostelium which is in the transition zone between uni- and multicellular organ-
isms, reveals a substantial number of homeobox genes.

The degree of sequence conservation of the homeodomain is extremely high indicating
strong functional constraints leading to a highly selective pressure to retain the homeobox
sequences constant. For example, the human Hox gene which is most closely related to the
Antp gene of Drosophila, shares 59 out of 60 amino acids with Drosophila and 60 out of 60
with that of the honey bee. However, it is not only the amino acid sequence which is so highly
conserved, but also the colinear arrangement of the Hox genes.
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The Hox genes of Drosophila are arranged in two clusters, the ANT-C and the BX-C, but
this is a relatively recent arrangement, since a single cluster is found in more primitive insects as
e.g., in the beetle Tribolium, and in Drosophila virilis the breakpoint separating the two clusters
is between Ubx and 2bdA rather than between Angp and Ubsx as it is in Drosophila melanogaster.
This indicates that the splicting into two clusters is a relatively recent evolutionary event which
has occurred several times. In vertebrate evolution the Hox clusters was duplicated at least
twice to give rise to 4 Hox clusters in mice and humans in all of which the colinear arrange-
ment of the paralogous genes has been conserved. A single, but complete cluster is found in
Amphioxus, the most primitive known chordate ancestor of vertebrates. A single compact clus-
ter of Hox genes has also been found in the nemertean Lineus, which may represent one of the
most primitive bilaterian animals still existing.”' Apparently, Lineus has evolved rather slowly,
since in fast evolving organisms like Drosophila, and even more in the nematode C. elegans the
Hox cluster has been split up. In contrast to Amphioxus, the nemerteans are nonsegmented
animals indicating that the Hox-cluster formed prior to the evolution of body segments.

A hypothesis on the evolution of the Hox gene clusters which is based on unequal crossing
over giving rise to serial tandem duplication followed by functional divergence has been put
forward.** This model is compatible with the phylogenetic tree reconstructed by Nei.>> How-
ever, it is difficult to obtain more direct evidence for Hox gene evolution, since most of the
early evolutionary stages have been lost, and even candidates for the urbilaterian ancestor like
the nemerteans have a rather complete Hox cluster.

The question of whether the vertebrate Hox genes are also functionally homologous to the
homeotic genes of Drosophila has been tackled in the mouse by constructing both gain- and
loss-of-function mutants. Along the same lines as our Antp gain-of-function experiment,54
Kessel and Gruss have overexpressed Hoxa-7 in transgenic mice and induced an extracervical
vertebra, a proatlas.>* Mammals have generally 7 cervical vertebrac whereas reptiles have a
much more variable number. In the transgenic mutant mice the basioccipital bone is trans-
formed into a proatlas as it is found in some reptiles. This is a transformation in the posterior
direction. By contrast, targeted disruption of Hoxd-3 leads to an anterior transformation of
the first and second cervical vertebrae, the atlas and the axis,”® in much the same way as in
Drosophila.

The most direct way of testing the mouse Hox genes for their putative homeotic function is
to introduce the mouse genes into Drosophila and over express them ectopically (i.e., ubiqui-
tously) under a heat-shock promoter. Heat-induced over expression of Hoxb-6, an Anzp ho-
molog, leads to the transformation of the antenna into leg structures,>® whereas over expression
of Hoxa-5, the Ser homolog, leads to a transformation of the T2 and T3 segments of the
transgenic larvae into T, the same transformation that is caused by the Drosophila Ser gene.””

However, some of the genes in the Hox complexes of Drosophila have evolved considerably
and acquired new functions. This is particularly the case of the genes bicoid (bcd), zerkniills
(zen) and fushi tarazu (fiz), who are important for the establishment of the body plan in the
early embryo and do not have the same function in vertebrates. During insect evolution the
Hox genes zer and fiz evolved new developmental roles in dorso-ventral axis specification and
segmentation respectively, and lost their ancestral roles in specifying the antero-posterior axis.
In diptera the zen gene has been duplicated and gave rise to cd, which has an essential role in
the establishment of antero-posterior polarity of the egg, but is not found in other insects like
the beetles.”®

Although some of the Hox genes have acquired new functional roles during evolution, the
major driving force for morphological evolution is not based on the evolution of new genes, or
point mutations in preexisting genes, but rather on the evolution of cis-regulatory regions
involved in the control of gene expression.>” This view differs radically from the hypotheses
based upon classical population genetics which have to be revised.
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CHAPTER 2

Expression of Hox Genes in the Nervous

System of Vertebrates
Christof Nolte and Robb Krumlauf*

Abstract
he vertebrate nervous system is a major site of Hox gene expression and function.
Studies on the patterns of expression, regulation and function of the vertebrate Hox
gene family have played a key role in aiding our understanding of the basic ground plan
of the CNS and processes that control how unique regional character is established and main-
tained in this complex organ system. This chapter will document the nature of the ordered
patterns of Hox expression and link them with their regulation and functional roles in the
nervous system.

Introduction

The adult vertebrate nervous system is a complex organ formed by a progressive series of
intricately coordinated events that generate the components and circuitry essential for its func-
tion. While there is considerable diversity in the brain and CNS associated with higher order
functions in vertebrates, underlying this final complexity there is a highly conserved basic
genetic program thart governs the fundamental patterns by which the central nervous system
(CNS) is formed.

A central question is how this highly organized system arises in the body? For example,
what ‘instructs’ a developing neuron to form in a particular location, correctly project to its
targets or interact with other neurons? Part of the answer to these questions involves the prod-
ucts of the Hox transcription factor gene family that during development specify
anterior-posterior (A-P) identity in different tissues, including the CNS. The purpose of this
review is to highlight the expression, regulation and roles of Hox genes in patterning CNS
development. A major focus will be placed on the hindbrain because of the considerable num-
ber of studies in different vertebrate models that demonstrate the important conserved role the
Hox genes play in regulating the basic ground plan of this region of the CNS.

The Hox Gene Family

Initially identified and characterized in Drosophila as the genes associated with homeotic
transformation, Hox genes were subsequently identified in vertebrates by virtue of their highly
conserved homeobox sequences.l'5 From a concerted effort of many different laboratories, a
total of 39 Hox genes have been identified in most vertebrates, except the ray-finned fishes.
This large gene family is organized into four separate chromosomal clusters that can contain up

to 11 genes with each complex (Fig. 1).>® Based on similarities between the putative translated

*Corresponding Author: Robb Krumlauf—Stowers Institute for Medical Research, 1000 50th
Street, Kansas City, Missouri 64110, U.S.A. Email: rek@stowers-institute.org

HOX Gene Expression, edited by Spyros Papageorgiou. ©2007 Landes Bioscience
and Springer Science+Business Media.




Expression of Hox Genes in the Nervous System of Vertebrates 15

Drosophila Hox Complex

lab pb (Zen) Dfd Scr Antp Ubx abd-A abd-B
ant¢ ~{—~{t+— o+ {—{{}—BxC

Mammalian
Hox Complex
al a2 a3 ad

a5  ab a? C e ato att a13’
HoxA —E—E—E8—8—8——8— 88—
bt b2 b3 b4 | b5 b6 b7 b8 b9 b13
Hox8 ——E—E—E8—8—8—88——— 8
3 5'
cd | c5 cf c8 ¢ c0 11 12 13
HoxC ———————H—8—8&—8—8=-
d1 d3 d4 dé d9 d10 di1 di2 d13
HoxD —ik i i
hindbrain trunk
Anterior Posterior
Early Late
FGF8
3 S Responsiveness

Figure 1. The Drosophila and vertebrate Hox complexes. The Drosophila Hox Complex is
split into two complexes: the Antennapedia Complex (ANT-C) and the Bithorax Complex
(BX-C). In general, the vertebrate Hox genes are organized into four clusters found on separate
chromosomes. However, in the case of zebrafish seven clusters have been reported (not
shown; ref. 9). Based on protein sequence comparisons, the Hox genes can be organized into
1 of 13 paralogous groups. All are organized in the same transcriptional (5' to 3') direction
within each complex. Most of the first four vertebrate paralogs are expressed in the hindbrain,
whereas the rest are expressed in the trunk. The early 3' located Hox genes display the highest
level of retinoic acid (RA) responsiveness, whereas the 5' members are fibroblast growth
factor (FGF) responsive.

sequences of the vertebrate Hox genes and the Drosgphila Hox proteins, the Hox complex
appear to have arisen by duplication and divergence from a common ancestor. The genes can
be assigned into one of thirteen paralogous groups (Fig. 1). Thus, members of the lzbial (lab)
subfamily, group 1 Hox genes, include Hoxal, Hoxbl, and Hoxdl. Even though insect and
vertebrates shared a common ancestor over hundreds of millions of year ago, their linear orga-
nization on the chromosome is maintain between complexes as well as conserved with the
order found in Drosophila.”® However, unlike the Drosophila Hox complex, the vertebrate com-
plexes are small (~120 kb) and devoid of nonHox genes. In ray-finned fishes there has been a
subsequent round of genome-wide duplication, generating up to 8 Hox clusters and many
more Hox genes.” '

Regardless of the species, one of the most fascinating features of Hox genes is the phenom-
enon known as colinearity.'*17 This term describes how the order in which each gene be-
comes activated matches their linear order along the chromosomal cluster. They are all tran-
scribed in the same 5’ to 3 orientation, with the 3" most genes expressed the earliest and with
the most anterior borders of expression (Fig. 3). This process continues for each successive gene
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along the complex from the 3’ to the 5" end. Consequently, the anterior borders of consecu-
tively expressed genes are set more posteriorly than those of the earlier expressed genes, gener-
ating a nested and overlapping series of expression patterns. As a result of colinearity, unique
combinations of Hox proteins are produced at different positions along the A-P axis of the
developing embryo. This observation led to the proposal of a Hox Code whereby different
combinations of Hox proteins generated by the nested domains of expression determine a cell’s
A-P glacement and regional character within the developing hindbrain,'®'®!? limb, %2 geni-
talia,?? and somites of the embryonic trunk.2%?5

Hox proteins function as transcription factors to regulate other genes and hence play a
pivotal role in the pathways that specify tissue identity. Each contains a homeodomain, trans-
lated from the sequence of the homeobox, which bears high amino acid sequence similarity to
the homeodomain of the archetypical Hox member, Antennapedia. The homeodomain makes
major groove contacts, via a helix-turn-helix motif, and minor groove contacts, via the N-terminal
arm of the homeodomain, with DNA.? From numerous loss-of-function and gain-of-function
experiments in diverse vertebrate and invertebrate species, it has been shown that the anterior
border of a Hox gene expression domain is important as ?erturbations of this border typically
result in homeotic transformations and malformations.””?8 Here we review where these bor-
ders are set in the developing hindbrain of the CNS, what transcription factors and signaling
pathways initiate the setting of these borders, and what are the consequences to CNS pattern-
ing when these borders are altered.

The Embryonic Vertebrate Nervous System

The central nervous system (CNS) begins as a thickened sheet of epithelial cells that forms
the neural plate. Starting at the anterior end of the embryo, the lateral edges of the neural plate
will roll upwards and fuse into the neural tube, while at the posterior end of the embryo the
A-P axis is extended by cell proliferation, thereby elongating the trunk and neural plate. As the
cells leave this proliferative region their A-P identity or regional character becomes determined.
This process occurs in both the neural tube and the adjacent paraxial mesoderm as it differen-
tiates into somites.

Since the development of the vertebrate embryo proceeds temporally in an anterior to pos-
terior fashion, the rostral end of the embryo is more developmentally advanced than the caudal
end. Following neural induction the neural tube becomes subdivided into morphologically
distinct domains: the forebrain, midbrain, hindbrain, and spinal cord. Current models are
consistent with the idea that the initial state of the neural tube is forebrain-like and that the
more posterior regions (midbrain, hindbrain and spinal cord) arise through a progtessive trans-
formation to more posterior fates. This is referred to as the “activation and transformation”
model of neural development.”! It is believed that distinct signaling pathways and processes
govern each of these territories rather than a single common mechanism.

The spinal cord can be further subdivided, according to the vertebra that will form to
enclose it, into the cervical, thoracic, lumbar, and sacral domains. Within the cervical and
thoracic domains, a third level of division can be identified as the brachial domain which spans
vertebrae C5 to T1. These designations are important because different “columns” of MNs are
generated in each domain. Hence in the brachial domain, the spinal cord will generate lateral
column (LMC) neurons, whereas the remainder of the thoracic region will generate autonomic
MNs.? The LMC neurons will send axons into the limb, whereas the autonomic MNs will
project axons to the body wall muscles.”

Within a transverse cross section of the spinal cord, there are differences in the dorsal-ventral
(D-V) axis as different cell layers can be distinguished (Fig. 2A,B). The inner most layer, which
lines the lumen of the neural canal, is the ventricular layer. This is composed of undifferenti-
ated, proliferating cells. It is surrounding by the gray-colored mantle layer which contains

2 1n the chick the autonomic MNs are called the Column of Terni neurons.
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Figure 2. Hox gene expression in the 12.5 dpc dorsal-ventral (D-V) axis of the mouse spinal
column. Different regions exist within the D-V aspect of the spinal column. A) There are three
main layers in the spinal column: the inner ventricular layer, the middle mantle layer, and the
outer marginal layer. B) Superimposed onto these layers, are four different “plates”: the roof
plate, the alar plates, the basal plates and the floor plate. The majority of HoxB expression
occurs in the dorsal half of the spinal column predominately throughout the alar plates (C),
whereas the majority of HoxC expression occurs in the ventral half of the spinal column
throughout the basal plates (E). Note, however that Hoxc8 is expressed in a very distinctive
pattern that is not restricted to any specific plate or layer (D).

differentiating neurons. The mantle layer is enclosed by the white-colored marginal layer that
contains the nerve fibers. The mantle layer can be further subdivided into the dorsal alar and
ventral basal plates. The alar plate forms the sensory area while the basal plate forms the motor
area of the spinal cord.

So far we have described all of the major components of the CNS, whereas the peripheral
nervous system (PNS) will arise from the neural crest. The neural crest is a transitory popula-
tion of cells that delaminate from the border area located between the surface ectoderm and the
neural plate as the neural tube is formed. After their induction, they undergo an
epithelial-to-mesenchymal transition and migrate to give rise to numerous derivatives.** In the
head, the ‘first wave’ of neural crest migrate into the branchial arches while a ‘second wave’
migrates a short distance from the neural tube to form neural derivatives.

The brain stem is a relatively small region just anterior to the spinal cord, yet its functional
significance is very great. The brain stem includes the midbrain and the hindbrain. The Hox
genes are central to events involved in specifying the hindbrain territory®® and furthermore they
seem to be part of a highly conserved mechanism for regulating properties of this territory in
vertebrates. During development, the vertebrate hindbrain undergoes a segmentation process
which subdivides the neuroepithelium into a number of compartments or thombometes, along
the anteroposterior (AP) axis.>*** Early cellular partitioning of the hindbrain into segments
represents an important mechanism by which neuronal organization and diversification are
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Figure 3. Hox gene expression in the 9.5 dpc mouse hindbrain. The vertebrate hindbrain
undergoes a period of transient segmentation into 7 or 8 rhombomeres (labeled as R1 to R8).
Different cranial nerves develop from the rhombomeres into the branchial arches (b1, b2, and
b3). To simplify the image, these projections as well as the migrating cranial neural crest cells
have not been illustrated. The position of r5 and r6 is established by the presence of the highly
visible otic vesicles which develop adjacent to the hindbrain and will form the inner ear
(displayed as circles flanking r5 and r6). Krox20and kreisler (kr/MafB) are expressed in specific
rhombomeres and control the expression of Hox genes expressed in these segments. Ten of the
3" most located Hox genes are expressed in the hindbrain and their anterior borders correspond
to rhombomeric boundaries. Hoxd1 and Hoxc4 are notexpressed in the hindbrain at this stage.
Initially the Hoxb1 expression domain is continuous throughout the neural tube, but regulatory
events by 9.5 dpc limit its expression to r4 within the hindbrain. For many Hox genes the
intensity of expression through the CNS is dynamic. Lower areas of expression are depicted
by lighter, colored bars.

initially established. The hindbrain is densely packed with vital structures. It contains the nuclei
and fibers of the cranial nerves which innervate the muscles of the head and neck, transmit
sensory information on hearing, balance and taste and control the cardiovascular and gastrointes-
tinal systems. In addition, it contains the sensory tracts ascending from the spinal cord to the
thalamus and cortex and the motor pathways descending from the forebrain to the brain stem
and spinal cord. The reticular formation of the rhombencephalon contains higher order relay
centers that control respiration and blood pressure as well as centers that mediate arousal and
wakefulness. The distinct neuronal groups in the hindbrain are also the major source of norad-
renergic and serotonergic inputs to most parts of the brain. Brain stem patterning appears to use
common cellular and molecular mechanisms to generate these features because they are a shared
feature of vertebrates. To understand how patterns of neuronal connectivity are established and
maintained, we first need to know how a given neuronal precursor comes to occupy its particu-
lar position in the nervous system, how it acquires a specific identity appropriate to that posi-
tion, and how this translates into its specific differentiated properties.
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Overt and Covert Segmentation of the Nervous System

In Drosophila, Hox gene expression is associated with the visible segmentation of the em-
bryo.*® Misexpression and mutational analysis of fly Hox genes result in the affected segments
acquiring another segments identity (homeotic transformation).”> One obvious example of
segmentation in the vertebrate embryo is the formation of the somites from the paraxial meso-
derm that will give rise to the axial skeleton, in addition to most of the musculature of the
trunk. Early experiments with vertebrate Hox genes showed that their role in segmental iden-
tity was conserved when their loss or misexpression resulted in the transformation, and in some
cases malformations, of elements of the axial skeleton.24253%-47

A similar level of serial segmentation is seen in the hindbrain which visibly subdivides into
a series of seven to eight compartments called rhombomeres (r).3***> Morphologically these
compartments are short-lived, but each acts as a separate entity displaying very little cell mixing
between adjacent compartments.’”*® Even though each rhombomere will generate a similar
pool of neurons, their number and axonal projections are thombomere specific. ®*° Patterns of
expression in combination with extensive gain- and loss-of-function analyses in different verte-
brates have revealed that the distinct cellular and molecular characreristics of rhombomeres are
the result of different combinations of Hox genes being expressed in different rhombomeres;
the so-called Hox Code.1¢12°17°

Superficially the developing spinal column appears to lack the ordered pattern of segmenta-
tion that is displayed by the adjacent somites or by the hindbrain. Work with the chick neural
tube suggests that it indeed lacks any form of direct segmentation’'”’? but that its local A-P
character is probably determined by the adgacent somites hence there is some evidence for
indirect segmentation through this route.”>”7> However, others argue that the symmetrical pac-
tern of axonal projections along its length suggest chat it displays some level of intrinsic seg-
mentation. Regardless of the arguments of whether or not it is molecularly segmented, the
adjacent somites as well as their sclerotome derivatives (the prevertebrae) are often been used as
landmarks to position the anterior boundaries of Hox gene expression in the developing spinal
column (Fig. 4).

Hox Gene Expression in the CNS
Hox Genes from the Groups 1 to 4 Are Expressed in the Hindbrain

As a result of colinearity Hox genes expressed in the hindbrain are from paralog groups
1-4, where 10 of the 12 members display segmentally-restricted domains of expression (Fig.
3).131% Members from groups 5 to 13 have anterior boundaries of expression which map in
the spinal cord (Fig. 4).”> Although earlier work documented individual expression patterns
of vertebrate Hox genes as they were initially cloned (for example; Hox65,”® Hoxal,””’® Hoxb1-
Hoxb3,'® Hunt and coworkers (1991) systematically cataloged the expression patterns of Hox
genes that are expressed in the developing hindbrain, branchial arches, and cranial neural
crest.!” This work highlighted several important observations. First, genes within the same
paralogous group ate generally expressed at the same rhombomere boundary although relative
levels of expression in each segment vary between paralogs. Thus, members of the 1%, 34 and
4% groups have anterior boundaries that coincide with the r3/r4, r4/r5, and r6/1r7 boundaries,
respectively (Fig. 3). Second, the boundaries between the genes in the groups 1 to 4 occur
with a two-rhombomere periodicity. Thus, the anterior border of early Hoxb! expression is
positioned two rhombomere lengths anterior to the border of Hox43, and four thombomere
lengths anterior to the border of Hoxé4.

Of course, there are some exceptions to these observations. First, Hoxa2 and Hoxb2 have
different boundaries, such that Hoxa2 is expressed up to the r1/r2 boundary”® while Hoxb2 is
expressed up to the r2/r3 boundary.'®!® Hence, Hoxa2 is the only Hox gene expressed in r2.
Second, the early pattern of Hoxb! later becomes restricted to r4, while Hoxal is no longer
expressed in the hindbrain.!®””7%80 Thirdly the anterior boundary of Hoxc4 expression starts
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Figure 4. Hox gene expression in the 12.5 dpc anterior-posterior (A-P) axis of the mouse spinal
column. Hox genes from groups 5 to 13 begin their expression in the spinal column. Since the
spinal column lacks overt segmentation, the adjacent somites (s} or prevertebrae (shown as
their final vertebrae segments) are used to describe Hox gene expression in the neural tube.
In the mouse the prevertebrae will become seven cervical (C1 to C7), thirteen thoracic (T1 to
T13),sixlumbar(L1toL6), foursacral (S1 to S4) and five or more caudal (Cal to end) vertebrae.
Many of the Hox genes have initial anterior borders that are posterior to their borders seen at
12.5 dpc. By this stage, several of the group 5 and 6 members are expressed up to, or within,
the hindbrain. Many of these genes display varying levels of expression throughout the spinal
column (not shown}. Others, such as Hoxa”7 and Hoxc8 display discrete domains, such that
the posterior domain of expression is very weak relative to their anterior domains of expression.
There are conflicting reports regarding the anterior borders of several Hox genes. For example,
the anterior borders of Hoxc9 and Hoxc10 are reported at two different levels within the 12.5
dpc spinal column by two different groups (described in the text). These differences are indi-
cated by the red outline. The anterior borders of Hoxa11 and Hoxa13 in the developing spinal
column have not been reported at this stage.

approximately one rhombomere length posterior to that of Hoxd4.®' This border does not
appear to correspond to any rhombomere boundary, but starts near the beginning of the
spinal column.

Within each group, there are differences in terms of timing and levels of expression. For
example, Hoxal expression proceeds Hoxt 1 expression, such that at 9.5 days post-coitum (dpc),
the former is no longer expressed in the hindbrain.'®”7788 Within the group 3 paralogs,
Hoxa3 and Hoxb3 initially have identical patterns of expression but the anterior boundary of
Hoxb3 regresses posteriorly later in development.®? They both display high levels of expression
in r5 but have lower levels of expression in posterior domains. On the other hand, Hox43 has
weak expression in r5 but stronger expression in the posterior domains.'” There are similar
levels of variation within the group 4 paralogs. Although the anterior borders of Hoxa4, Hoxb4
and Hoxd4 are set at the r6/t7 boundary, their most anterior domain displays weaker expres-
sion, within r7, than their posterior domains of expression in the spinal column (Fig. 3).1319
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Between the groups, there are differences in how the anterior boundaries are set. The initial
anterior border of Hoxb2 expression persists at later stages and corresponds to the 12/13 border.
However, the degree to which the majority of Hox genes maintain or modulate their anterior
borders is uncertain.3* There is confusion because many have assumed that the expression
domains represent a single pattern that is maintained or altered. However, regulatory analyses
detailed below indicate that the overall patterns of Hox expression arise by the cumulative
patterns mediated by a wide variety of individual local and global cis-regulatory elements and
many of these individual sub-set of expression are highly variable.”” Therefore, it is best to
think of the patterns of Hox expression as continually dynamic rather than static in any way.

Hox Genes from Groups 5 to 13 Begin Their Expression in the Developing
Spinal Cord

As with the Hox genes that begin their expression in the hindbrain, those that begin their
expression in the spinal column display some general trends. The anterior border of most
genes in groups 5 to 9 arise in the cervical region of the spinal cord while the anterior borders
of groups 10 to 13 map to the lumbar region (Fig. 4).2> There are slight differences reported
between the clusters. HoxA genes 10 through 13 have slightly more anterior borders than
paralogs 10 to 13 from the HoxC and HoxD clusters (Fig. 4).> HoxB members 5 through 9
have anterior borders that are more rostrally located in the cervical region of the spinal cord
than their paralogs in the HoxA, HoxC, and HoxD clusters.'#® On the other hand, the
anterior border of Hoxb13 is more caudally located compared to group 13 paralogs from the
other clusters.%®

Group 1 to 4 Hox genes are also expressed in the spinal column, but their expression tends
to be weaker than their expression in the hindbrain. For example, Hoxb1, Hox62 and Hoxb3
display higher levels of expression in the hindbrain but lower levels of expression in the spinal
cord.'® Hoxb4 and Hoxd4 have a similar level of expression throughout the spinal cord with
slightly elevated levels in the dorsal part.!> On the other hand, except for its most anterior
domain, the expression of Hoxa4 appears to be low throughout most of the spinal cord.'?

Many early papers reported the domains of Hox gene expression at a uniform level through-
out the spinal cord. However, more detailed studies have shown a variety of differences in
both the D-V and A-P axes whereby discontinuous domains and varying levels occur in
distinct regions of the spinal cord. For example, the expression pattern of Hoxc4 gene dis-
plays a cyclic distribution pattern in the 12.5 dpc mouse CNS. It is strongly expressed from
its anterior border near the end of the hindbrain down through the spinal column to an axial
level that coincides with the adjacent developing 6th prevertebrae (pv). Hoxc4 expression is
relatively lower between pv6 and pv21, but again is detected at a higher level from pv21-pv29/
pv30 before then decreasing in more posterior regions.®! Another pattern had high levels in
an anterior domain followed by a uniform lower level in more posterior regions. This is seen
for both Hoxa7 and Hoxc8 expression (Fig. 4). The CNS domain of Hoxa7 expression starts
adjacent to pv3 and quickly fades at ~-pv19 and is maintained at this lower level in the more
posterior neural tube (Fig. 4).87 Similarly, the spinal cord domain of Hoxc8 expression starts
at the level of pv4 and abruptly drops to low levels in the neural tube adjacent to pv14 (Fig.
4).%8 Hence, Hox genes can be expressed in a continuous domain that continues to the cau-
dal end of the neural tube, in a restricted domain that begins and ends within the neural
tube, and/or display areas of higher and lower expression along its length.

The anterior borders of Hox expression are not statically fixed in the spinal cord following
their initial activation. This is particularly true for Hox members from groups 5 and 6 whose
expression begins in the spinal column but spread forward art later stages to reside near or
within the hindbrain by 12.5 dpc (Fig. 4). For example, from 9.5 to 11.5 dpc, the anterior
borders of Hoxb5, Hoxb6 and Hoxb8 expand toward the hindbrain before reaching their
anterior-most border.?? At 11.5 dpc, Hoxb5’s anterior border resides within the posterior
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hindbrain while the anterior borders of Hoxb6 and Hoxb8 are level with the somite (s) bound-
aries s2/s3 and s4/s5, respectively.?> Less dramatic changes have been reported for several
group 9 to 13 members (4bd-B type). For example, the Hoxcl1 anterior border moves ros-
trally from the level of the second lumbar (L2) vertebrae at 12.5 dpc to reside adjacent to the
level of L1 at 13.5 dpc.”® So in addition to displaying dynamic levels of expression within
A-P restricted domains, the initial anterior border of expression of many Hox genes may
move more rostral as CNS development proceeds.

This dynamic repositioning of the anterior borders of expression in the developing neural
tube helps to explain why there are discrepancies in the reporting of these borders. For ex-
ample, the anterior border of Hoxc9 in the 12.5 dpc mouse neural tube is reported to be at
the level of pv10 or pv6.2%! Similarly, the anterior border of Hoxc10 is either at the level of
pv20 or pv18.88%0 b Fyrthermore, the shifts in A-P boundaries mean that assigning precise
borders at any given stage is also complicated by the need for accurate staging of embryos.
Another interesting complication in determining A-P boundaries of expression is that many
Hox genes produce alternate spliced products. Therefore, differences in the probes used for a
given gene can detect different mRNA sggecies with varying boundaries. This is observed for
Hoxa5 and Hoxb3 in the spinal cord.””

While most studies on Hox expression have concentrated on RNA levels, the distribution
of the encoded proteins is the actual domain of functional activity. It is interesting that
post-translational regulation has shown differences in the posterior aspects of Hox expression
as revealed by RNA in situ hybridization. In general anterior borders of expression as deter-
mined by RNA or antibody approaches are in agreement for any given gene. However, there
often appears to be a sharp posterior border not seen with the probes for RNA. For example,
the initial distribution of Hoxc8 protein in the spinal cord was examined at different stages by
raising antibodies against the protein’s unconserved amino-terminus.’® In general, its protein’s
distribution occupied a smaller subset of the larger, relatively diffuse posterior distribution of
its mRNA, being localized in the region that corresponds to the brachial domain of the spinal
column. A more thorough examination of HoxC protein localization in the spinal cord was
performed with antibodies against Hoxc5, Hoxc6, Hoxc8, Hoxc9 and Hoxc10.% Jessell and
colleagues found that each Hox protein displayed discrete staggered and overlapping domains
within the developing neural tube of the chick. In general, the protein distribution of the
various HoxC proteins corresponds to the anterior end of their mRNA profile. Thus, the
domain of Hoxc5 protein was the most anteriorly located, in the cervical region, while Hoxc10
protein was the most posteriorly located in the lumbar region, while Hoxc6, Hoxc8 and
Hoxc9 proteins occupied distinct domains in between. An implication of these studies is that
overlapping RNAs for HoxC genes does not necessarily correlate with overlapping protein
expression, which has implications for understanding posterior prevalence.

The specific distribution of HoxC proteins is crucial for sg)ccifying “columns” of motor
neurons produced at different regions along the spinal cord”® in line with their dynamic
D-V domains of restricted expression (see below). Thus Hoxc6 protein in the brachial region
specifies LMC neurons that will go on to innervate the forelimb muscles, while Hoxc9 pro-
tein in the thoracic region specifies autonomic motor neurons that will innervate targets in
the flank.”® Misexpression of either gene in the other’s domain of expression results in the
down-regulation of the endogenous gene with a corresponding switch in MN columnar
identity.”® This is consistent with the idea that auto and cross-regulatory influences among
the Hox genes are important for modulating their activity. Members from the other Hox
clusters are also expressed in the s;)inal column, but only a handful of papers have looked at
the effects that a single mutant,””?8 compound mutants,”” ! or mise;nq.)rcssionmz’m3 have
on MN projections.

b These borders differences are highlighted in Figure 4 by the presence of a red rectangle.
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Dorsal-Ventral (D-V) Patterning

The dynamic patterning of Hox gene expression in the A-P axis of the developing CNS is
extended to the D-V axis as well. This is interesting as there is a precise ordered series of events
associated with the birth of the major classes of neurons in the CNS.'%* As development pro-
ceeds over time from anterior to posterior the anterior regions of the spinal cord are more
developmentally advanced than the posterior domains. In a comprehensive analysis of the D-V
patterns of HoxB expression it was observed that all of the genes in the cluster are initially
activated throughout the entire D-V domain, but as development proceeds they become
dorsally-restricted in a manner that correlates with the formation of commissural and sensory
neurons.'® For example, at 10.5 dpc Hoxb3 to Hoxb9 are uniformly expressed throughout the
D-V axis of the spinal cord."® But by 11.5 dpc, their expression intensifies in the lateral re-
gions of the spinal cord where the relay neurons are being formed (Fig. 2C). The expression
pattern of Hoxb3, Hoxb6, Hoxb8 and Hoxb9 then intensifies in the alar plates, with little or no
expression of these genes in the basal plates. This strong dorsal expression forms an ‘M’
shaped-pattern, where the central domain of HoxB expression drops slightly ventrally into the
ventricular layer past the level of the sulcus limitans. By 14.5 dpc, expression of Hoxb8 and
Hoxb6 increases in the basal plates, particularly in the anterior portion of the neural tube, and
matches the strong expression seen in the alar plates. But as one moves further posterior within
the spinal cord, this ventral domain of expression fades, while the strong expression in the alar
plates persists.

When Graham and coworkers (1991) compared the expression pattern of Hox69 versus
Hoxc8 in 12.5 dpc mouse neural tube, they found that while Hox69 exhibited the ‘M’ shaped
pattern of strong dorsally restricted expression, Hoxc8 had an entirely different pattern of ex-
pression stronger in ventral domains. It was excluded from a central ‘V’ shaped domain of
expression within the transverse section of the neural tube, instead displaying a strong middle
stripe of expression projecting laterally away from the border of the ventricular zone with lower
levels of expression within the ventricular zone (Fig. 2D). This correlates with the birch of
motor neurons and is in agreement with the more recent studies of Jessell and colleagues show-
ing the important functional role of HoxC genes in specification of motorneuron fates.>?

Although this was only a comparison between two genes from different clusters, it sug-
gested that each complex might have a distinct D-V pattern of expression unique from the
other Hox clusters, thereby forming a D-V combinatorial code for cell fates specification, %1%
Further support for this idea come from additional expression studies. Unlike the strong, lat-
eral stripe of Hoxc8 expression, Hoxc4,®! Hoxc5 and Hoxc6'% display robust expression through-
out the basal plates of the neural tube, with a dorsal extension of this domain in the central
region of the mantle layer into the alar plates. Except for some overlap in the D-V border, this
pattern of expression is complementary to the pattern of expression observed for HoxB mem-
bers in the spinal cord’s D-V axis.'®® Knowing that the specific distribution of HoxC proteins
along the A-P axis” specifies which ‘column’ of MNs will form from the ventral domain,’® the
distribution of HoxB protein in the dorsal domain may play an analogous role in determining
the organization of the dorsal sensory area. Interestingly the targeted disru{)tion of the Hoxb8
gene results in mutant mice that display excessive, pathological grooming.!® In trying to de-
termine the mechanism of this behavior, Greer and Capecchi examined normal Hoxb8 expres-
sion in the adult mouse and found that it is expressed in regions of the CNS known as the
obsessive-compulsive disorder (OCD) circuit in humans. Loss of Hoxb8 may have
‘short-circuited’ this neuronal network involved in innate behavior. It will be interesting to see
what the effects that the loss of other HoxB members expressed within the spinal column has
on behavioral-neuronal networks.

Regulation of Neural Expression

Given that their temporal and spatial expression must be precisely controlled, the regula-
tion of Hox gene expression is understandably complex. It can be broken down into three
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stages: (1) initiation, (2) establishment, and (3) maintenance. Many cis-acting elements that
control the initiation and establishment of Hox gene expression have been identified.””!% The
majority of these involve the regulation of the members from the first four paralog group
because of interest in understanding how expression is regulated and coupled to hindbrain
segmentation. Regulatory analyses have revealed that there are multiple thombomeric enhanc-
ers that act as independent regulatory elements. They direct expression in specific-subsets of
hindbrain segments and function outside of the Hox complexes on heterologous promoters
linked to reporter genes.?>1%12 A variety of other regulatory elements that mediate neural
expression in other domains have also been found.8-9%112:116-118,129-157

While these enhancers can display regulatory activity outside of the complex there is evi-
dence that within a cluster some elements and Hox enhancers for other tissues may also be
shared or competed for between adjacent genes.?>130136:138-190 A inceresting but open ques-
tion is the extent to which these enhancers may work more globally within a complex. In
addition to these local transcriptional control elements, Hox expression can be controlled
post-transcriptionally by the recently discovered Hox specific miRNAs. 41142

Local Regulators

The identification of local cis-regulatory enhancers capable of regulating segmental expres-
sion in the hindbrain opened the way for further analyses to identify upstream factors that
serve to direct these patterns of express and help build a picture of the upstream regulatory
network of Hox genes in hindbrain segmentation. Here, we will focus on progress made in
identifying upstream regulators that initiate segmental patterns of Hox gene expression in the
hindbrain and craniofacial development.

Activating Protein-2 (AP-2) Regulates Expression of Hoxa2 in the Cranial
Neural Crest

Ap-2 genes code for transcription factors that contain a proline-rich trans-activation do-
main, a dimerization domain, and a basic helix DNA-binding domain.!*> They bind to DNA
as homodimers and heterodimers. Initially, 4p-2 is expressed in extra-embryonic tissue,'** and
subsequently becomes expressed in premigratory neural crest cell, remaining actively expressed
in these cells during their migration and differentiation.**'%® Since AP-2 and Hox genes are
both expressed in cranial neural crest cells, it is interesting to find that the expression of Hoxa2
in neural crest cells migrating into the second branchial arch is dependent upon an enhancer
that contains and requires Ap-2 binding sites.'?® Ap-2 is expressed in crest cells that do not
express Hoxa2 indicating that mechanisms restricring its activity on the Hoxa2 enhancer must
be working in head development. To date AP-2 binding sites have not been characterized for
other Hox genes that are expressed in cranial neural crest.

kreisler (kr) is a classic mouse mutation generated in an X-ray mutagenesis screen. 'V Af.
fected mice have inner ear defects accompanied by posterior hindbrain malformations in the r5
and 16 territories. *®!% The locus responsible for the £r phenotype was identified and it was
found that the mutation was the result of a chromosomal inversion of the k7 gene.!® The kr
gene encodes the KRML1 protein, a member of the Maf B/Zip protein family.'*® The expres-
sion of this gene normally starts at 8.0 dpc and rapidly decreases after 9.5 dpc.' It is strongly
expressed in 15 and r6, with a sharp rostral border at r4/r5 boundary and a more diffuse caudal
border in the vicinity of 16/r7. In addition, 4r is expressed in the cranial neural crest derived
from the caudal hindbrain but its expression is not detected in the otic vesicle that lies adjacent
to 15 and r6. This pattern of expression correlates with the morphological defects seen in r5 and
t6; however, patterning defects are also present in r3 and r4 which are outside the normal
expression domains of k7''>131152 A mutation in the zebrafish version of kreisler (valentino)
also has been shown to have a conserved role in regulating hindbrain segmentation.’>*>1>3
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In kr embryos, the caudal border of Hoxb1 expression, normally at r4/r5 is fuzzy and ex-
tends more posteriorly. Similarly, the anterior borders of Hox63 and Hox64, normally at r4/r5
and r6/17 respectively, are poorly defined. Consequently, there are missing cranial nerves and
the affected patterns of gene exll)ression in the presumptive r5/r6 area suggests that these spe-
cific rhombomeres fail to form.'#>>! In the absence of this gene this territory adopts charac-
teristics of r4 and r5 fails to form, r6 is present.!1>154

A direct role for KRML1 in Hox gene expression was first shown for Hox43 where enhanc-
ers in both mouse and chick responsible for r5-restricted expression of this gene were identi-
fied."3 Subsequently, an r5/16 enhancer for Hoxa3 was also identified and found to be under
direct regulatory control by KRML1.''> Additional experimental evidence for a direct role of
KRML1 in the regulation of group 3 paralogs in r5 and r6 was provided by the ectopic expres-
sion of krin r3.!%> This induced expression of Hoxa3 and Hoxb3 in 3 thereby transforming it
into an r5-like segment.!>

Krox20

Krox20 encodes a zinc finger DNA-binding protein that is homologous to the Drosophila
gap gene Kriippel. In mice, chickens, fish and Xenopus embryos, Krox20 is transiently expressed
in presumptive r3 and r5.>#1°%1%7 Afier the rhombomeres have formed, Krox20 is sequentially
down-regulated in r3 and then r5.1%%!>7 Targeted inactivation of K7ox20 causes mutant mice to
die shortly after birth.!1®!5? Histological examination reveals that nerves derived from the
embryonic hindbrain are fused and disorganized. This defect is associated with a failure to
maintain early r3 character and a failure to specify r5.!%%-160

Functional K70x20 binding sites have been identified in enhancers of murine Hoxa2, Hoxb2,
and Hoxb3."'4124125128.161 The Krpx20-dependent enhancers of Hoxa2 and Hoxb2 drive ex-
pression of these genes in r3 and r5'2!% and are conserved in both chicken and pufferfish,!2>124
Regulation of Hoxb3 expression in r5 requires both Krox20 and KRML1."" Krox20 binding
sites have also been identified in the promoter regions of Hoxa4,'®? and human HOXA7 and
HOXA9.'31% However, none of these genes are expressed in r3 and r5. These Krox20 binding
sites may regulate expression of these genes in other tissues where Kr0x20 is expressed such as in
the myelinating Schwann cells, chondrocytes, or osteoblasts. Krox20 has also been found to
regulate the segmental expression of EppA4 in r3 and 15 of the hindbrain.'®

Nuclear Factor Y (NFY) and Ying-Yang 1 (YY1)

NFY isa ubi%uitously expressed transcription factor'®'%7 that interacts with the histone
acetylase P/CAF 168 3 nd the coactivators p300/ CBP!%? Hence, itacts as a transcriptional activa-
tor. On the other hand, YY1 is a zinc finger transcription factor that displays a dual nature,
being capable of recruiting either histone acetyltransferases (HATs) or histone deacetylases
(HDAG:s).!7° Since HATS acetylate amino-terminal histone tails thereby reducing the interac-
tions between neighboring nucleosomes, they make DNA more accessible for transcription
factors. On the other hand, HDACs deacetylate histone tails, making DNA more compact and
less accessible. Together, these two factors, NFY and YY1, have been found to be important for
a subdomain of Hoxb4 expression in the neural tube.!”! More specifically, NFY binds to a
region within Hoxb4’s Region C''” and requires YY1 to stabilize its binding to the NFY bind-
ing site within this element.'”! Given the central role of HATs in gene activation and NFY’s
ubiquitous expression pattern, one would predict that other NFY binding sites exist in other
Hox regulatory elements, but so far additional function sites have not been reported.

Sox and Oct

More than twenty Sox genes are found in vertebrates, the prototype of which is the Sry
gene.'”? These genes code for proteins that bind to DNA through a high mobility group (HMG)
domain. This domain interacts with the minor groove and induces a dramatic bend in the
DNA. On its own, the binding of Sox to naturally occurring enhancers is often not enough to
exert regulatory activity because many of these family members lack an activation domain.
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Therefore to recruit coactivators there is frequently an adjacent DNA binding site. A common
copartner for Sox appears to be Oct family members.'’%75 This Sox-Oct partnership appears
to be relevant in the regulation of Hoxb! as there is an enhancer that mediates r4-restricted
expression (the Hoxb1 autoregulatory element, ARE)' ' and Sox and Oct cooperatively bind to
a highly conserved bipartite binding site found within this element.!”® Mutation of this
SOX-OCT binding site reduces reporter activity in P19 embryonal carcinoma (EC) cells but
does not abolish r4-restricted expression of the transgene in mouse embryos.'”® Instead, the
loss of this bipartite site alters the ability of the ARE to respond to retinoic acid.'”®

Global Regulators

Global regulators are factors or mechanistic features that simultaneously affect the expres-
sion of many Hox genes within a complex. In many instances, evidence for their direct action
on Hox gene expression (i.e., the identification of cis-acting elements) has not been demon-
strated. Two types of global regulators are major embryonic signaling pathways: the retinoic
acid (RA) and fibroblast growth factor (FGF) signaling pathways. In a variety of tissues these
signaling pathways act in an antagonistic fashion and it has been found that they differentially
regulate Hox gene expression in the hindbrain and spinal cord. Their ability to regulate neural
patterning can depend upon integration by a third global regulator, Cdx, a transcription factor
whose expression is modulated by both of these signaling pathways.

Cdx Mutants Result in Posteriorization of Hox Anterior Expression Borders

Caudal (cad) was initially identified in Dra.r%[z/aila1 77 where it is expressed in the fly embryo
in a gradient that peaks at the posterior pole.'”® Using the Drosophila cad cDNA as a probe, a
murine caudal ortholog, CdxI was identified.'”® Subsequently, a total of three Cx genes have
been identified in vertebrates.” These genes code for proteins that have a highly conserved
homeodomain and thus they function as transcription factors.

During early mouse embryogenesis, Cdx2 and Cdx4 are first expressed in extra-embryonic
tissues, '8018! whereas expression of Cdx1 is first detected in the ectoderm and mesoderm of the
primitive streak.'®? By 8.5 dpc, all three genes are expressed in an overlapping pattern in the
neural tube and mesoderm. As the trunk of the embryo elongates and somitogenesis proceeds,
their anterior borders of expression recede posteriorly. This dynamic pattern of expression in
the trunk is conserved amongst the vertebrates [chick,'®® Xengpus,'®* zebrafish,!8>:186),

A role for Cdx in Hox gene regulation in the mouse was revealed by the targeted disrup-
tion of Cdx1."¥ These mutant mice display vertebral homeotic transformations that coin-
cide with a posterior shift in the anterior borders of several Hox genes in the prevertebrae. In
the homozygous state targeted disruption of Cdx2 is embryonic lethal; however, heterozy-
gous Cdx2 mutants display homeotic transformations of the axial skeleton.'®® Products from
both these genes were shown to have a synergistic role in setting Hox anterior borders when
these two mouse mutants were crossed. Thus, compound mutants (Cdxe1™, Cdx2*") have
greater axial skeletal defects and greater posterior shifts in Hox gene expression than those
present in single murants.

Work in Xenopus shows that over-expression of different Xenopus cad genes affects different
subsets of Hox genes. For example, over-expression of Xcad2 results in microencephaly and
shortening of the A-P axis.'”® These morphological changes are accompanied by repression of
Hoxdl, Hoxbl, Hoxb3 and Hoxb4 expression, and an anterior shift in the expression domains
of Hoxc6 and Hoxb9. On the other hand, over-expression of Xcad3 does not affect Hoxb1 and
Hoxb3 expression but does stimulate expression of Hoxc6, Hoxa7, Hoxb7 and Hoxb9. 91 How-
ever, as with over-expression of Xcad2, it does anteriorize the borders of Hoxa7 and Hoxb9
resulting in embryos with anterior truncations.'®! When a dominant negative form of Xcad3 is

€ In the mouse, these are Cdx1, Cdx2, and Cdx4. The chicken and Xenopus orthologs are CdxA,
CdxB, and CdxC; and Xcad1, Xcad2, and Xcad3, respectively.
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over-expressed in Xenopus embryos, expression of Hoxc6, Hoxa7, Hoxb7 and Hoxb9 are
blocked.'! These studies show that there is a correlation between altered Cdx expression and
Hox gene expression but do not establish a direct interaction.

In the mouse functional Cd sites have been characterized in the mesodermal enhancers of
Hoxa5,""? Hoxa7,'%31%* Hoxb8,'” and Hoxc8 ' thus arguing that Cdx directly affects Hox
gene expression. A scan of the genomic sequences of many Hox genes reveals that they can
contain one to four putative Cdx1 binding sites.'®” Although many of these putative Cdx sites
may not be functional, the resulting shifts in the anterior borders of Hox genes in the Cdx
murtants suggest that Cdx plays a central role in fine-tuning the establishment of these borders.
The degree to which Cdx regulates neural expression is not clear. Most of the putative Cdx sites
described above reside in mesodermal regulatory elements. However there is evidence in chick
that Cdx may play a global role in regulating neural expression in the context of RA and FGF
signaling.'”” We will further highlight the central role that Cdx plays as an integrator of FGF
and RA signaling in section 5.3.

Retinoic Acid (RA) Signaling

Early experiments in which pregnant rats were maintained on vitamin A-deficient (VAD)
diets resulted in fetuses with malformations in their visual, respiratory, vascular and urogenital
systems.!?®2%0 These defects could be reversed by supplementing the VAD diet with vitamin A.
However, the timing of its administration is important to prevent a given malformation.?% Ar
the time, these results suggested that vitamin A is important for early developmental events.
We now know that retinoic acid (RA) is the active derivative of vitamin A.

Too much or too little RA results in embryological defects. When excess RA is applied
during gastrulation and neurulation, embryos display abnormal brain, head and vertebral de-
velopment.24201-299 These abnormalities include anterior displacement of the otic vesicles, ex-
pansion of the anterior hindbrain and spinal cord, and the formation of the somites at more
anterior locations. Conversely, reducing or eliminating RA signaling results in the partial trans-
formation of the rhombomeres or the complete loss of the posterior hindbrain and anterior
spinal cord depending on the severity of the perturbation to the RA signaling pathway.?'%-21>
In either case, the resulting abnormal patterning of the hindbrain in these embryos coincided
with misexpression of the 3' Hox genes in this structure. 202213216217

Early cell culture experiments showed that Hox genes display another form of colinearity
associated with RA signaling: genes at the 3’ end of the complex respond rapidly to RA while
genes positioned in more 5' positions respond slowly.’822® For several of these Hox genes,
their response to RA is directly mediated through retinoic acid response elements (RAREs)
identified in their adjacent sequences. Functional RAREs have been identified for group
1,11L12221223 ooy 4,116129.131.224225 44 recently for group 5 Hox genes.??S In transgenic
mice assays the individual mutation of several of these RAREs reduces or eliminates neural
expression of the reporter,' 12116224225 4 oying that they play a pivotal role in the endogenous
gene’s RA-mediated CNS expression. Unexpectedly, the genetic deletion or mutation of these
neural-specific RARE:s only delays and diminishes their cognate Hox gene’s expression produc-
ing mice that are viable and fertile.”%??” Even the generation of the compound mutant of these
altered RAREs produces only mild facial motor nerve defects and results in low perinatal le-
thality amongst the homozygous compound mutants.”” One possible explanation for the dis-
crepancy between the RARE transgenic reporter results and their mutation within the endog-
enous locus is that other cis-acting elements such as auto- and cross-regulatory enhancers
compensate for the loss of these individual RAREs. RA excess or depletion can produce the
gross rearrangements of the hindbrain with altered Hox gene expression profiles because these
compensatory mechanisms are over-ridden when all Hox genes are misregulated.

Although initial in vitro work suggested that all Hox genes are up-regulated by RA, in the
embryo 5' members may be actually negatively regulated by RA signaling.”® In early chick
neural tube explants, adding RA to the explants did not induce Hoxc6, Hoxc8, Hoxc9 nor
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Hosxcl0 expression in the developing MNs or adjacent cells. However, when these explants are
exposed to FGF-signaling and subsequent RA-signaling, Hoxc6 expression is elevated by 2
folds whereas Hoxc8 and Hoxc9 expression are decreased by 3 and 6 folds, respectively. The
authors concluded that RA signaling (from the paraxial mesoderm) refines the pattern of HoxC
expression induced in the MNs by FGF signaling.”® Similar differences in the response of 3'
and 5' HoxB genes to RA in the CNS have been reported.'” Hence, RA signaling regulates the
anterior border in a positive fashion in the hindbrain, whereas in the spinal column it appears
to function in an opposite manner, limiting the anterior expansion of more posteriorly ex-
pressed Hox genes. The presence of RAREs clearly indicates that many of the influences of RA
may be direct on the Hox genes via their RAR and RXR nuclear receptors.

Fibroblast Growth Factor (FGF) Signaling

For more than a decade, it has been known that exogenously added FGF can up-regulate
expression of posteriorly expressed Hox genes in the mesoderm and neural tissues of Xenopus
embryos.2282** Conversely, blocking FGF signaling in Xengpus embryos, by expressing a
dominant-negative FGF receptor, results in repression or posteriorization of Hox gene expres-
sion.*#235 These observations suggest that endogenous FGF signaling controls A-P patterning
in part through regulation of Hox gene expression. A growing body of work now shows that
this is a common mechanism during vertebrate development.

The fibroblast growth factor (FGFs) family contains twenty-two secreted heparin-binding
molecules that interact with one of four FGF receptors (FGFRs).??® This signaling pathway is
further complicated by the observations that three of FGFRs have various isoforms, and that
these isoforms display different preferences for FGF ligands.”?” Most of the Fgf genes have
been mutated in mouse gene targeting experiments and result in a variety of phenotypes.?*® Of
these, the targeted deletion of Fgf2, Fgf3, Fgf8, and Fgf14 have been reported to affect some
aspect of CNS development.

In the early zebrafish hindbrain, both Fgf3 and Fgf are transiently expressed. Their expres-
sion precedes the expression of kreisler and Krox20 and becomes refined to the region that will
form r4.22%2%0 When the thombomeres form, the expression of Fgf3 persists in r4 while Fgf3
expression in this region disappears. Expression of Fgf8 is subsequently detected at the mid-
brain/hindbrain border.24!"242 The patterns of Fgfexpression vary among vertebrates suggest-
ing that different members of the family may have distinct roles in each species. Inhibition of
FGF signaling in the early chick and fish hindbrain reduces and blocks expression of kreisler
and Krox20.2202%3 In the zebrafish, this inhibition leads to the failure of Hoxa2 expression
while the initial expression of Hoxb! becomes down-regulated at later stages. These changes
result in a zebrafish hindbrain in which the axonal organization is severely affected.**® Con-
versely, exogenous applied FGE, or its ectogic expression, in the vertebrate hindbrain induces
ectopic expression of kreisler and Krox20.2>%3 The expression of Fgfin the presumptive r4 of
zebrafish has been used to suggest that it may act as a signaling center for hindbrain patterning
by regulating the upstream effectors of Hox gene expression but this pattern is not conserved
amongst all vertebrates.?#4246

In the early hindbrain FGF signaling positively regulates Hox gene expression, but at later
stages, its role is reversed, as Fgf8 expression from the isthmus represses Hox gene expression
thereby limiting the anterior border of Hoxa2 expression at the r1/r2 border.”” However, at
the opposite end of the embryo, FGF si;naling from the regressing node activates group 5 to
group 13 Hox genes in the spinal cord."”’ This apparent paradox is the result of Cdx availability
which is no longer present in the hindbrain when these genes are active.'”’

In chick neural tube explants, increasing concentrations of FGF induce expression of more
5' located HoxC genes.”” At low concentrations of Fgf8 or Fgf2, chick neural plate explants
express Hoxc6. Higher concentrations of Fgf8 or Fgf2 induce Hoxc8 and Hoxc9 (in addition to
Hoxc6), and at the highest concentration they also induce Hoxc10 expression. Conversely, block-
ing FGF signaling with SU5402, an inhibitor of FGFRI1 activity, prevent the expression of
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Hoxc8, Hoxc9 and Hoxcl0 in chick neural explants. Furthermore, the presence of SU5402 is
able to block the HoxC inducing activities of Hensen node that were cocultured with the chick
explants. Higher concentrations of SU5402 are needed to inhibit expression of Hoxc6. Thus
the expression of Hoxc6 to Hoxc10 in MNs relies on FGF signaling provided by Hensen’s node.
Similarly it has been shown that FGF signaling is required for expression of 5' HoxB genes in
the neural tube.'”” These data suggest that FGF signaling acts in a reciprocal fashion to RA
signaling by promoting expression of Hox genes in the spinal column.

Tying It All Iogether: RA and FGF Signaling Regulate Hox Gene Expression
in the CNS

So far, we have reviewed how RA signaling can initiate expression of the 3' Hox genes (from
groups 1 to 5) while FGF signaling can induce expression of the 5' Hox genes (from groups 6 to
13) in the developing vertebrate CNS. At the boundary between these two groups, group 6
Hox members can be induced by both signaling pathways *>!*’. Recent work has highlighted
how these two signaling pathways play a pivotal role in promoting neuron formation in the
developing spinal column and how they act in a reciprocal and antagonistic process to do
50.2482% RA signaling from the somitic mesoderm represses Fgf8 expression in the developing
spinal cord thus restricting its expression to the caudal end of the embryo. This repressive
interaction is necessary for neuronal differentiation to proceed within the neural tube adjacent
to the forming somites.?*® Paradoxically FGF signaling initiates Raldh2 expression in the paraxial
mesoderm, resulting in the somites that flank the neural tube to produce RA.?*’ In both Xerno-
pus and chick, caudal genes are downstream targets of FGF signaling!?!"1?7-%** and in the chick
neural tube Cdx is required to anteriorize the FGF response of 5' HoxB members into the
hindbrain."” Moreover, RA signaling can directly regulate the expression of Cdx genes.?*
Hence if FGFs and RA themselves global regulators can modulate another global regulator,
Cdx, there is a complex network that regulates the balance of these opposing pathways. This
might help explain their roles in neurogenesis and the differential responsiveness of the 3' Hox
genes and 5' Hox genes to RA and FGF signaling. There is also evidence that Cdx genes may
integrate signals from the Wnt pathway, which regulates A-P patterning.”'"?>> By simulta-
neously linking the establishment of A-P character in both the paraxial mesoderm (from which
the muscles are generated) and neural tube, there is a coordinated system whereby the muscles
and neurons that innervate them have the same molecular code.

Expression and Neuronal Phenotypes

The majority of Hox loss-of-function and gain-of-function studies describe the effects that
these mutations have on axial and limb skeleton patterning and formation. In terms of what
effects these mutations have on CNS development, more work has been produced looking at
the defects in the organization of the hindbrain and its cranial nerves; whereas, a smaller body
of work deals with the alterations and deletions of the MNs projecting from the spinal column
into the limbs or trunk.

In the hindbrain targeted inactivation of the Hoxal gene results in loss of t5 and reduction in
the size of r4.%?°® However, the loss of Hoxbl function is mild in comparison. Initially r4
character is triggered but it is not maintained and there is a transformation to an r2-like charac-
ter.%”%% The generation of compound group 1 mutants leads to more severe phenotypes. Hence
in Hoxal and Hoxb1 double homozygous mutants r4 and r5 fail to be specified and are missing
along with derivatives of the second branchial arch which are generated from neural crest cells
that migrate from r4.°%7% As a consequence of their gain or loss of expression in the hindbrain,
Hoxb1 and Hoxal affect the projections of the cranial MNs from the hindbrain,>%6%:66.69.258
These studies have shown that Hoxbl is essential for the formation, migration and projections
of the facial MN.>%%%7:2%9 Srudies with the Hoxal, Hoxb1 and Hoxb2 mutants also show later
effects of these genes on neurogenesis.%32% Similar work with group 3 paralogs have highlighted
their important role in the formation of the abducens and hypoglossal neurons.®3%¢!
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Forcing expression of Hox genes in more anterior domains of the hindbrain typically leads
to thombomere transformations. Ectopic expression of Hoxa! results in transformation of 12
into r4,”%% and similar results are produced when Hoxal and Hoxb 1 expression is anteriorized
in the hindbrain by excess RA treatment.%¢217 These changes in rhombomere identity have
profound effects on the subsequently formed CNS structures, such as the cerebellum that is
derived primarily from r1.262 Loss of Hoxa2 causes a caudal expansion of the cerebellum,%
which is further extended into r2 and 3 territory when both paralogous Hoxa2 and Hoxb2
are absent.?®

The products of Hox genes also determine the axonal projection patterns from the spinal
column. Targeted inactivation of HoxA, HoxC and HoxD genes results in alterations and/or
reductions of the MNs axonal projections to muscle targets in the limbs.?”'%26? [n general,
members from groups 6 and 8 are important for specifying brachial MNs that innervate the
forelimbs whereas members from groups 9, 10 and 11 have been shown to control MN
projections into the hindlimbs. Interestingly, mutation of the Hoxb13 gene does not pro-
duce rearrangements or deletions of elements derived from the CNS but results in the over-
growth of the posterior spinal cord and tail vertebrae.?* This suggests that, unlike the other
Abd-B like Hox proteins, Hoxb13 functions as a repressor of neuronal and caudal vertebral
proliferation.

Studies in which the gene is mis-expressed in the target area, or in tissue through which the
neurons project, have highlighted the importance of coordinating the simultaneous expression
of these genes in both the paraxial mesoderm and neuroectoderm. Viral misexpression of Hoxc6
in the chick cervical paraxial mesoderm disrupts the spinal nerve’s projection, causing it to
prematurely halt is migration.'® This suggests that the signals from the mesoderm through
which the axon migrates are important to direct their outgrowth.'% Similarly, the viral
misexpression of Hoxbl in the first branchial arches causes Hoxb1-specified neurons to alter
their migration patterns so that they project axons into the first branchial arch rather than their
normal targets located in the second branchial arch.> This link between the local A-P character
of the neural tube and the flanking mesoderm tissue is missed in gene-targeting experiments
because such experiments eliminated the targeted gene’s product from both compartments.

The Roles of Auto- and Cross-Regulatory Interactions

between Hox Genes

An important consideration in both the regulation and function of Hox genes in the
nervous system is the degree to which they cross-regulate each other. A common feature
from the cis-regulatory studies on segmental expression of Hox genes in the hindbrain is that
early signals (RA, FGFs) and transcription factors (kreisler, Krox20) are transient. Hence,
other mechanisms are required to maintain or stabilize their domains of expression critical
for later expression and function in thombomeric segments. By analogy to Drosophila, mecha-
nisms involving Polycomb and trithorax mediated epigenetic changes in chromatin, have
been widely postulated to be important in vertebrate Hox regulation. In support of this,
mouse mutants for members of the PG and #xG have been shown to alter Hox expression,
primarily examined in the mesoderm due to the prevalence of skeletal defects.?®> However,
the regulatory analyses of thombomeric enhancers has uncovered a surprising degree of auto
and cross-regulation between the Hox genes themselves, as an important mechanism for
maintaining segmentally-restricted expression.”%82110:116,122,123,140.266-268 1y, o the estab-
lishment and maintenance stages, Hox proteins can directly cross-regulate the expression of
other Hox genes,32122190269271 o berpetuate their own expression through auto-regulatory
elements. 35119267271 Hence, following initiation by transiently expressed upstream factors
or signals, Hox response elements serve to generate feedback loops that stabilize and per-
petuate segmental expression. These lock-down or feedback loops have important implica-
tions in functional studies because mutation of one Hox gene can alter the regulation of
other family members, generating a more complex phenotype.
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One of the best examples of such loops from regulatory and mutant analyses relates to
rthombomere 4. It appears that there is a pathway for specifzring r4 character and later neuronal
identities dependent upon cross-talk between Hox genes.”®® Early retinoid signaling triggers
both Hoxb1 and Hoxal expression directly via RAREs located at the 3" end of these genes.
56,112,217,227 11y combination with Pbx and Prep/Meis cofactors, both Hoxal and Hoxb1 then
bind to the auto-regulatory enhancer of Hoxb1 to maintain its expression. %2228 Hoxb1 in
turn directly cross regulates both Hoxb2 and Hoxa2 sPeciﬁc expression in r4 and Hoxb2 feed-
backs upon Hoxb1 to support its expression,!!0112:122123.268 By these loops it is clear that
Hoxb1 plays a central role in specifying and maintaining r4 identity and the mutation of any of
the individual Hox genes in this these cross-talk loops directly correlates with the neuronal
phenotypes observed.?%

Further evidence for the importance of these feedback loops in other vertebrates is provided
by loss and gain-of-function experiments in zebrafish where Hox, Pbx and Meis murartions all
show primary defects in hindbrain patterning and alterations of Hox expression,>!5558:279-283
There is also emerging evidence that both positive and negative feedback loops among Hox
genes is important in the spinal cord.>*%

In conclusion, regulatory analyses seeking to understand the cis-regulation of Hox genes
themselves and the upstream cascade have surprisingly provided novel insight into potential
Hox target genes. By identifying a series of known in vivo relevant target elements it will be
possible to define the cis-regulatory code of a Hox response element and use it to predict
down-stream target genes identified by genomic and microarray analysis. Therefore, a major
area of interest in future Hox research will be to understand how different Hox proteins bind
their target sites, what cofactors they use and how the output of activation or repression is
achieved. This will be important in predicting and understanding their interactions on
down-stream target genes. This work should also be highly relevant to Hox gene expression,
regulation and function in tissues outside the nervous system.
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CHAPTER 3

The Hox Gene Network
in Vertebrate Limb Development

Cheryll Tickle*

Abstract
he Hox gene network has multiple roles in vertebrate limb development. One of its
main functions is to encode positional information thus providing a “Hox” code for
the pattern of structures along the long axis of the limb. Another function of Hox
genes that has emerged recently is to regulate expression of the Sonic hedgehog gene (Shh)
which controls patterning of distal structures. Hox genes also play a major role in develop-
ment of the digits. The most recent advances have been the identification of control regions
that drive Hox gene expression in the limb.

Introduction to Vertebrate Limb Development

The first visible sign of vertebrate limb development is the formation of small bulges in
the body wall at appropriate positions along the head to tail axis of the embryo. These bulges
soon develop into discrete buds, which then grow out substantially (Fig. 1). The buds ini-
tially consist of undifferentiated mesenchyme cells encased in ectoderm, but as the bud elon-
gates, cells in the part of the bud nearest the body wall begin to differentiate to form the
humerus/femur. The skeleton is then progressively laid down in sequence as the bud grows
out with the digits being formed last of all.

Classical embryological experiments in chick limb buds have shown that there are 3 sets
of cell-cell interactions in the developing limb bud, one associated with patterning along
each of the 3 axes; proximo-distal, dorso-ventral and antero-posterior axes.” Laying down
the proximo-distal axis of the limb is linked to bud outgrowth which is controlled by the
apical ectodermal ridge, the thickened epithelium that rims the tip of the limb bud;
dorso-ventral patterning depends on epithelial-mesenchymal interactions between the ecto-
derm around the sides of the bud and the underlying mesenchyme; and antero-posterior
patterning involves signalling by the polarizing region (zone of polarizing activity, ZPA), a
region of mesenchyme cells at the posterior margin of the limb bud. When a polarizing
region is grafted to the anterior margin of a chick wing bud, anterior cells are respecified to
form posterior structures and an additional series of digits develops in mirror-image symme-
try with the normal set.? Polarizing region signalling also leads to maintenance of the apical
ectodermal ridge over the posterior part of the limb bud; in turn signalling by the apical
ridge maintains polarizing region signalling.
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Figure 1. Chick limb development. Diagrams to show stages in developmentand antero-posterior
and proximo-distal axes. The apical ectodermal ridge and polarizing region are also indicated.

Hox Gene Expression in Vertebrate Limbs

Genes in the 5' region of Hoxa and Hoxd clusters are most prominently expressed in devel-
oping vertebrate limbs although some genes in the Hoxb and Hoxc clusters are also expressed.
Indeed, X{Hbox1, now known as Hoxc-6, was one of the first Hox genes to be cloned and the
first to be shown to be expressed during limb development.>* Staining using specific antibod-
ies showed that Hoxc-6 is expressed in the anterior-proximal region of early forelimb buds in
several different vertebrates, including Xenopus, zebrafish, mouse and chicken.?¢ Soon after,
Duboule and colleagues showed that 5' Hoxd genes (Hoxd9-13), then known as Hox4 genes,
are expressed in overlapping domains centred on the posterior-distal margin in both fore and
hindlimb buds in mouse embryos.”® There is both temporal and spatial collinearity of expres-
sion of these genes in the early limb bud, with 3" genes being expressed before 5' genes and 3’
genes being expressed in more proximally than 5' genes (Fig. 2). The expression pattern of each
more 5' gene in the cluster is encompassed within the expression pattern of the adjacent 3'
gene, and this has been likened to a set of Russian dolls. Similar patterns of Hoxd gene expres-
sion are also seen in early limb buds in chick embryos and progressive expression of genes in the
cluster in a 3’ to 5' direction was shown to occur very rapidly within a few hours.” 5 Hoxa
genes were found to be expressed in similar overlapping domains in chick wing buds along the
proximo-distal axis but without a clear posterior bias'® (Fig. 2).

Nelson and colleagues!! carried out a comprehensive and detailed analysis of expression of
all the Hox genes in developing chick limbs, including genes from all four clusters. Hoxc genes
are generally expressed in anterior/proximal regions of either wing or leg bud or both. One
cautionary finding was that HoxcG transcripts wete detected in both fore and hindlimbs whereas,
as previously reported,® Hoxc6 protein was only detected in forelimbs. Hoxb9 is expressed in
the anterior of the leg bud and Hox68 expression in the posterior of the early wing bud has
subsequently been described by others.!?

With respect to Hoxa and Hoxd genes, Nelson et al'! suggested that that there are at least 3
different phases of expression. In the first phase of expression, Hoxd9 and Hoxd10 genes are
expressed throughout the lateral plate mesoderm as it begins to thicken to form the bud. Prior
to this, a number of different Hox genes are expressed in dynamic patterns in lateral plate
mesoderm in presumptive limb regions, including other Hox9 paralogs such as Hox69. It has
been suggested that the expression patterns of these genes at these prelimb stages may serve to
position the presumptive limbs along the main head to tail axis of the embryo.!® The second
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Figure 2. Hoxd and Hoxa gene expression in developing chick limbs. Top) Diagrams to show
nested expression domains of Hoxa and Hoxd genes in early limb bud, second phase described
by Nelson et al."! Note that only 3 domains shown for Hoxd genes for simplicity, although there
are a total of 5 different domains of expression. Below) Later expression of Hoxa13 and Hoxd
genes in the region that will form digits, third phase described by Nelson et al'* and Hoxd13
expression in the early limb buds of a chick embryo.

phase is the well-described nested patterns of expression already outlined above with Hoxa13
being expressed later than Hoxd13. The third phase of expression is seen in the distal region of
more advanced limb buds in the regions where the digits will form (Fig. 2). At this stage,
Hoxd13 is expressed throughout the distal part of the limb and Hoxd10-Hoxd12 are coexpressed
with Hoxd13 except at the very anterior. Hoxa 13 is also expressed throughout most of the distal
region of the limb buds while expression of Hoxal1 is now restricted more proximally. In this
third phase, in addition to the most 5’ Hoxd genes being expressed in more extensive domains
than more 3' genes, they are also expressed temporally in a 5' to 3" direction, with Hoxd13
being expressed first.

Taken together these data not only reveal specific position-dependent patterns of Hoxa and
Hoxd gene expression in the limb with respect to both antero-posterior and proximo-distal axes
but also highlight the dynamic nature of these patterns. The fact that several different phases of
expression can be discerned has recently acquired greater significance as control regions that
drive Hox gene expression in limbs have been uncovered (see later).

Signals That Control Hox Gene Expression in the Limb

So what are the signals that lead to the position-dependent patterns of Hox gene expression
in developing limbs and are these mechanisms consistent with roles for Hox genes in limb
patterning? These questions were first addressed for Hoxc-6 in chick embryos® by carrying out
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grafting experiments and applying retinoic acid, which was only defined chemical known at
that time to be able to mimic polarizing region signalling and produce digit duplications. Since
Hoxc6 expression is restricted to the anterior of the early limb bud, one possibility is that
Hoxc-6 is involved in encoding antero-posterior positional values. In this case, grafts of the
polarizing region or application of retinoic acid to the anterior margin of the wing bud, which
respecify anterior cells to form posterior structures would be expected to switch off Hoxc-6
expression in anterior cells. However, instead, these manipulations extended expression and
this was associated with shoulder girdle abnormalities. Indeed, abnormalities in this region of
the limb skeleton are consistent with a previous fate map which showed that cells in the
anterior-proximal region of the limb bud give rise to the shoulder girdle.!

The overlapping expression patterns of the 5" Hoxd genes in the early bud centred on the
posterior-distal margin suggested that these genes might also be involved in antero-posterior
limb patterning. Hoxd13, for example, is expressed only at the very posterior of the limb bud,
while Hoxd9 is expressed throughout, including the anterior margin (Fig. 2). Indeed, five dif-
ferent expression domains could be distinguished across the antero-posterior axis of the early
limb bud leading to the suggestion that this may be why we have five fingers.'®> When polariz-
ing region grafts or retinoic acid-soaked beads were placed at the anterior margin of the chick
wing buds, mirror-image patterns of Hoxd gene expression resulted and these correlate with the
mirror-image patterns of digits that subsequently develop.”!® Furthermore, the ectopic do-
mains of expression of the Hox genes appeared in the same order as in the normal limb devel-
opment suggesting that experimental posteriorization of anterior cells recapitulated events that
normally occur posteriorly. It was shown that apical ectodermal ridge signalling is also required
for induction of ectopic domains of Hoxd gene expression in response to retinoic acid. When
the apical ridge was removed, the new ectopic domains of Hox gene expression at the anterior
margin of the wing bud were not induced.'” The role of the apical ridge in regulating Hox gene
expression in the limb and the interactions between polarizing region and apical ridge signal-
ling will be discussed later.

It is now known that retinoic acid induces expression of the Sonic hedgehog gene, Shh.'8 Shh
is expressed in the polarizing region, and, furthermore, grafting cells expressing Shh to the
anterior margin of the chick wing bud can induce mirror-image patterns of Hox expression.'8
In mouse mutants with preaxial polydactyly (additional digits at the anterior margin of the
limbs), ectopic Shh expression has been detected at the anterior of the limb bud and is similarly
associated with ectopic Hoxd gene expression, see for example.!”?? In the early chick wing, Shh
and Hox genes are expressed about 24hours after application of retinoic acid to the anterior
margin while Hox genes are also expressed 24 hours after Shh application. These timings are
difficult to reconcile with a simple linear cascade (see later). Furthermore, it has also been
shown that Shh can induce mirror-image patterns in late chick limb buds but that, in this case,
ectopic Hoxd13 expression is seen first and in a more extensive domain than more 3' genes.!!

The mechanism that restricts to 5" Hoxd gene expression to posterior-distal mesenchyme in
early limb buds is now known to be based on transcriptional repression by Gli3, one of the
effectors of Shh signalling. Full length Gli3 protein is processed to a short repressor form in the
absence of Shh ligand and there is a gradient of Gli3 repressor in chick and mouse limb buds,
with highest levels of repressor in the anterior.”! In Shh-/- mouse embryo limb buds, in which
Gli3 repressor will predominate throughout the limb bud, 5' Hoxd gene expression in the
posterior of the bud is initiated but not maintained and the limbs are severely truncated.?? In
contrast, in limbs of G/3-/- mouse embryos, in which there is no repressor, 5' Hoxd genes are
uniformly expressed across the antero-posterior axis i.e., in both anterior and posterior mesen-
chyme.?>?* Several mouse and chicken mutants have now been discovered with defects in Gli3
processing and, in the limbs of these mutants, 5' Hoxd genes are also expressed uniformly
across the antero-posterior axis of the limb bud.?"*%" In all these mutants, the limbs have
many unpatterned digits but it is not clear whether this is directly related to the uniformity of
Hoxd gene expression.
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Bmp2 is another gene that is posteriotly expressed in early chick limb buds and may be
repressed by Gli3 in the anterior region of the bud. Bmp signalling has been suggested to
mediate the effects of Shh signalling on antero-posterior patterning and digit specification,
both in early limb buds and at digital plate stages.?®* Application of Bmps to the anterior
margin of chick limb buds does not produce mirror-image duplications but instead just an
additional digit 2 or a bifurcated digit 3. Nevertheless, changes in 5'Hoxd gene expression were
seen 48 hours after Bmp application®® suggesting that Bmps may be upstream of Hox gene
expression in the digital plate. When the Bmp antagonist, noggin, was used to modulate digit
morphogenesis at late stages in develozgment in chick legs, however, no detectable changes in
Hoxd gene expression were produced.

Apical ridge signalling also plays a role in maintaining Hox gene expression in the limb bud.
Removal of the apical ridge from eatly limb buds, which results in limb truncations and lack of
distal structures, leads to loss of both Hoxa13 and Hoxd13 gene expression.’! Fibroblast
Growth Factors mediate apical ridge signalling®**® and application of Fgfs to chick wing buds
following removal of the apical ridge can rescue both Hoxd13 and Hoxa13.3"3* These and
other data suggest that Hoxd!3 and Hoxa13 genes could be involved in proximo-distal pattern-
ing of the limb and specifically in digit formation.

There has been considerable discussion about how the apical ridge and Fgf signalling is
linked to proximo-distal patterning of the limb and laying down the pattern of structures along
the long axis of the limb and this is relevant to considering the possible roles of Hox genes. A
long standing model suggests that proximo-distal patterning is specified by a timing mecha-
nism that operates at the tip of the limb bud in a region of proliferating undifferentiated cells
known as the progress zone.>® A more recent model suggests, in contrast, that all the parts of
the limb are already specified in the early bud and that apical ridge signalling then expands
these parts sequentially.’” So how does the behaviour of Hox gene expression relate to these
different models? The abolition of expression of Hoxdl3 and Hoxal3 after removal of the
apical ectodermal ridge from the early limb bud is consistent with a role for these genes in digit
formation and can be explained by both models. In contrast, the establishment of a complete
nested set of 5' Hoxa and Hoxd expression domains in the early bud might fit with the idea of
prespecification. Indeed, it has been suggested that the progressive activation of Hox gene ex-
pression in the early limb bud to establish these nested expression domains could be controlled
by a gradient of Fgf; high distally to low proximally®® emanating from the apical ectodermal
ridge. However, application of Fgf to chick wing buds did not lead to premature expression of
Hoxa genes suggesting that other factors are involved.>> On the other hand, the behaviour of
cells expressing Hoxd13 is difficult to square with the idea of prespecification. Cell marking
experiments have indicated that, as the limb bud grows out, some cells that expressed Hoxd13
in the early limb bud become displaced from the limb bud tip and cease to express Hoxd13.%
One interpretation of these dara is that distal cells become progressively proximalised during
limb bud outgrowth.

The general conclusion from the data above is that manipulations of the limb that produce
changes in pattern formation are accompanied by changes in Hox gene expression and that the
cell-cell signalling molecules involved in patterning, such as Shh and Fgfs are involved in main-
taining the Hox gene expression network. However, it is worth noting that the signals that
mediate patterning and limb bud outgrowth are coordinated. Thus, there is a positive feedback
loop in which Shh maintains expression of various Fgf genes in the apical ectodermal ridge,
which in turn maintain $hb expression in the polarizing region.®#! Therefore changing one
signal can have knock-on effects. This makes it difficult to interpret such experiments and to
separate the roles of Hox genes in antero-posterior versus proximo-distal patterning.

Tests of Hox Gene Function
"Two main approaches have been used to test directly the function of Hox genes in vertebrate
limb development—misexpression or overexpression and functional inactivation. The function of
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5' Hoxd genes has been examined using both approaches. In the first approach in chick em-
bryos, Hoxd11 (previously known as Hox4.6) was over-expressed in developing limbs using the
RCAS (replication competent avian sarcoma virus) system. In these experiments, an additional
digit 2 was produced in the wing, while, in the leg, digit 1 appeared to be transformed into a
digit I1, ie posteriorised.*? Chicken Hox412 has been ectopically expressed in mouse embryos
using the Hoxb6 promoter, which drives expression in lateral plate mesoderm and throughout
hind-limb bud mesenchyme.*? This misexpression of Hoxd12 also resulted in posteriorization
of the limbs, including conversion of digit I to the morphology typical of digit I and/or dupli-
cations of anterior digits. Although the initial chick embryo experiments were interpreted as
being due to a direct effect of Hoxd11, it was shown in the mouse limbs, in which Hoxd12 was
misexpressed, that there is ectopic Sh# expression at the anterior margin. This led to the sugges-
tion that Hoxd12, and possibly other 5'Hox genes might play a role in reinforcing Shh expres-
sion at the posterior margin of the growing limb (see later).

In the second approach, transgenic mice have been created in which Hox genes have been
functionally inactivated. In the first expetiments, single Hoxd genes, such as Hoxd13 were
knocked out.*® The limbs of Hoxd13-/- mice showed complex changes in digit anatomy, in-
cluding both reduction in the size of the digits, missing phalanges and fused digits but also
additional digits in the forelimbs. It is not easy to interpret these changes in anatomy simply in
terms of the hypothesis that Hoxd genes encode digit identities across the antero-posterior axis
of the limb. They are however consistent for a role for Hox413 in the formation of distal
structures. Furthermore, mice with a mutation in HoxalI showed defects in ulna/radius and
tibia/fibula regions,? again pointing to a role in proximo-distal patterning, but, in other single
mutants, such as those in which Hoxd11 was functionally inactivated, the hindlimbs appeared
relatively normal.

It is now clear that there are compensatory and synergistic interactions both between
paralogous Hox genes in different clusters and between Hox genes within the same cluster and
that these interactions affect the phenotype. Thus when both Hoxa13 and Hoxd13 were func-
tionally inactivated, the mice lacked digits altogether. % In other experiments, knock-outs have
been made in which more than one 5’ Hoxd gene have been functionally inactivated and these
experiments show that several different paralogs contribute to digit patterning. Thus, for ex-
ample, in trans-heterozygotes of Hoxd13 and Hoxd12, novel digital abnormalities were ob-
tained and the defects seen in individual heterozygotes were exacerbated,?” while simultaneous
deletion of Hoxd13, Hoxd12 and Hoxd11 resulted in reduced number and size of digits com-
pared to deletion of Hoxd13 alone.®® A series of compound mutants with varying degrees of
loss function of Hoxd13, Hoxal3 and Hoxd11/12 have also been genetically engineered.*” Analy-
sis of the digit phenotypes of these mutants suggest that it is the dose of Hox genes that is
important for digital development rather than qualitative differences between genes. Interest-
ingly, the progressive deletion of Hox gene function generated, first of all, limbs with extra
digits, and then limbs with reduced numbers of digits.

The limb phenotypes of these and other compound Hox gene mutant mice have recently
been reviewed’® and a ‘Hox code for the limb has been deduced (Fig. 3). This code functions
primarily with respect to proximo-distal limb pattern. According to this code, Hox13 paralogs
function predominantly in the digits, Hox1! in radius/ulna and tibia/fibula, and Hox9 in the
humerus and Hox10 in the femur. However some of these genes also play a role in other parts
of the limb. For example, Hox!1 paralogs also contribute to digit patterning and Hoxd12 can
substitute for Hox13 paralogs. One of the biggest outstanding challenges is to identify down-
stream target genes that translate the Hox code into anatomy. A recent report provides evidence
that an ephrin receptot, EphA7, is a target of Hoxd13 and Hoxal3.”!

An even more drastic elimination of Hox gene expression in mouse limb buds has been
achieved rccentlg and confirms the importance of the Hox genes in proximo-distal outgrowth
and patterning,>* Genes in both the Hoxd and Hoxa clusters have been conditionally knocked-out
in the mesenchyme of the limb buds using PrxI-Cre mice. PrxI-Cre is more efficient in the
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Figure 3. “Hox” code for limb development, after Wellik and Capecchi.*®

forelimbs and therefore the phenotype of the forelimbs was reported. The forelimbs of the
conditional double-mutants were extremely truncated and distal structures completely miss-
ing. Interestingly, this loss of distal structures was associated with lack of $45 expression in the
limb buds. The phenotype is however more severe than that of the limbs of Shh-/- mouse
embryos in which there are remnants of Hox gene expression.

Other Hox genes may also be involved in establishing Shh expression in limb buds. Hox58 is
expressed at the very postetior of early mouse limb buds. An unexpected role for Hoxb8 was
uncovered when Hoxb8 was expressed more anteriorly using the RAR beta2 promoter.”® This
resulted in polydactylous forelimbs with ectopic expression of S44 at the anterior margin of the
forelimb. Experiments in chick embryos also supported a role for Hoxb8 gene in establishing
Shh expression in the polarizing region of the forelimb and showed that Hox68 expression can
be regulated by retinoic acid.'*>* Recently it has been reported that a microRNA, miR-196,
may provide an inhibitory mechanism that prevents Hoxb8 being expressed in the hindlimb.>

Regulatory Regions That Drive Hox Gene Expression in the Limb

Considerable progress has been made in identifying control regions in the DNA that drive
Hoxd gene expression in the limb through sophisticated experiments in mice (Fig. 4). One
global control region (GCR) lies 5' to the cluster and directs expression in the digital region of
the limb,?® equivalent to the third phase of expression described by Nelson et al.!! Interest-
ingly, in this region, there are other genes, Lunapark and Fvx2, which are expressed in the
digital region in the same way as Hoxd genes but may have little function, if any, in digit
development. A DNA segment was identified in the mouse that can drive expression of a LacZ
reporter in the digital region of the limb and in the neural tube.

The existence of another control region (ECLR), this time driving Hoxd cluster gene ex-
pression in early limbs, has been defined through experiments in which an inversion and large
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Figure 4. Control regions of the HoxD cluster, after Zakany et al.>”

deficiency in the mouse cluster was engineered.”” These manipulations resulted in 5' Hoxd
genes being expressed in the pattern of 3' Hoxd genes within early limb bud, such that Hoxd13
expression came on first and was expressed throughout the eatly bud, instead of being posteri-
orly restricted. This led to the development o folydactylous limbs consistent with the previous
overexpression studies in chick and mouse.*>*3 Furthermore, like the mouse experiments, an-
terior expression of 5’genes was associated with ectopic expression of 44 and suggests a role for
Hox genes in establishing Shh expression in the polarizing region. As already mentioned, this
conclusion has since been supported by the analysis of the conditional double-mutants for
Hoxa and Hoxd genes.” These experiments further suggest that there is a control region that
lies 3' to the HoxD cluster that directs an early phase of expression in the limb bud, equivalent
to second phase described by Nelson etal.!’ More recent work has confirmed the idea that two
control regions serve to drive early and late phases of Hoxd gene expression in the limb, and
that these two phases are concerned with development of proximal structures and distal struc-
tures respectively.”®

Wider Implications of the Hox Gene Network

The substantial efforts that have been directed towards understanding the fundamental role
of the Hox genes in limb development are now reaping rewards. The focus on Hox genes has
been particularly relevant to human limb malformations. The first two limb malformations
found to be due to mutations in Hox genes were hand-foot-genital syndrome® and
synpolydactyly with the gene affected in each case being Hoxa13 and Hoxd13 respectlvely
Other mutations in Hoxd13 can glve rise to different phenotypes such as brachydactyly associ-
ated with central polydactyly Ultimately, one would like to explain how such specific gene
mutations lead to such precise changes in anatomy.

Comparative studies have also led to some intriguing speculanons about vertebrate limb
evolution. In embryonic fin buds of both a teleost ( zebrafish)®> and a paddlefish,** Hoxa13
and Hoxall are coexpressed distally at late stages. Furthermore, the third phase of Hoxd gene
expression appears to be absent in both pectoral and pelvic fin buds of zebrafish.5> More re-
cently, the regulatory regions that drive digital Hoxd gene expression have been compared
across species by phylogenetic fingerprinting. The DNA segment found in the mouse genome
that drives LacZ expression in the digits and neural tube was found to be highly conserved in
both human and pufferfish genomes. Intriguingly, when the equivalent pufferfish sequence
was used to drive LacZ in mouse embryos, only the neural tube expression was obtained. This
suggests that a tetrapod digit enhancer may be missing from the teleost DNA segment. This is
a very provocative finding, given the suggestion that the digits are an evolutionary invention of
higher vertebrates. It seems certain that a deeper understanding of the Hox gene network will
lead to new insights into vertebrate limb origins.
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CHAPTER 4

Evolution of Hox Gene Clusters

David E.K. Ferrier*

Introduction

he Hox gene clusters have been one of the most prominent paradigms within Develop-

mental Biology. This stems from the great excitement that surrounded the discovery

that the genes all contained the conserved homeobox motif and that the homologous
genes were operating in broadly homologous ways in the development of organisms as phylo-
genetically widespread as flies and vertebrates. The sequence similarity between the genes based
on the homeobox, and their specific genomic organization in both flies and vertebrates, imme-
diately implied a particular mode of evolution of the Hox gene cluster by tandem duplication
and, more intriguingly, a funcrional constraint on the organization of the cluster to conserve
colinearity. This general picture still holds true, but our understanding of the nature and extent
of the constraints on cluster organization have been modified in recent years as data has be-
come available from a much wider selection of animal phyla.

Colinearity, whereby the order of the genes along the chromosome corresponds to (or is
colinear with) the domains of action of the genes along the anterior-posterior axis, has been one
of the most intriguing and mysterious phenomena associated with the Hox cluster. Despite
intense effort we do not have a clear idea about its mechamstlc basis. It has even been argued that
there may not be a universal underlymg mechanism.! Whilst this probable lack of a universal
mechanism operating across the various different instances of colinearity in an animal like the
mouse is becoming clearer, whether this ‘complicated’ view can be extended to a lack of a univer-
sal, ancestral mechanism of colinearity (with add-on, lineage-specific mechanisms elaborating
the picture) is unresolved. We must adopt a broad, phylogenetically informed, comparative
approach (incorporating genomics, phylogenetics and developmental biology) to have a chance
of finding an ancestral mechanism and finally unraveling the mystery of colinearity.

Origin of the Cluster: Unraveling Patterns of Gene Duplication
and Duplicate Evolution

Homeobox Phylogenies, Tandem Duplication and the ProtoHox Cluster
Through the intricate and insightful genetic work of Ed Lewis the Bithorax Complex (BX-C)
portion of the Drosophila melanogaster Hox cluster was elucidated. Lewis developed the idea
that the gene complex consisted of a series of duphcated clements, or pseudoallcles as he first
called them.”* In time the BX-C was found to consist of three genes, and the homeotic
complex for the anterior end of the fly, the Antennapedia Complex (ANT C), was found to
contain 5 homeotic genes with a handful of interspersed nonhomeotic loci.® In the 1980’ the
homeobox was discovered in the genes of these complexes,” and this 180bp motif rapidly
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Figure 1. The homeobox gene content of the Hox clusters of Drosophila melanogaster and
amphioxus. The fly cluster is broken into two, the ANT-C and BX-C. The ANT-C contains some
homeobox genes that are derived from Hox genes but have evolved new, nonHox functions (zen
1, zen2, bcd and ft2). Zen 1, zen2 and bcd evolved from duplications of an ancestral Hox3
gene.23#* Several of the Central (green) genes cannot be distinguished as direct orthologues
between insects and chordates, and at least some of them may have evolved from independent
sets of tandem duplications. The single Posterior Hox gene (dark blue), AbdB, inflies is orthologous
to the multiple Posterior genes of chordates, Hox9-74. The amphioxus cluster is prototypical for
the multiple clusters of vertebrates (e.g., the four mammalian Hox clusters HoxA, B, C and D),
which arose at the origin of the vertebrates, with subsequent gene loss occurring within each
vertebrate cluster. A color version of this figure is available online at www.Eurekah.com.

found in the genomes of other animals, including ourselves. Together the ANT-C and BX-C of
flies are homologous to the Hox clusters of chordates (Fig. 1).

The widespread conservation of the homeobox and its presence in a large family of tran-
scription factor-encoding genes enabled the rapid isolation of multitudes of homeobox genes
from a diverse array of phyla. Construction of phylogenetic trees of homeodomain sequences
has been vital in understanding their modes of evolution and their classification.® From such
trees it is evident that the Hox genes are closely related to each other, that is, the cluster is not
an amalgamation of disparate, unrelated genes. Clearly this is consistent with the Hox cluster
having formed via tandem duplication (Fig. 2). The specific nature of these tandem duplica-
tions has been debated. Some have proposed that the ‘multiplication’ of the genes in the cluster
has occurred via unequal cross-overs, such that the genes inside the cluster are ‘chimaeras’ of
the flanking genes.” Alternatively tandem duplication without chimaeric gene formation is also
clearly possible. Indeed there are instances of this having occurred in the evolution of some
present-day Hox clusters. For example the Zerkniillt (zen) genes of Drosaphila are duplicated
and are clearly related to each other rather than being chimaeras of flanking genes.

In addition to the homeobox phylogenies revealing the close relationship of the Hox genes
to each other, it is also clear that several other genes that are not members of Hox clusters are
interspersed amongst the Hox genes themselves in these trees. It was supposed that these repre-
sented dispersed or orphan Hox genes that had evolved by trans duplication of particular Hox
genes deep in animal evolution, so that some Hox-related genes became scattered around the
genome. This view was transformed when the ParaHox cluster was discovered in the
cephalochordate amphioxus (Branchiostoma ﬂoridae).lo The three genes of the ParaHox cluster
are Gsx, Xlox and Cdx (in humans GSH1, IPF1 and CDX2). In homeobox phylogenies Gsx
groups with the anterior Hox genes of groups 1 and 2, Xlox groups with Hox3 genes, and Cdx
groups with the Posterior Hox genes. These gene relationships and the order of Gsx, Xlox and
Cdx along the chromosome are consistent with a model in which the Hox and ParaHox clusters
arose from a common ancestral homeobox cluster by duplication (the ProtoHox hypothesis).' %14
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Figure 2. The origin of the Hox genes. An ancestral Hox-like gene, ArcheHox, underwent a
series of tandem duplications and the duplicated genes diverged to establish the precursors of
each of the different classes of Hox gene, Anterior (red), Group 3 (pale blue), Central (green)
and Posterior (dark blue), in the ProtoHox cluster. The entire ProtoHox cluster duplicated, and
gave rise to the Hox cluster and its evolutionary sister the ParaHox cluster. The precise timing
of these duplication events is uncertain, as is whether the ProtoHox cluster contained a pre-
cursor of each of the 4 main groups of Hox gene or not (see the text). A color version of this
figure is available online at www Eurekah.com.

Furthermore the expression of the ParaHox genes also exhibits Colinearity, with Gsx being
expressed from the anterior of the embryo/larva, Xlox in mid-body regions and Cdx at the
posterior end of the organism.w The ParaHox cluster is thus the evolutionary sister, or paralogue,
of the Hox cluster (Fig. 2).

Basal Animals and the “Trox2” Model of Duplicate Evolution

When did this transition from a ProtoHox cluster to the Hox and ParaHox clusters occur?
The answer is that it was clearly very early in the evolution of animals, but the precise time
relative to the origin of particular animal phyla is still to be resolved. When the ParaHox cluster
was first discovered it was thought that the ProtoHox duplication may have occurred at the
transition between the radially symmetrical, diploblastic animals and the triploblastic
bilaterians.'® However as more sequences have become available from diploblasts, such as the
cnidarians, it has become clear that both Hox and ParaHox genes are present in this diploblas-
tic phylum.!'"1? So we must look deeper into the animal phylogeny to find the transition.
However this becomes problematic due to the lack of clear consensus on the relationships of
these basal animal phyla (Porifera, Placozoa, Cnidaria and Ctenophora).!>?” Further work on
the phylogeny of these diploblast phyla is required to clearly resolve their relationships and the
ordering of their divergences from the lineage leading to the Bilateria, so that we can relate the
homeobox content of the phyla to models of cluster evolution.

The Porifera, or sponges, are one candidate for the most basal animal group.'>!® No clear
Hox-like or ProtoHox genes have been found so far, although the search continues and will be
aided by whole genome sequences of sponges. The enigmatic diploblast phylum Placozoa is an
alternative candidate as the most basal animal phylum!” (Fig. 3), and so may also provide us
with a crucial data point in undetstanding the origin of the Hox cluster.

Trox2 is the only Hox-like gene to have been found in Trichoplax adbaerens, a placozoan.
This gene however raises as many issues as it answers. Thorough searches have been performed
for ANTP-class genes in Trichoplax (A.S. Monteiro et al in press), and no other Hox-like genes
besides 7rox2 have been found. So potentially 7rox2 could be directly descended from an an-
cestral ProtoHox gene, or even the ArcheHox gene. However the sequence of Trox2 does not
behave as expected for a ProtoHox protein in phylogenetic trees. Trox2 groups robustly with
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the ParaHox protein Gsx.1820 S is Trox2 really a descendent of a ProtoHox gene, or is it a Gsx
gene and other Hox and ParaHox genes have been lost in the Zrichoplax lineage? It is very
difficult to distinguish between these two possibilities. However by building phylogenies of
other Trichoplax genes and seeing how they relate to their bilaterian homologues we can see i
many other Trichoplax genes behave as does Trox2, i.e., grouping with particular bilaterian
genes within the bilaterian gene families rather than corroborating the a priori expectation that
the Trichoplax gene would be basal or sister to the entire bilaterian gene family (Fig. 4A). If
further Trichoplax genes behave like Trox2 in phylogenetic trees then this could be taken as
evidence for extensive gene loss in placozoans, which has hit the homeobox genes just as much
as other gene families.

Alternatively Trichoplax genes are descended from ancestral ‘Proto’ genes and our models
and assumptions about sequence evolution following gene duplication need to be modified.
If the Trichoplax genes reflect the ancestral condition, and 77ox2 is a direct descendent from
an ArcheHox/ProtoHox gene without duplication for example, then rather than both daugh-
ters of a gene duplication event diverging from the ancestral, preduplicate sequence, only
one daughter diverges whilst the other retains the characteristics of the ancestral sequence
(Fig. 4B). This revolutionary view of gene evolution may seem reasonable if the ancestral
Proto gene is embedded in the developmental networks of the animal, with all of the conse-
quent constraints on its function and hence sequence. After the duplication event all of these
constraints are still present, and they are all still focused on one of the daughters, if for
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Figure 4. A) Inference of ancestral gene content from molecular phylogeny topologies. A gene
family (X) has a diversity of members in the Bilateria (XA, XB and XC), whilst the placozoan
Trichoplax has a single X gene (TrichoX). (i) if the Trichoplax gene is a direct, unduplicated
descendent of the gene ancestral to XA, XB and XC, then TrichoX should diverge from a node
more basal than the separations of the XA, XB and XC groups. (i) If TrichoX groups with a
particular bilaterian group such as XA with a node more crownward than the separation of XA,
XB and XC, then we can infer that TrichoX is an XA gene and Trichoplax has lost its XB and XC
genes. If in fact TrichoX really is a direct, unduplicated descendent of the ancestral X gene but
still groups robustly with a particular clade such as XA, then an unconventional mode of gene
evolution, the ‘Trox2’ model, has occurred. B) The Trox2 model of gene duplicate evolution. (i)
Conventionally itis assumed that after a gene duplication event both daughter genes will diverge
from the ancestral sequence. (ii} An alternative pattern of sequence evolution is the one that has
been proposed to have occurred for Trox2,3¢ whereby one of the duplication daughters diverges
from the ancestral sequence, whilst the other daughter remains largely unchanged. A color
version of this figure is available online at www.Eurekah.com.
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example only one of the daughters has retained all of the regulatory elements and hence the
full expression pattern of the ancestral gene, whilst the other daughter consists of the full
coding sequence but not all of the regulatory ‘baggage’. The result is that the second daugh-
ter is less constrained, diverges from the ancestral sequence and then settles into a new devel-
opmental network before it becomes a nonfunctional pseudogene. This stabilises its sequence
so that it is conserved and recognisable across subsequently evolving phyla, and is recognised
as a new, distinct gene class.

Perhaps whole genome sequences from basal animal groups such as Porifera, Placozoa and
Cnidaria will help to resolve the issue of ancestral Hox-like gene content, and hopefully orga-
nization, and whether this rather revolutionary view of duplicated gene evolution is real or not.
However due to the extensive time that has elapsed, combined with lineage-specific genomic
evolution (e.g., the cnidarian Hox-like genes may even be independent duplications from a
ProtoHox condition relative to the bilaterian Hox/ParaHox genes) even whole genome se-
quences may well not help, as no extant animal may have retained enough of the ancestral
condition for us to discover. An alternative approach that must be pursued in parallel is to
sample more widespread bilaterian taxa to establish patterns of conservation, and extrapolate
back into the animal phylogeny to reconstruct ancestral conditions.

ProtoHox Content and the Nature of its Duplication

This extrapolation approach was how the ProtoHox hypothesis was first constructed, with
the Hox cluster originating from the duplication of a 4-gene ProtoHox cluster. Alternative
models of 2- and 3-gene ProtoHox clusters have since also been proposed.>* The 4-gene
ProtoHox model stems from the fact that Gsx groups with Hox1-2, Xlox with Hox3 and Cdx
with Posterior Hox genes. There is not a ParaHox gene in the chordate ParaHox clusters that is
allied with the Central Hox genes (groups 4-8). The 4-gene model thus posits that this fourth
ParaHox gene was lost after the duplication of the ProtoHox cluster. An equally parsimonious
scenario is a 3-gene ProtoHox model in which the Central Hox genes evolved after the ProtoHox
duplication, so that the ParaHox cluster only ever had Gsx, Xlox and Cdx.'*'> More recently a
2-gene ProtoHox model has been developed,'#!%22 which proposes that Xlox, in the ParaHox
cluster, and Hox3, in the Hox cluster, did not have a common ancestral gene in the ProtoHox
cluster, but evolved by independent duplication in their respective clusters followed by conver-
gence of their sequences, so that their grouping in phylogenetic trees is no longer a true reflec-
tion of their ancestry. In this 2-gene, as with the 3-gene scenario, the Central Hox genes then
evolved just in the Hox cluster well after the ProtoHox duplication (reviewed in refs. 14,22).

The genomic organization of the Hox cluster has been one of its most prominent features,
given its link to the functioning of the genes to produce Colinearity. The genomic organization
around the cluster has also been informative, not necessarily with relevance to Hox function,
but more with regard to the mode of the evolution of the cluster. Evx is another homeobox
gene within the Antp-superclass that lies within a group of genes called the Extended Hox
class,>* not only because of its location in phylogenetic trees, but also because in several
organisms it is tightly linked to the Hox cluster. This linkage clearly reflects the ancestral con-
dition, and is still found in chordates and cnidarians.”>*” Gauchat et al'® proposed that Evx
and the ProtoHox/ArcheHox gene arose from a duplication event. Minguillén and
Garcia-Fernindez?* on the other hand propose that it was not Evx that was produced by this
first duplication that gave rise to the initial ProtoHox gene, but rather the ancestor of both Evx
and Mox was produced. Mox is another member of the Extended Hox class, and is also linked
to the Hox clusters of vertebrates.”*?* Mox and Evx genes show a weak association in phyloge-
netic trees. Taken in concert with their linkage to the vertebrate Hox clusters, and nonhomeobox
genes that neighbour the Hox and ParaHox clusters, it appears that the duplication of the
ProtoHox cluster may have been a tandem event, and ancestrally the newly formed Hox and
ParaHox clusters were adjacent to each other, only subsequently being separated to different
regions of the genome by translocation.?*
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Evolution of Cluster Composition and the Impact of Hox
on Animal Phylogeny

The Key Position of the Acoelomorpha

Although there is the uncertainty about the exact composition of the ProtoHox cluster and
where gene losses or gains happened in relation to the origin of particular diploblast phyla, as
outlined above, the pattern of four basic groups of Hox genes (anterior, group3, central, poste-
rior) had been established by the origin of the Eubilateria. Whether the full complement of the
four Hox groups was also present right at the origin of the basal Bilateria is not completely
resolved at present (see Fig. 3 and Bagufid and Riutort?! for a discussion of the distinction
between Bilateria and Eubilateria), and to a certain extent is linked to which of the 3/4-gene
models or the 2-gene model of the ProtoHox cluster is true.

A phylogeny of the animal kingdom is of course essential for our interpretations of Hox
evolution. A present consensus would be something like (Fig. 3). The phylogeny of the diploblasts
is uncertain at present, but in recent years major advances have been made in resolving the tree
of the Bilateria. The Acoelomorpha (= Acoela + Nemertodermatida) are likely to be basal
bilaterians, and as such can provide us with an important outgroup to the higher bilaterians
(eubilaterians) (reviewed in ref. 21). The Acoela have Hox genes that fall into the Anterior,
Central and Posterior groups, but no Hox3 group has yet been found.?® In the other
Acoelomorph group, the Nemertodermatida, a fragment of an Xlox ParaHox gene has been
found (Eva Jimenez-Gui pers. comm.), in addition to posterior and central Hox genes. If the
3 or 4-gene models of the ProtoHox are true, then the presence of an Xlox in Nemertodermatids
means that the Xlox/Hox3 group was present in the Last Common Bilaterian (LCB). If the
2-gene ProtoHox model reflects reality then we still do not know whether the Hox3 group was
in the LCB, or only Xlox had originated before the LCB, and Hox3 did not appear until after
the divergence of the Acoelomorpha lineage but before the Last Common Eubilaterian (LCE).

Characteristic Hox Content of the Ecdysozoa, Lophotrochozoa

and Deuterostomia

The Eubilaterians are conventionally divided into the protostomes and deuterostomes, and
the protostomes in turn split into some variant of the Ecdysozoa and Lophotrochozoa,?’3!
Distinctive patterns of Hox genes seem to be broadly representative for each of these major
eubilaterian groups.?? In particular the Central Hox genes seem to be characteristic for each
group, possibly reflecting independent duplications and expansions of this region of the Hox
cluster in each of the three eubilaterian groups.>> The types of Posterior Hox genes are even
more clearly distinctive for each eubilaterian group,*? with Ecdysozoa having variants of AbdB,
Lophotrochozoa having Postl and Post2, and deuterostomes having multiple Posterior Hox
genes that are given the names Hox9-Hox14* (although this deuterostome nomenclature en-
compasses some extensive sequence diversity (see below)).

Such distinctive patterns of Hox gene possession have been useful in determining the phylo-
genetic position of several enigmatic phyla: Mesozoa,”® Bryozoa/ Ectogrocta,3 ¢ and Brachiopoda,®
although using Hox genes in such a fashion must be done with care.” One enigmatic group that
could well benefit from further investigations of its Hox gene content to resolve its phylogenetic
position is the Chaetognatha. This phylum has been allied with all three of the eubilaterian
groups at one time or another: deuterostomes due to their embryology, Ecdysozoa due to their
18S rDNA sequences, and most recendy the Lophotrochozoa via their mitochondrial sequences
(mtDNA).® The difficulty in locating the Chaetognatha is exemplified by the same form of
data, the mtDNA, being analysed independently and producing slightly different answers. In
both analyses of the mtDNA the Chaetognatha group with the protostomes, but in one analysis
they are basal protostomes and in the other they are lophotrachozoans.*#%° Some information is
available on chaetognath Hox genes. Unfortunately there is insufficient sequence information
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from the Central Hox genes of chactognaths to determine which genes are present as yet (Lox5/
Lox2/Lox4 or Antp/abdA/Ubx, or Hox6/7/8), and no Posterior se(*uences have been cloned so
far. However one gene in chaetognaths, SceMedPost, is distinctive.

SceMedPost was proposed to be a mosaic gene, sharing sequence characteristics between
Medial/Central and Posterior Hox genes.*! This was hypothesised to reflect an ancestral state
prior to divergence into Medial and Posterior states, with the chaetognath lineage originating
prior to the split of deuterostomes and protostomes. The latest molecular data suggests that
this basal bilaterian position of the chaetognaths is not true, and that they are in fact with the
protostomes. Also it is now clear that the distinction between Posterior and Central/Medial
Hox genes had already occurred at the base of the bilaterians, from the Acoelomorph data.?®
SceMedPost may yet provide us with some phylogenetic clues however. Another Hox gene that
has always proved difficult to classify as Medial or Posterior is the egl-5 gene of nematodes.
Originally egf-5 was thought to be the Posterior Hox gene of Caenorbabditis elegans due to its
position at the end of the nematode Hox cluster (although the use of the term ‘cluster’ can only
be loosely ag})lied to nematodes). Other, clearer Posterior Hox genes have since been found in
nematodes,** and egl-5 never groups robustly with Posterior Hox proteins in phylogenetic
trees (e.g., see ref. 32). Intriguingly some of the residues that are considered to provide ‘Medial’
characteristics to SceMedPost are also present in egl-5 (namely Q6, T7, 145 and E59). Might
this then indicate a phylogenetic affinity of chaeto§naths and nematodes? This would be con-
sistent with some phylogenetic reconstructions,'®*? and the possession of some Ecdysozoan
characters by chaetognaths, such as a ventral nerve chord combined with radial cleavage. Im-
portantl¥ however chaetognaths are thought not to undergo ecdysis, which led Peterson and
Eernisse'® to speculate that chaetognaths may be basal Ecdysozoans. This loose similarity of
SceMedPost and nematode egl5 is clearly weak evidence on its own, but sequences of Posterior
Hox genes may well be much more revealing if chaetognaths are found to have AbdB/nob1/
php3 sequences.

How Many Posterior Hox Genes Did the Ancestors Have?

The Posterior Hox genes are evidently extremely useful tools for resolution of the broad
relationships of animal phyla, however our understanding of the evolution of these Hox genes
themselves is far from complete. Even the basic question as to how many Posterior Hox genes
did the bilaterian ancestor have is far from resolved. Historically the Hox community has
usually assumed that there was a single Posterior Hox, and the multiple genes seen in verte-
brates arose from a series of tandem duplications in the chordate or deuterostome lineage. Such
a view was inevitably coloured by the first known Hox cluster being that of Drosophila, and
flies only having a single Posterior Hox gene, Abdominal-B (AbdB). If we examine the Posterior
Hox gene content of a broader range of phyla in the context of a phylogenetic tree, then we can
immediately see that the possession of a single Posterior Hox gene in flies is rather unusual *?
Even the most closely related phyla to the arthropods (i.e., other Ecdysozoans) for which we
have some data (nematodes and priapulids) seem to have more than one Posterior Hox gene
(nob1 and php3 in C.elegans and Pea-AbdB and Pea-HB4 in Priapulus caudatus)>>*? Else-
where, in the Lophotrochozoa, there are at least two Posterior Hox genes (Postl and Post2),
and in deuterostomes there are a whole array of Posterior Hox genes. Chordates can have up to
six (Hox9-Hox14),>%%* whilst the full complement of more basal deuterostomes (echinoderms
and hemichordates) is still to be determined. This lack of resolution of the basal deuterostome
condition is present even though we have a completely cloned and seguenced Hox cluster from
an echinoderm, the purple sea urchin Stronglyocentrotus purpuratus.*® Contrary to first impres-
sions of the urchin Hox cluster® the organization of the genes is extremely derived and
scrambled.> Gene loss has also evidently occurred relative to the ancestral echinoderm condi-
tion, as Hox4 has been lost in S, purpurarus but is present in asteroids,”” and other echinoderms
have a more extensive set of Posterior Hox genes than the purple sea urchin, 84
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The relationships between the Posterior Hox genes of chordates and those of Ambulacraria
(echinoderms and hemichordates) is also difficult to resolve, which leaves uncertainty as to
what the Posterior Hox content of the ancestral deuterostome actually was. Although verte-
brates, amphioxus and urochordates are all said to have a Hox10 for example, the genes of
this name from each of these three groups of chordates do not actually group rogether
robustly in phylogenetic trees. This lack of resolution can be extended to the nonchordate
deuterostomes such as the sea urchin, which has a so-called Hox9/10 gene, the name arising
because of its loose association with the chordate Hox9 and Hox10 groups but its lack of
clear resolution with either particular group. Such a lack of resolution of the orthology
relationships amongst the deuterostome Posterior Hox genes is in stark contrast to the
Posterior genes of protostomes, in which robust groupings of AbdB, Postl and Post2 are
formed even between phyla. This contrasting behaviour of the Posterior Hox genes in phy-
logenetic trees was given the name Deuterostome Posterior Flexibility.*4 It was hypothesised
to be the result of higher rates of sequence evolution in the deuterostome Posterior Hox
genes than in those of protostomes, which in turn leads to a lack of resolution of the deu-
terostome gene relationships when constructing trees. However since the original Deu-
terostome Posterior Flexibilicy hypothesis was proposed more gene sequences have been
isolated. In particular some Posterior Hox genes have been cloned from a hemichordate,
and a couple of these acorn worm sequences can clearly be identified as orthologues of
some echinoderm counterparts.’® This led to the suggestion that Posterior Flexibility is
only a chordate phenomenon rather than a deuterostome-wide mode of evolution.’® Sev-
era} of the hemichordate Posterior Hox genes still do not resolve clearly with echinoderm
counterparts however, and so one alternative scenario that has been proposed is that the
Posterior Hox genes of chordates and Ambulacraria are the result of two independent sets
of tandem duplications.*> The patterns of the deuterostome Posterior Hox gene groupings
in phylogenetic trees however do not show two independent sets of Posterior Hox genes,
one in Ambulacraria and one in chordates. Consequently independent duplications do not
seem to be a plausible sole explanation. Perhaps the deuterostome Posterior Hox genes have
evolved via a mixture of the two phenomena, lineage-specific duplications and higher rates
of evolution as outlined by the Deuterostome Posterior Flexibility hypothesis. Further deu-
terostome Posterior Hox sequences, accompanied by careful phylogenetic tree building,
may help to resolve the issue. One intriguing possibility is that an extant basal deuteros-
tome, Xenoturbells,’' may be available to provide another perspective on deuterostome Pos-
terior Hox gene evolution.

It is of course very difficult to confidently resolve such issues with a handful of gene
fragments from a few distinct phyla dotted around the animal kingdom. In the not-too-distant
future we should have greater sampling of a more extensive diversity of taxa, and entire Hox
clusters cloned and sequenced. Such entire cluster sequences will greatly improve our under-
standing by providing positional information within a cluster, and more importantly provid-
ing us with the entire Hox gene complement for the relevant taxon. For example does the
chaetognath MedPost gene exist alongside Posterior genes, specifically Post]l and Post2 or
AbdB? Are the acoelomorph Hox genes clustered, and are there other genes that have been
missed by screens so far (e.g., more Acoel Central genes and Hox3)? What is the basal Hox
complement for the Ambulacraria? What Hox genes are present in Xenoturbella, and can this
animal help us to determine what the basal deuterostome condition was with regards to Hox
cluster composition?

So the Hox cluster is a veritable maelstrom of gene duplications and losses across the Bilateria,
and there are many more examples than those outlined above. As we sample the Hox genes
across a broader phylogenetic sample of taxa we will have a much clearer picture of the evolu-
tion of Hox cluster composition, and will also probably discover more Hox characters that can
resolve debates about various issues in animal phylogenetics.
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Molecular Mechanisms and Evolution of Hox Cluster Organization
The Importance of Temporal Colinearity

Colinearity in the Hox cluster can take different forms; spatial, temporal, or quantitative.
To a certain extent the three types of Colinearity are not always mechanistically independent.
For example Temporal Colinearity may be a route to Spatial Colinearity in some circumstances.
However we can find instances of one form of Colinearity occurring in the absence of any
others, e.g., the axial Spatial Colinearity of the Drosgphila Hox gene expression without any
obvious Temporal or Quantitative components.

Myself and others have hypothesised that it is Temporal Colinearity that is the key to under-
standing Hox cluster organization.’>” This hypothesis is mainly based upon the observation
that Hox clusters that conform to our view of the ancestral condition, of an ordered cluster of
genes with anterior expression beginning at one end followed by a gradual progression through
to posterior expression at the other end of the intact, complete cluster, is found in animals and
clusters exhibiting Temporal Colinearity. In those taxa which do not or cannot use a temporal
component in the initiation of their Hox expression, then the Hox cluster tends to be broken,
dispersed and rearranged. Spatial Colinearity does not require an intact cluster, as is evident from
flies, nematodes and urochordates,’” and so the mechanistic basis for Spatial Colinearity seems
an unlikely means for understanding the maintenance and organization of the Hox cluster.

Broken, dispersed Hox clusters are found in taxa with rapid modes of development, which
also often correlates with a relatively low number of cells in the embryo.>* Such a mode of
development is generally considered to be rather derived within each respective lineage, such as
the insects or chordates, which ancestrally developed gradually by progressive elongation of the
posterior end of the embryo.® A more recent example of another broken, derived Hox cluster
is that of the Schistosome flatworm, Schistosoma mansoni.>® Again this correlates with a derived
mode of development and life-style within the lineage, as Schistosomes are extremely specialised
parasites, with a highly specialised and derived life-cycle to match.

When the hypothesis that Tcm;;ora] Colinearity is the main constraining force on Hox clus-
ter organization was formulated®®>* the echinoderm Hox cluster was apparently an exception to
the rule, due to its intact, well-ordered nature but with a clear lack of Temporal Colinearity. 650
With the recent clarification of the organization of the S.purpuratus Hox cluster we now know
that the urchin Hox cluster is highly derived after all,*> which correlates with its extreme form of
indirect development, with almost complete loss of embryonic structures at metamorphosis,
and a highly derived adult form that cannot easily be compared to the morphology of other
phyla. The echinoderm Hox genes are however still maintained as a cluster and not dispersed
like the clusters of flies, nematodes, schistosomes and urochordates. Such cluster maintenance
may be indicative of enhancer sharing amongst the echinoderm Hox genes, which is largely
unaffected by reordering of the genes but does require them to remain in close proximity.

The clearest evidence for an importance of time in the control of Hox expression comes
from work in mammals. Duboule has pointed out that colinearity is obeyed most rigorously at
the time of initial expression.®! Investigations of enhancers of Hox genes, using LacZ reporters,
show that those that seemingly reproduce the complete expression pattern of the relevant Hox
gene still have one aberration from the gene itself. The timing of their initiation is later than the
endogenous gene.""2 Also mutant phenotypes are more severe in animals that have lost only a
subset of the genes from a cluster, compared to animals that have lost an entire cluster; deletion
of the entire HoxC cluster of mice does not produce pronounced homeotic mutants.®?
Crawford® proposes that the deletion of a subset of Hox genes alters the timing and progress
of gene initiation through the Hox cluster, leading to more severe homeotic phenotypes than
whole cluster deletion. In a sense the experiment has also been done naturally. Teleosts have
undergone an extra genome duplication relative to the tetrapods, but only have seven Hox
clusters rather than the expected eight, due to the loss of an entire HoxD or HoxC cluster.®
That the mammalian Hox clusters are gradually unwound and de-repressed during the earliest

1
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stages of development is now clear.®>® The trigger for this process, and how it links to the
activating enhancers of the Hox genes will be an important revelation. There is a caveat to this
scenario so far however. Translocation of an Anterior Hox gene to a location near HoxD13 in
mice does not cause the Anterior Hox gene to now be expressed at the time of a Posterior gene.
It is still activated early, at least in th derm. It would be intrigui know how th
t is still activated early, at least in the mesoderm.™* It wo e intriguing to know how the
chromatin organization changes during the activation of this modified Hox cluster.

Alternatively Bilaterian Hox Colinearity Mechanisms Are not Homologous

A flip-side to these considerations of the mechanistic basis for Hox cluster integrity is to
question whether the cluster really is as constrained as we thought it was? Could clustering
simply be an indication of evolutionary history by tandem duplications of genes, followed by
subsequent different break-ups in divergent lineages? An immediate riposte would be, why have
linkages been conserved for so long? Perhaps different constraints were added on in different
lineages after the initial gene origins by tandem duplications, i.e., is Colinearity in protostomes
mechanistically comparable to Colinearity in deuterostomes, or even can comparisons be made
within deuterostomes themselves? Duboule and coworkers have shown that in vertebrates there
are several mechanisms contributing to Hox Colinearity, depending on the context. Thus there
is no single universal mechanism of Colinearity in vertebrate Hox clusters. But this diversity of
mechanisms must have been imposed on vertebrate Hox clusters, evolving from an ancestral
cluster that presumably alreadgr exhibited Colinearity, perhaps resembling the Colinearity seen in
the amphioxus Hox cluster.®® Can we determine what the mechanistic basis for this ancestral
Colinearity was? Is it a mechanism that is still used in vertebrates, presumably in a context that
was also present in the ancestor, e.g., body axis or CNS patterning, rather than a vertebrate
innovation such as limb patterning, and is this mechanism present outside of the deuterostomes?

The alternative hypothetical scenario is thus that the genes originated by tandem duplica-
tion, they use shared enhancers due to these tandem duplications, and this enhancer-sharing
reduces the opportunity for viable genomic rearrangements of the cluster so that it is conserved
for longer than would be a cluster of genes without enhancer-sharing. This cluster mainte-
nance perhaps only needs to be kept for a relatively short time (in geological terms), maybe
between the late Vendian Ediacaran animals and the explosive divergence of the bilaterian
lineages in the Cambrian. At this point different Colinearity mechanisms then evolve along
some Hox clusters of different animal lineages, whilst in other lineages the cluster finally dis-
perses as rare, viable genomic rearrangements (with the appropriate enhancers) slowly accumu-
late (Fig. 5). Sharing of enhancers between more than one Hox gene occurs in mice and flies,
and enhancers are widespread and densely packed throughout the Hox clusters.®”! This would
fit with the above scenario, whereby recombination within the cluster would be deleterious
more often than not, and so slows cluster disintegration considerably. A test of this hypothesis
requires compatison of the organization of Hox clusters in more taxa, to see how often Hox
clusters have disintegrated, followed by the characterization of the regulatory mechanisms to
find the degree of mechanistic conservation across phyla.

Furthermore we can form an estimate of the time that it might take for cluster break-up to
occur when there is enhancer-sharing but no global Colinearity mechanism. Importantly this
time is longer than the Ediacara-Cambrian explosion period. The flies seem to provide us with
a group of organisms that do not have a global Colinearity mechanism operating across their
Hox cluster, since the cluster is breaking up in the Drosophilids. The Hox clusters of several
species of Drosophila have been sequenced, and breaks have occurred in different locations
within the cluster.”>7> These rearrangements can be linked to the estimates for divergence
times amongst Drosophila lineages, and it can be seen that only three different cluster breaks
have occurred along lineages that have been separated for 30-60 Million Years.”® The presence
of broken Hox clusters also extends more deeply into the insects,”” and so potentially the
release from the constraints on clustering is even more ancient than the origin of the Drosophilids,
and our estimate of three breaks in three lineages of 30-60 million years is rather conservative.
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If the fossil record is to be believed, and the Ediacaran faunas represent the early stages of
animal evolution with the diversification of the bilaterian lineages not happening until the
Cambrian, then a period of less than 20 Million Years covers the origin of the ArcheHox gene
(sometime after the origin of animals), the expansion to the ProtoHox cluster, the duplication
into the Hox and ParaHox clusters, and then finally the origin of the bilaterians and their
subsequent explosive radiation. Consequently the time that elapsed between the origin of the
Hox cluster and the divergence of the bilaterian lineages may well be only a few million years,
and a shorter period of time than has elapsed since the divergence of the various Drosaphila
lineages, in which no global Colinearity mechanism exists and yer still only a few viable Hox
cluster breaks have evolved. It may thus be perfectly plausible that the ancestral Hox cluster was
conserved as a cluster, by enhancer-sharing for example, without the constraint of a global
Colinearity mechanism until the Bilateria diverged, and then lineage-specific Hox Colinearity
mechanisms evolved after the bilaterian divergence (Fig. 51i).

It has been postulated that two of the best-studied model organisms with regards to Hox
gene function (namely Drosophila and mice) control and use their Hox genes in fundamentally
different ways—flies are ‘qualitative’ whilst mice tend to be ‘quantitative’.! Perhaps we cannot
see the mechanistic connections and commonalities because we are dealing with the two ex-
tremes of a continuum. Other taxa must be studied, with less specialised, derived modes of
development than the fly, and less redundancy than the mouse (i.., a single cluster instead of
four). This may well help us to penetrate the evolutionary fog accumulated around mice and
flies. Despite the extreme situation with flies and mice we do still have some mechanistic start-
ing points from fly-mouse comparisons. Both use Polycomb/Trithorax group genes to r%ulate
their Hox genes,7 and both have boundary or insulator elements in their Hox clusters, 80 25
well as microRNAs.8! Do other taxa? Are these Hox-specific mechanisms, or tools used b
other clusters of genes (Polycomb group complexes are widespread across the chromosomes,
and interactions of protein-coding genes with microRNAs are common)?8? Are they integral to
the (ancestral) mechanisms of Colinearity? There are many open questions, and we are at a very
early stage in understanding Hox Colinearity.
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Figure 5. Is there a homologous mechanism of Colinearity amongst different bilaterian lin-
eages? The Hox cluster evolved by tandem duplications from an ancestral ArcheHox gene
(yellow). Evolution by tandem duplication could well have resulted in enhancer-sharing by
multiple genes (curved arrows). In scenario (i) a Colinear mechanism (orange box) evolved
before the divergence of the different bilaterian lineages. In the separate lineages further
lineage-specific Colinear mechanisms evolved (blue, purple and brown boxes), and in some
lineages the ancestral Colinear mechanism is lost and the cluster subsequently broken after the
removal of this evolutionary constraint (discontinuous horizontal lines). In scenario (ii) the
prevalence of enhancer-sharing in the ancestral Hox cluster results in viable breaks in the
cluster being very unlikely. Consequently the cluster is maintained until after the divergence
of the bilaterian lineages. Subsequently lineage-specific Colinearity mechanisms evolve in
some lineages, whilst in others sufficient time eventually elapses for viable cluster breaks to
evolve. A color version of this figure is available online at www.Eurekah.com.
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Conclusion

From the earliest molecular days of the Hox cluster some of the fundamental elements of
the evolution of the cluster were known, e.g., tandem duplication and Colinearity. But in the
intervening years significant shifts have occurred: origin from a ProtoHox cluster, extensive
cluster disintegration, distinct patterns of gene evolution across the cluster (such as Posterior
versus Anterior), and between groups of animals, e.g., Ecdysozoa, Lophotrochozoa,
Deuterostomia. Looking to the future many fundamental questions remain, such as the ances-
tral composition of the cluster {for animals as a whole, for basal bilaterians and eubilaterians,
and for each of the major clades of Ecdysozoa, Lophotrochozoa and Deuterostomia), when did
the ProtoHox to Hox/ParaHox transition occur, are there general cluster-wide mechanisms
constraining the cluster across the animals, or is the conservation of clusters mechanistically
different in separate lineages (if so was there an ancestral mechanism or does the cluster simply
reflect the mode of gene evolution by tandem duplication)? Hox cluster sequencing from a
greater diversity of taxa, combined with gene expression work in the light of the organization of
the relevant clusters, and ultimately elucidation of gene regulation mechanisms in a diversity of
taxa, will hopefully one day show us how and why the Hox cluster exists.
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CHAPTER 5

Evolutionary Genomics of Hox Gene Clusters

Sonja J. Prohaska, Peter F. Stadler and Giinter P. Wagner*

Abstract
he evolution of Hox clusters in vertebrates follows different patterns than those of
in-vertebrate clusters. More stringent structural constraints in vertebrates are apparent
from dghter cluster organization and the systematic expulsion of repetitive material.
We speculate that the tendency of vertebrates to maintain Hox clusters after genome duplica-
tions might be related to these stricter constraints. Duplications may temporarily lift these
constraints, thereby opening a window of adaptive opportunity for functional differentiation
of the Hox genes that eventually leads to their fixation.

Introduction

Hox genes were the first family of developmental genes who were recognized as being shared
among widely different animals.! This made them the paradigmatic example for a new ap-
proach to evolutionary biology which promises to transform the way evolutionary biology can
be pursued. The importance of this discovery has two dimensions, a technical and a concep-
tual. The technical dimension is that homologs of Drosophila Hox genes where found in mouse
because of a conserved sequence motif, called the homeobox. The conservation of these se-
quence motives among very distantly related animals offers the opportunity to clone and study
developmentally relevant genes in a large number of nonmodel organisms. Hence it is possible
to study development not only in a hand full of phylogenetically ill-placed model organisms,
arguably unsuitable for rigorous evolutionary inferences. Instead, we now can study the devel-
opmental genes of almost any species we chose to compare.

Of equal importance as the technical advance is the conceptual continuity established among
animals with different body plans through the discovery of a shared developmental-genetic
machinery. Ever since biological diversity became the subject of scientific study it was clear that
extant diversity comes in two kinds: at the one hand the rich gradual diversity with a clear
hierarchical structure of species sharing the same basic structure or body plan, as the insects
and the fishes. On the other hand, there are life-forms which do not seem to have much, if
anything, in common, like echinoderms and mollusks and vertebrates. Georges Cuvier? put
them into separate “embranchments” basically recognizing the fact that the body structure is
incomparable with anatomical means. Traditionally these life forms have been called “body
plans”, and animals with different body plans are classified in different phyla. The problem
with understanding the evolution of body plans is that one needs very detailed knowledge of
cytology, microanatomy and embryology to find any commonalities among these animals. For
instance, the embryological origin of the mouth opening can be used to classify phyla into
proto- and deuterostomes; The micro-structure of the flagellum and the adjacent cell cortex
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connects the single-celled choanoflagellates and multicellular animals. This situation changed
radically by the realization that anatomically as fundamentally different animals as mice and
flies still have recognizably homologous developmental genes and that their body axis is pat-
terned by similar mechanisms. Not only did this confirm continuity among flies and mice in
the sense of phylogenetic history but also holds the promise to lead to a mechanistic under-
standing of macro-evolutionary diversity. After all these genes are directly involved in the de-
velopment of “body plan characters” and thus their evolution may be also linked to the evolu-
tion of body plan characters. Needless to say that we have not yet arrived at this level of
understanding, but it is clear that it is critical to gain a deeper understanding of the evolution
of these genes and the forces that shape them to eventually arrive at a narrative that connects
even the most dissimilar organisms into a unified picture of nature.

Our objective in this chapter is to summarize the current knowledge of the molecular evo-
lution and genomics of Hox gene clusters with a special emphasis on the evolution of Hox
clusters in chordates. For a review of the early history of Hox gene clustets, see the chapter by
Ferrier in this volume.

Hox gene clusters have been a particularly charismatic example for the evolution of develop-
mental genes and their connection to body plan evolution. The differences between the Droso-
phila and the mouse Hox gene families are suggestive of evolutionary progress. In Drosophila
the Hox genes are found in two closely linked clusters on the same chromosome, which is a
situation that was later found to be derived form a single cluster.? In the mouse, in contrast, it
was found that there are 39 Hox genes in four clusters on four different chromosomes.* This
difference in Hox gene number and organization makes sense in the light of the perceived
higher complexity of the mammalian body plan as compared to that of a fly. This view was
further reinforced by reports that suggested a scala naturae like relationship between the num-
ber of Hox clusters and body plan complexity with one cluster in nonchordates, two in Am-
phioxus, three in lamprey and four in mammals and other gnathostomes.> This and similar
reports, however, were based on PCR surveys or Homeobox fragments.6 These methods are
very useful as a first view of the Hox gene complement of a new species but are inherently
inaccurate when it comes to the estimation of total Hox gene and Hox cluster number. It soon
became clear that the situation is much more complex and that a simple linear relationship
between perceived body plan complexity and Hox cluster number does not describe the situa-
tion. Amphioxus was found to have only a single Hox cluster, although with 14 genes,” zebrafish
and fugu were found to have seven Hox clusters.®” The situation in lamprey is still unresolved,
in spite of major efforts by leading labs in the field (see below), and the correlation between
major evolutionary events in vertebrate phylogeny and Hox cluster evolution is questionable,'®
although in the ray-finned fishes a close association between Hox cluster duplication and the
teleost radiation has been established.!!

When one studies the evolution of Hox genes it is useful to keep three basic insights in
mind:

1. Hox cluster and Hox gene number increase is not necessary for evolutionary innovations.

This was first shown by Sean Carroll'? who pointed out that insects and other invertebrates
are very productive in terms of body plan innovations and evolutionary success without an
obvious connection to Hox cluster duplications. Even in vertebrates the arguably most mo-
mentous evolutionary advances, like the origin of terrestrial forms (tetrapods), mammals and
birds occurred without an expansion of the Hox gene complement. That does not mean that
Hox genes played no role in these events. In the case of mammals they cerrainly experienced
directional selection (see e.g., ref. 13), but it is not necessarily the number of Hox genes and
clusters that martered in these events.

2. Hox gene duplication in itself does not cause evolutionary innovations.

For instance, the genomes have been duplicated multiple times in the genus Xenopus,'4 an
additional duplication happened in the salmonids'> but in neither case is there an association
with an evolutionary novelty.
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3. Hox clusters are often duplicated, but only a small fraction of the duplicated clusters has
been maintained.

In animal phylogeny Hox genes and Hox clusters duplicate at least as often as genomes
duplicate, but only a small fraction of these events led to the permanent establishment of
additional Hox clusters. An-amniotes have a very high frequency of genome duplications, par-
ticularly well documented in fish and amphibians, but so far only up to 8 clusters created in
three different duplication events have been found. There are other Hox clusters found in
fishes, as in Salmonids'®17 and paddlefish, a basal ray-finned fish (Crow, Amemiya and Wagner
in preparation), but these are relatively recent events and it is not clear whether they will be
retained in the long run.

Clearly the evolutionary history of Hox genes in vertebrates and their role in body plan
evolution are far from understood, and maybe we even need to rethink the questions we are
asking about their evolution,'®"?

Genomic Features

As pointed out above, it is clear that Hox gene genomics has no simple relationship to
developmental evolution. It is necessary to understand the history and dynamics of Hox cluster
evolution in its own right before we can sort out its contribution to other evolutionary phe-
nomena like the evolution of body plans. Here we review differences in the variational tenden-
cies and genomic organization between chordate Hox clusters and that of most other inverte-
brate Hox clusters, which may account for the different evolutionary dynamics found in chordates
as compared to most of the remaining evolutionary history.

Loss of Hox-Cluster Integrity in Invertebrates

There is a striking difference between the tightly linked compact Hox clusters of all verte-
brates studied so far and the much looser organization of this gene system in invertebrate
species. Indeed, while all gnathostome Hox clusters appear to be intact, an unfragmented and
uninterrupted lineup of Hox genes as in the cephalochordate Branchiostoma floridae®® seems to
be the exception rather than the rule in invertebrates.

In some lineages we observe a massive loss of Hox genes. The nematode Caenorbabditis
elegans, for example, has only 6 Hox genes arranged in 3 separated pairs that are spread widely
across SMb of chromosome III. The gene loss is restricted to the nematode lineage, as
nematomorphs have 11 genes, including the full set of at least 9 protostome Hox genes.”"?

At least three different splits have been reported in the Hox clusters of various Drosophilids,
see refs. 23,24 and the references therein: Antp//Ubx, Ubx//Abd-A, and lab//pb. In these cases,
however, the loss of cluster integtity is not associated with a loss of Hox genes. A similar situa-
tion has been observed in Bombyx mori.?

As a representative of the lophotrochozoans, only the parasite Schistosoma mansoni has been
studied w..t. cluster integrity.” Using FISH it was show that three Hox genes (SmHox 1, SmHox4,
SmHox8) localize to chromosome 3 and the long arm of chromosome 4. In silico analysis of the
available genomic data shows a presumably unduplicated schistosome Hox cluster both dis-
persed and disintegrated in the genome.

In contrast to the canonical Hox cluster of the cephalochordate Branchiostoma floridae, all
other basal deuterostome lineages studied so far show drastic rearrangements. In the echino-
derm Strongylocentrotus purpuratus there is a tighr%y linked cluster which, however, has under-
gone a series of internal rearrangements (Fig. 1).2

In urochordates, the cluster has disintegrated with fragments distributed over two chromo-
somes in Ciona intestinalis*®3® An extreme case is the larvacean Oikopleura dioica, which shows
a complete loss of Hox cluster integrity.®! In this species all Hox genes are separated at least
several 100kb from each other. Furthermore, there is a lineage specific duplication of Hox9 and
several other homeodomain proteins which could reflect a rediversification of the homeobox
gene complement following major group losses.>>
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Figure 1. Examples of Hox gene systems that lost cluster integrity. Schematic drawings are not
to scale. Grey bar indicate chromosomes where known, white boxes indicate tightly linked
sections. For unfinished genomes, white boxes imply location of the genes on the same scaffold
in the assemblies. The direction of the individual scaffolds on the Ciona intestinalis chromo-
somes is arbitrary, the orientation within each scaffold is correct. In Oikopleura dioica, all Hox
genes are located on different scaffolds.

Repetitive Elements: Differences between Vertebrates and Insects

In contrast to their invertebrate counterparts, gnathostome Hox gene are compact (100kb
instead of 400kb in Amphioxus or almost 1Mb in the sea urchin), uninterrupted, and even
exhibit highly conserved intergenic distances, (see e.g., refs. 33-35). These facts suggest that the
gnathostome Hox clusters have to satisfy much tighter organizational constraints than their
invertebrate counterpargs. Strikingly, the vertebrate Hox loci are part of highly conserved ex-
tended syntenic blocks.>

The distribution of interspersed repetitive elements at the genomic locus of the Hox clusters
reflects its organizational constraints. Repetitive elements are dramatically depleted i in, the core
of Hox clusters compared to the regions upstream and downstream of the Hox cluster.”” Figure
2 displays the situation for the HoxA cluster of the armadillo as an example.

Two characteristics of mobile genetic elements might be responsible for this effect. First,
repetitive elements are a base for chromosomal Jearrangements. An enhanced frequency of
transposon-mediated inversions in Drosop/nla was proposed as a possible cause for the
fragmentation of the Drosophila Hox cluster.®® In addition, transposable elements have been
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Figure 2. Dot plot of the armadilio ENDCODE region EN010 including the HoxA cluster. The
cluster is located at the region from 249000 (evx 1), 293000 (hoxA13) to 394000 (hoxA1). The
sequence similarity is denoted by the color from high similarity (black, violett, red) to low
similarity (green, blue, cyan). Off-diagonal dots indicate repetitive elements. The off-diagonal
dots within the Hox cluster show the similarity of the homeodomains. A color version of this
figure is available online at www.Eurekah.com.

reported close to Hox genes in several of the organisms with fragmented Hox clusters discussed
above. Second, repetitive elements can show regulatory activity and this might influence Hox
gene expression. For instance, Human Al elements often function as RNA polymerase III
promoters. In some cases the regulatory abilities of mobile DNA elements are used by the
host. %41 In general, however, we expect that any interference with the tight cross-regulatory
network of a Hox cluster will be detrimental to its function.

Further evidence for negative selective pressure to exclusion of repetitive sequences comes
from the length of repetitive elements in Hox clusters. In the clusters with highly reduced repeat
density, the remaining repeats are also shorter independent of the type of the repetitive elements.>”

A more detailed analysis shows that repetitive DNA is not evenly distributed in gnathostome
Hox clusters. They predominately accumulate in regions where Hox genes have been lost in the
aftermath of the 2R genome duplication, namely in the IGR between hoxB13 and hoxB9, at
the 3' ends of the HoxC and HoxD clusters, as well as at the 5" end of the of the HoxA cluster,
(Fig. 3). The density of repeats in the intergenic regions between hoxB13 and hoxB9 is almost
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Figure 3. Distribution of the fraction repetitive elements in the intergenic regions of gnathostome
Hox clusters. The density of repeats averaged over 100000nt up- and downstream of the cluster
and for the intergenic regions between the indicated Hox genes. The “invasion” of repeats from
the cluster ends is clearly visible in the mammalian clusters (left). The protostome clusters
(right) do not show repeat exclusion. The few repeat-free intergenic regions in the protostome
clusters are probably counting artifacts since the corresponding sequence intervals are very
short: 286nt between php-3 and nob-1 in C. elegans, 2531nt between bc and zen in D.
melanogaster. (Updated from ref. 37.)

the same as in the regions adjacent to the cluster. The same effect can be observed for the
recently duplicated Hox clusters in teleost fishes (Fig. 12).

Tight cluster organization as highlighted by the exclusion of repetitive sequence elements
may in fact be a gnathostome innovation since a significant reduction of repetitive sequences
can be observed only in gnathostome lineages.

Noncoding RNA within the Hox Clusters

It has become clear over the last year or two that only a tm;f fraction of the transcriptional
output of the human genome are protein- -coding mRNAs.*2*” Most of these novel transcript
have limited or no protein-coding potential.

Antisense transcription has been implicated in various mechanism of gene regulation, in-
cluding RNAij-like degradation of the corresponding sense transcripts, gene silencing at the
chromatin level, and bzr means of competition of sense and antisense transcription. Global
transcriptome analysis’~ shows that a large proportion of the genome can indeed produce tran-
scripts from both strands. A recent map of the human HoxA cluster based on data from the
ENCODE project shows that the number of anti-sense transcripts in this region rivals the
number of sense genes (Fig. 4). EST darta, where available, suggest a similar picture for the
other mammalian Hox clusters. The evolution of these nonHox members of the Hox clusters
has not been studied systematically so far.

The mammalian HoxA cluster contains one of the better-known antisense transcripts, the
hoxAI 1-AS gene, which is located upstream of hoxA11. This gene is conserved among mam-
mals®® and appears to functions by transcriptional interference, repressing HOXAL1 expres-
sion by competing for transcription, rather than by sense/anti sense interaction.” Just as the
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Figure 5. Evolution of microRNAs located within the Hox cluster (updated from ref. 57). Medaka
appears to have lost the mir-196-Ba gene which is present in Danio, Fugu, and Tetraodon.

Hox genes themselves, the anti-sense transcripts in general are processed in several
splice-variants. A prominent example in the HoxB locus is the small (6 kDa) nuclear protein
PRAC, which is located about 4kb downstream of hoxB13 on the same strand. The PRAC
gene encodes a 382 RNA found in prostate, rectum, distal colon, and in three prostate
cancer cell lines> and is at present the only known protein coding gene to have “invaded” a
mammalian Hox cluster in sense direction. A related gene, PRAC2, is located between PRAC
and hoxBI13 on the opposite strand.>®

Few “classical” RNAs are located within the Hox clusters: Three families of microRNAs are
known to be located within the Hox gene clusters (see Fig. 5).>”°® The known mir-10 se-
quences are located between hox5 and hox4 in vertebrates and, correspondingly, between Dfd
and Scr in arthropods. Of all genomes considered here, mir-10 was absent only from the two
nematodes and from urochordates.

Vertebrate homologs of mir-10 were found in HoxB, HoxC, and HoxD clusters of
gnathostomes, while they are absent in all investigated HoxA clusters including shark, latim-
eria, bichir, various teleosts and tetrapods. The mir-10 copy in the HoxC is present only in
teleosts, Xenopus and Latimeria. A mir-10 homolog was identified in the sea urchin
Strongylocentrotus purpuratus. As expected it is found upstream of ox3”’ lending credibility to
the idea that mir-10 is associated with an evolutionarily conserved hox3-transcript that has its
transcription start upstream of hox4 (which is lost in sea urchins).>*>”

The second family of microRNAs, mir-196, is located upstream of hox9 and regulates hox8
mRNAs.% No invertebrate homologs of mir-196 were found, the oldest representative of this
family is a lamprey mir-196 sequence located downstream of the PG10 gene HoxW10a in
Petromyzon marinus.t! All gnathostome mir-196 sequences are located in the HoxA, HoxB, and
HoxC clusters, while no candidates were detectable in any of the available HoxD cluster se-
quences.

In insects, the unrelated microRNA izb-4 is analogous to mir-196.° It is located in the
corresponding region between AbdB and AbdA and interacts with Ubx.5? We find that this
sequence is conserved in a larger group of insect species but probably not even throughout the
arthropod clade.
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Chordate Hox Cluster History: How Little Do We Know?

Is the Amphioxus Cluster Ancestral?

See contribution by D.E.K. Ferrier in this book for a discussion of the evolution of Hox
clusters in basal deuterostomes, in particular echinoderms and hemichordates.

The closest relatives of vertebrates are the cephalochordates, i.e., Amphioxus and its rela-
tives, and the hemichordates. Traditionally the cephalochordates have been considered the sis-
ter taxon of vertebrates forming the chordate clade. This view has been challenged recently
claiming that the hemichordates are closer to vertebrates than the cephalochordates.®? For the
discussion of the ancestral Hox clusters of vertebrates this ambiguity is irrelevant since the
hemichordate Hox clusters are so detived (see section “What Happened in Agnate Vertebrates?”)
that they give no information about the ancestral situation for vertebrates. The only Hox clus-
ter organization that could be representative of the ancestral situation is that of Amphioxus.

Amphioxus has been found to have a single 400kb cluster with 14 Hox genes. It is pretty
clear that the Hox genes 1 to 10 are orthologs of the corresponding paralog groups in the
gnathostomes, but the situation is less clear with the Abd-B related genes, PG 11, 12 and 13.
The traditional criterion for orthology based on gene tree reconstruction does not support the
hypothesis that the Amphioxus genes 11, 12 and 13 are orthologous to the PG 11 to 13. In the
gene tree analysis the Amphioxus and the vertebrate genes form separare clades (Fig. 6) suggest-
ing that the 5’ genes originated independently in the cephalochordate and in the gnathostome
stem lineage. However, the recent discovery of haxI4 paralog group genes in basal gnathostome
lineages changes the balance of evidence in favor of the hypothesis that the Amphioxus Hox
cluster represents the organization of the ancestral vertebrate Hox cluster. PG 14 genes are
different from other chordate Hox genes as they have an intron in the Homeobox. This is
presumably the reason why this group was not discovered eatlier, since this intron affects the
target sequence of the “universal” Homeobox primers®**® and thus prevents the detection of
these genes in PCR surveys. Powers and Amemiya® have shown that there is a Hox gene 5' of
the hoxA13 in Latimeria and of hoxDI13 in shark which is similar to the Amphioxus fox/4
gene. These PG14 genes have presumably been lost in the more derived gnathostomes. Their
presence in basal lineages, however, makes it very likely that the Amphioxus Hox gene cluster
structure and gene complement is representative of the ancestral vertebrate Hox cluster.

If the Amphioxus Hox genes are orthologs of the vertebrate paralog groups the question
arises why the sequence comparison of the 5" Hox genes leads to the wrong gene tree. Peter
Holland and his colleagues argue that the higher rate of 5' Hox gene evolution, a.k.a. terminal
flexibility, leads to long branch attraction and thus to misleading phylogenetic signal.” An
alternative has been advanced by Campos and colleagues®™ suggesting that the coevolution of
Hox genes with their protein-protein interaction partners could also lead to the same recon-
struction artifact. A better understanding of the protein-protein interaction partners of 5 Hox
genes and their evolution will be necessary to distinguish between these alternatives.

What Happened in Agnate Vertebrates?

The earliest vertebrates found in the fossil record are jaw-less.%® Only two jaw-less groups
are still alive, the lamprey (Hyperoartia) and hagfish (Hyperotreti).*® These lineages are consid-
ered recent offshoots of the large radiation of jaw-less vertebrates at the base of the vertebrate
phylogeny.”® Their phylogenetic affiliation, however, is unclear, both in terms of their relation-
ship to the jaw-less groups of fossil vertebrates as well as their relationship to each other. On
morphological grounds, lamprey and hagfish are often considered paraphyletic to jawed verte-
brates.”! In contrast, most molecular phylogenies suggest that lampreys and hagfish form a
monophyletic clade which is the sister taxon to the jawed vertebrates,”®’%77 with few dissent-
ing voices.”®”
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Figure 6. Neighbor-joining tree of the homeobox sequences of the Hox class transcriptions
factors from Amphioxus (Branchiostoma floridae, marked by @) and for Homo sapiens.
Gnathostomes clusters are labeled A through D. (Updated from ref. 64.)

PCR surveys™® and genomic mapping data®'8! of Petromyzon marinus as well as individual
genes from other species (Lethenteron japonicum)®® and (Lampetra fluviatilis)® indicate that
lampreys have at least three, and probably four or more, Hox clusters (see Fig. 7 for details).

Despite recent efforts, the evolutionary history of the lamprey Hox genes and their relation-
ship with the quadruplicate mammalian Hax clusters is far from being resolved, however. To-
gether with evidence from other gene families®>®” one can rather safely conclude, however,
that lampreys Hex clustets have undergone at least one independent round of duplications. At
present, the only firm conclusion is that lamprey have at least three Hox clusters. The difficul-
ties in obtaining linkage information reported in refs. 61 and 81 suggest that Hox clusters
might have broken up in lampreys, or, alternatively, that the known lamprey Hox genes stem
from more than 3 or 4 clusters.

A PCR survey of the hagfish Eptatretus stouti provides evidence for at least 33 different Hox
genes in the hagfish genome.® The number of homeobox fragments identified per paralog
group is very variable and ranges from zero in group 12 to seven in group 9 (Fig. 8). This data
is most consistent with the hypothesis of multiple clusters, but in itself can not provide evi-
dence for physical linkage between the genes.

The small homeobox fragments from PCR surveys provide insufficient phylogenetic signal
to reconstruct a detailed gene phylogeny. Nevertheless, at least two gene pairs are very likely
first order paralogs® supporting the conclusion that independent Hox cluster duplications
must have taken place in the hagfish lineage. This situation is similar to the findings about
lamprey Hox genes, which, within a paralog group, are predominantly®®8%8! or perhaps even
exclusively derived within the lamprey lineage.®? Hence it is possible that no Hox cluster dupli-
cation may have happened in the stem lineage of vertebrates, i.e., prior to the most recent
common ancestor of Recent jaw-less and jawed vertebrates.
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Figure 7. Hox clusters in Petromyzon marinus. Top) Summary of the known genes from PCR and
cDNAdata.>%"8982 Dashed boxed indicate PCR data only, physical linkage is indicated by aline.
The sequences of paralog groups 5, 6, and 7 are insufficient to resolve their mutual relationships.
Recentstudies on the origins of jaws were performed on different species (Lethenteron japonicum
and Lampetra fluviatilis).®* The Lethenteron data possibly contain 2 or 3 additional paralogs.
Below) Buneman graphs of the homeobox sequences for paralog groups 11, 10, and 4. The “fit”
value is the fraction of total distance that is resolved into splits, the “split-prime” remainder can
be interpreted as noise. Distances are given as relative frequency of mutations. Abbreviations:
Hs: Homo sapiens, Hf. Hetrodontus francisci (horn shark), Bf: Branchiostoma floridae (Am-
phioxus), Pm: Petromyzon marinus (lamprey).

A Quartet Mapping analysis of the support for the three possible gene trees among Am-
phioxus, lamprey, hagfish and gnathostome Hox genes (Fig. 8), however, yields a surprising
result: There is weak but distinctive support for the unrooted tree which associates some of the
hagfish genes with gnathostome Hox genes: ((H,G)(A,L)). In contrast, there are only two rooted
phylogenies for the major recent chordate taxa currenty under discussion: (O(A(H(L,G)))),
and (O(A((H,L)G))), which molecular phylogenies favoring a monophyletic status of a hag-
fish/lamprey clade. Either phylogenetic hypothesis together with the Quartet Mapping data
and the results for lamprey summarized above have two implications. First they suggest that
there was more than one Hox cluster in the most recent common ancestor of gnathostomes and
cyclostomes. This conclusion is inferred from the significant association between hagfish Hox
genes with gnathostome Hox genes. This interpretation is consistent with the 2R hypothesis.”®
Second, the results imply that the Hox gene situation in lamprey must be highly derived with
many Hox gene lineages extinct and replaced with more recent duplicates.

A plausible scenario for the evolution of the Hox gene clusters runs as follows (Fig. 9):

1. The first duplication of the cephalochordate Hox cluster occurred in a common ancestor of
gnathostomes, lampreys and hagfishes. The redundancy introduced in the duplication was
resolved differently in these three groups.

2. While hagfishes and gnathostomes retained a large number of first order paralogs, the re-
dundant genes were essentially lost in the lamprey lineage.

3. A further round of duplication lead to the four gnathostome clusters.

4. Two independent rounds of duplications occurred in both the lamprey and hagfish
lineages.
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Figure 8. Hox genes in Eptatretus stouti. Top) Summary of
PCR results. Middle: Quartet mapping® of the Hagfish hox8
and hox9 sequences sequences in comparison with Am-
phioxus, lamprey, and gnathostome sequences from the

Summary of quartet mapping

Tree Mean sdv same paralog group. The circles indicate the mean fraction

(center) and the standard deviation (radius). Pooling the
(HAXG,L)  0.306 0.016  data(right) yield a weak but significant support for the phy-
(H,GYAL) 0.367 0.013 logenetically least plausible tree (H,G),(L,A). H, G, L, A
(HUGA) 0327 0.012 denote hagfish, lamprey, gnathostomes, and Amphioxus,

respectively. (Updated from ref. 82.)

The Four Canonical Gnathostome Clusters

All available evidence supports the hypothesis that all gnathostomes share a system of four
Hox clusters that arose as a consequence of genome duplications that predate the most recent
common ancestor of all recent gnathostomes.?>*® In particular, the the shark HoxN cluster is
orthologous to the mammalian HoxD cluster, while shark HoxM is orthologous to the mam-
malian HoxA cluster.”!?? Additional support comes from the existence of a shark HoxB cluster,
whose microRNAs are discussed.”’

Of course these inferences do not imply that all Gnathostomes have to have at least one
homolog for each of the four canonical Hox clusters. For instance, even thought there is ample
evidence thar the shark Heterodontus has orthologs of the HoxA and HoxD clusters, and a
HoxB cluster has been isolated, there is no trace of a HoxC cluster, in spite of intense efforts
(Ruddle and Amemiya, personal communication). The final resolution of that matter will only
come with a shark genome sequence, but for now there is no positive evidence for the existence
of a HoxC cluster in chondrichthyan fishes. The possibility that one of the Hox clusters was lost
in the shark lineage is not too remote if the Hox cluster duplication happened shortly before
the bony fish-cartilageous fish split. If there was no strong selection for the diversification of
the newly arisen HoxC cluster in the shark lineage, the HoxC cluster could have been lost
without negative consequences.
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Figure 9. A plausible history of Hox cluster duplications that is consistent with the available data.
Double bars indicate duplication events, the single bar indicates the loss of one gene in (almost)
all paralog groups in the lamprey lineage.

The phylogenetic relationships among the four canonical clusters is hard to determine. Of
the three possible un-rooted four taxon trees only the topology can be excluded based on
current evidence. Most of the analyses using Hox gene sequences alone favor the topology,
while the analysis of 5 genes and of collagen genes linked to the Hox clusters suggest a topol-
ogy.”> The latter analysis clearly showed that the internal branch in either tree is very short but
significantly larger than zero, i.e., the likelihood of the star topology is significantly lower than
that of topologies with an internal branch. This result suggests that the four clusters arose in
two clearly separated duplication events. If duplicated Hox genes have a tendency to diverge
asymmetrically, as shown for most duplicated genes, long branch attraction would favor the
wrong phylogeny, clustering the faster and the slower genes rather than the true first order
paralogs.

The Ray-Finned Fish Hox Cluster Number Expansion

The first clear evidence that fish (here meaning actinopterygian) Hox cluster situation dif-
fers from the canonical four clusters came from the discovery of seven Hox clusters in the
zebrafish.® The extent of this phenomenon, however, was not clear for a long time, i.e., whether
this was a special feature of or within the cypriniform clade or extended to all ray-finned fishes.
Initially the Hox cluster complement of Fugu was reported as being a canonical four cluster
situation® and it was not until 2004 that this was corrected by the work of another lab.” It was
found that the southern pufferfish Spheroides nephelus, as well as the medaka Oryzias latipes (see
ref. 35 for description of the complete Hox cluster), also have seven Hox clusters, but the
additional clusters are paralogs of the clusters A, B, and D, while in zebrafish they are dupli-
cates of A, B, and C. Gene tree analysis confirmed that the duplicated A and B clusters are
ortholog to those of zebrafish and thus that zebrafish and pufferfish are probably derived from
a common ancestor which had a duplicated set of eight Hox clusters. The differences between
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zebrafish and pufferfish are thus likely to be due to differential loss of one HoxD paralog cluster
in the zebrafish lineage and one HoxC paralog in the pufferfish lineage after lineage splitting. A
more extensive analysis of all Hox gene sequences of fishes largely confirmed this picture al-
though the question of whether the HoxC genes have been duplicated coincidentally with the
HoxA and HoxB genes was not possible to resolve.”

Based on an analysis of syntheny data in the zebrafish and fugu genomes Taylor and col-
laborators”® have concluded that the “fish specific” Hox cluster duplication occurred in the
context of a genome duplication which happened in the ray-finned fish lineage. A molecular
clock estimate of the timing of this event suggested an age of 320 Mio years for the fish specific
paralogs.”” Since the timing of the major splits in the fish phylogeny are poorly known (Gauthier,
personal communication) this data does not allow us to place the event on the fish phylogeny,
i.e., it does not allow us to say how inclusive the clade of ray-finned fishes is that shares these
duplicated Hox clusters.

A recent gene tree analysis of Hox genes from a wider variety of ray-finned fishes showed that
the Hox cluster duplication was practically coincidental with the initial radiation of the Teleost
clade.!! This confirmed earlier reports which suggested that the HoxA clusters of bichir, the most
basal ray-finned fish lineage and the paddlefish, member of the second most ancient lineage of
ray-finned fish, diverged prior to the duplication of the zebrafish and fugu HoxA clusters.”®”’
Ancestral sequence reconstruction further provided evidence that the Hox cluster duplication was
probably only 7 Mio years prior to the most recent common ancestor of all teleosts, or at most 14
Mio years prior to the crown group teleost node. Hence this evidence shows that the basal ray-finned
fishes, like bichir, sturgeons, Amia and gars diverged prior to the Hox cluster duplications. The
relative dating of duplicated nonHox genes also suggests that these originated ?rior to the teleost
radiation and after the divergence of gars and the other basal ray-finned fishes.'® Taken together
these two studies further support the hypothesis that there was a genome duplication coincidental
with the radiation of the teleosts which produced the “fish specific” Hox clusters.

Overall the data about the duplication of Hox genes in the ray-finned fish lineage is the best
documented association between a genome duplication event and a major adaptive radiation,
which led to the largest clade of recent vertebrates (24,000 species). The timing of the other
Hox cluster duplication events in early vertebrate history are too poorly constrained to allow
inferences whether they are associated with a major evolutionary event.

Recent Duplications

A diverse collection of vertebrate species has undergone recent tetraploidizations, which of
course also doubled the Hox gene inventory.

Species in the family Salmonidae are believed to have evolved from an ancestor in which
an autotetraploidization event occurred 25 to 100 million years ago.!® Salmonid Hox cluster
complements seem to be more similar to those of zebrafish (Danio rerio) than medaka (Oryzias
latipes) or pufferfish (Sphoeroides nephelus and Takifugu rubripes), as both Atantic salmon
and rainbow trout have retained a HoxCb ortholog, which has been lost in medaka and
pufferfish but not in zebrafish.'®17

The amphibian Xenogus is comprised of a series of polyploid species that arose by
genome-wide duplication.'®! Most genes, with the exception of certain immune genes, are
found in two sets.!%? Differential positive selection in two HoxB7 paralogs in this lineage is
discussed in reference 103.

Several cyprinid lineages are also polypoloid,'®* including goldfish, whose Hox genes are
discussed in reference 105.

The Effects of Duplication

Gene Loss
Duplicated genes are subsequently lost at a rate between 50 to 70% depending on the
study organism (for further references see ref. 109).19198 Eor Hox genes, the retention rate
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Figure 10. Gene loss in the vertebrate lineage. Data combined from references 17, 112, 113
and references therein. Red number give the number of Hox genes lost along each edge. The
nonHox even-skipped gene is indicated in a different color. Pseudogenes have broken outline.
A HoxC cluster has not been reported in shark so far. A color version of this figure is available
online at www.Eurekah.com.

of duplicated genes highly variable. In between the first and the second duplication 36% of
the genes duplicated in the first Hox cluster duplication where lost. After the second duplica-
tion about 30% of the genes where lost in the mammalian lineage. These numbers are lower
than those from other genes cited above. In contrast the “fish specific” Hox cluster dupllca-
tion is associated with a loss of 88% in the zebrafish lineage and 93% in the Fugu lineage.'8
The higher fraction of gene loss in the teleosts can not be explained by different amounts of
time that have passed since the duplication, because the “fish specific” duplication is much
more recent than the gnathostome, i.e., second duplication. It thus seems that the likelihood
of retention of duplicated genes has declined in vertebrate phylogeny from levels above the
average of other genes to rates much lower.

The process of reducmg the redundancy that arose through the duplication has been very
slow and presumably is not yet completed.!*® This view is supported by the existence of a
number of easily identifiable Hox pseudo-genes. In Figures 10 and 11 we summarize the his-
tory of gene losses in the wake of the 2R and 3R genome duplications, respectively. The loss of
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Figure 11. Gene loss in teleost fishes. Teleost fishes for which at least a complete Hox gene
inventory is known from genomic sequencing are shown in bold font. For the other species
given only partial information is available. The loss of HoxAZ2a in zebrafish is very recent, after
the divergence of zebrafish and goldfish lineages.''* Colored lines indicate the maximal evo-
lutionary time period for the loss of genes denoted by the same color. Boxed gene names
represent the conversion into pseudo-genes, i.e., a loss event which is still in progress. It seems
plausible to assume that the conversion of genes to pseudo-genes occurred close to the leaves
of the tree, while gene loss that did not leave detectable traces occurred much earlier. (Updated
from ref. 95.) A color version of this figure is available online at www.Eurekah.com.

hoxB7a in some but not all pufferfishes appears be very recent,!'? the conversion of hoxA7a
into a pseudo—%ene independently occurred in zebrafish and the pufferfish lineages (and again
in the bichir),""! while the loss of #oxB8a occurred early in part of the percomorpha lineages.
Additional recent gene loss has been reported in Lissamphibia.''?

As discussed above, Hox gene loss is in general accompanied by cluster shrinkage and the
appearance of repetitive elements at sites of lost genes. This is clearly visible both for the
gnathostome clusters following the 2R duplication (Fig. 3) and for the teleost-specific duplica-
tion (Fig. 12). For instance, the HoxAb and HoxBb clusters of the zebrafish show this effect
quite dramatically.

Adaptive Evolution in Coding Sequences

The rate of coding sequence evolution in duplicated Hox genes of teleosts has been shown
to be increased compared to the unduplicated ortholo%s115 and there is some evidence that
duplicated Hox genes experienced directional selection.!'® These findings are consistent with
the idea that the duplicated Hox genes became involved in adaptive evolutionary changes and
played an active role in the evolution of the teleost disparity and diversity.

The ancestral (2R) duplication that gave rise to the paralogous hoxA7 and hoxB7 genes
followed by a period of time in which hoxa7 genes diversified under positive selection.!® The
same work shows that one of the hoxB7 genes that were produced in the Xenopus ancestor by
the recent tetraploidization in the amphibian lineage also changed under positive selection.
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Figure 12. Gene loss after the 3R genome duplication allows repetitive elements to invade the
Hox clusters, shown here for the unduplicated human HoxA cluster and the two corresponding
zebrafish paralogs.

The divergence among paralog genes tends to be asymmetric with one paralog diverging
faster than the other. In the fugu all the b-paralogs diverge faster than the a-paralogs, while in
zebrafish hoxal3a diverges faster."!” It has been reported in reference 118 that such species-specific
asymmetric rates of molecular evolution are a relatively common phenomenon in teleosts,
which is particularly prevalent in transcription factors.

Conserved Noncoding Sequences

The duplication of the Hox cluster is followed not only by gene-loss but also by extensive
loss of noncoding sequence conservation.*® There are three biologically distinct processes that
can account for this phenomenon:

1. Structural loss is the loss of putative cis-regulatory elements due to gene loss and/or stochas-
tic resolution of genetic redundancy in the aftermath of the duplication event.

2. Binding site turnover is loss of noncoding sequence conservation due to the replacement of
binding sites even though the function of the enhancer remains conserved. This was first
documented in the Drosophila even skipped stripe 2 enbancer'!® and has since been docu-
mented for many other invertebrate taxa. In vertebrates, however, no widespread binding
site turnover has been documented.!2°

3. Adaptive modification subsumes changes in the sequence of cis-regulatory sites due to di-
rectional natural selection. This effect is thus be associated with functional differences.
Drift in subsets of the elements in the regulatory modules is, for example, responsible for
the differential expression of hoxA24 and hoxA2b in Takifugu rubripes.'?!

Loss of noncoding sequence conservation is associated with other structural changes, most
notably gene loss. Hence the question arises whether the amount of loss observed is more than
what should be expected from the changes in the gene-content. This can be addressed by means
of a quantitative model®? that addresses the three main structural causes of footprint loss: (1)
Clearly, if a gene is lost, also the associated cis-regulatory elements will be lost, disregarding
enhancer sharing, (2) cross-regulatory interactions within the gene cluster may be lost, and (3)
there is a loss of enhancers due to stochastic resolution of genetic redundancy. Based on these
duplication is a combination of four terms: (I) loss of conserved DNA associated with gene loss,
(IT) stochastic resolution of redundancy for retained duplicates, (III) loss of conserved DNA
associated with the loss of a cross-regulating gene, (IV) nonstructural contributions:

r=rG)x[LA +(1- R)|x(1-4Q)x(1- @)
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Here, /{(G) is the retention rate of genes in focus cluster, P; is the fraction of genes with 1st
order paralogs, Q is the fraction of extinct genes in entire network, and 4 is fraction of genes in
the cluster from which a gene is cross regulated; for the case of Hox clusters we conservatively
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Table 1. Loss of conserved noncoding DNA following the teleost-specific duplication
of the HoxA cluster

# Genes f(G) P1 Q Tobs o
DrAa 7 0.63 0.43 5/42 0.31 0.29
DrAb 5 0.45 0.60 0.23 0.18
TrAa 9 0.82 0.56 8/42 0.37 0.22
TrAb 5 0.45 1.00 0.10 0.48

Adapted from reference 92.

use the approximation 4 = 1 since it is well known that Hoex genes, for instance, are
cross-regulatory, i.e., a Hox gene can be the regulatory input for other Hox genes.

Applying the structural loss model to the footprint loss data of the HoxA clusters shows that
the observed amount of retention is in all cases less than predicted as the minimal amount of
retention, i.e., the estimated values of o are significanty larger than 0 (Table 1).

Differential Evolution Rates of Noncoding Sequences

The nonstructural modification rate in the fugu HoxAa cluster about the same as in zebrafish,
while the nonstructural modification rate in the Takifugu HoxA# cluster, drastically enhanced
relative to zebrafish. Assuming that the probability of functionally conservative binding site
turnover is about the same in the two paralog clusters, this result strongly suggests that the
Takifugu HoxAb cluster experienced adaptive modification at a higher rate than both the Takifugu
HoxAa cluster and either of the zebrafish clusters.

A relative rate test was developed To be able to rigorously test for asymmetry in the divergence
of duplicated conserved noncoding sequences.'?* This approach uses conserved noncoding se-
quences detected in two outgroup species prior to the duplication and compares the homologous
sequences in two paralog clusters and performs a Relative Rate Test on the degree of divergence.
This method was applied to the conserved noncoding sequences in the zebrafish and fugu HoxA
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Figure 13. Spatial distribution of sequence divergence along the 5’ segment of the duplicated
teleost HoxA clusters. The open boxes symbolize the coding regions (ignoring introns) and the
lines the intergenic sequences (not to scale). The boxes in the intergenic regions give the differ-
ence in the fraction of conserved noncoding sequence positions modified in one of the two
paralogs:. If the difference is positive, i.e., if the HoxAa cluster is more modified than the HoxAb
cluster the bar is on top of the line, if the HoxAb cluster is more modified, then the bar is drawn
below the line. Bars in the coding regions symbolize the difference in the rate of nonsynonymous
substitutions. Stars indicate statistical significance * ***; n.s.: adapted from reference 117.
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clusters.'"” The results showed significant differences in the rate of divergence of conserved noncoding
sequences in the zebrafish hoxA13-hoxAl1 and the hoxA11-haxAI0 intergenic regions (Fig. 13).
Interestingly, the direction of the asymmetry is the same as that in theboxA134/b paralogs, favoring
the Aa paralog, In contrast the conserved noncoding sequences of the fugu HoxAb cluster diverge
more rapidly than the HoxAa cluster, also consistent with the asymmetry in the coding regions on
the same cluster. Hence thete seems to be an association between noncoding and coding region
divergence rates, such that the sequences on the same paralog cluster are diverging faster than their
counterpart.

Hypotheses and Inferences

Vertebrate Hox gene clusters have a tendency to accumulate, but the causes and conse-
quences of this tendency are not clear. This tendency stands in sharp contrast to the evolution-
ary trends among nonvertebrate metazoans at least among the bilaterian animals. In early meta-
zoan evolution homeobox gene clusters also proliferated (Ferrier this volume). In vertebrates
Hox cluster duplications occur in the context of whole genome duplications rather than by
local tandem duplications. Another special feature of vertebrate Hox clusters is that they are
structurally much more constrained than their invertebrate counterparts. Structural changes to
gnathostome Hox clusters are limited to periods following cluster duplication. It is tempting to
speculate that there might be a connection between the structural constraints and the tendency
to accumulate during vertebrate phylogeny.'®

One possibility for a connection between the accumulation of vertebrate Hox clusters and
their structural constraints is that a cluster duplication could temporaril?r life the constraints
due to functional redundancy and thus open a window of evolvability.'® If this window of
evolvability coincides with an adaptive radiation selection on Hox genes and the cluster struc-
ture variation might lead to the differentiation among duplicated cluster thus to their mainte-
nance. Consistent with this interpretation is the finding that Hox gene paralo$s tend to experi-
ence directional selection immediately following the duplication event,!!+103:116:123

An alternative view is that duplicated Hox genes undergo passive sub-functionalization due
to complementary degeneration of modular functional domains.'?* There is some evidence for
subfunctionalization between hoxAI and hoxBI where hoxA1 retained inducibility by retinoic
acid, and hoxBI an autoregulatory element.'? If sub-functionalization is the main reason for
the maintenance of duplicated Hox genes in vertebrates, the difference between invertebrates
and vertebrates is either due to a lower frequency of genome duplications or a smaller number
of sub-functions of invertebrate Hox genes (i.e., a lower chance of gene retention due to
sub-functionalization) or both. It would be interesting to develop methods to compare the rate
of genome duplications in different lineages, in particular between insects and vertebrates.

The considerations about Hox clusters and their evolutionary tendencies do not address the
question why vertebrates also scem to have more copies of other genes than Hox genes. For
instance in Drosophila there is one copy of a hedgehog gene (54) but it mammals there are
three: Shh, Ihh, and Dhh. One possibility is chat in vertebrates lineages with genome duplica-
tions tend to be more successful than in invertebrate lineages. Rigorous methods to compare
rates of diversification between clades are necessary to address these issues.'”
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CHAPTER 6

Chromatin and the Control
of Hox Gene Expression

Laila Kobrossy and Mark Featherstone*

Introduction

ntero-postetior patterning of the animal embryo is governed in part by the highly

conserved Hox genes. In most animals studied to date, Hox genes are assembled within

one or more clusters.”> The thirty-nine Hox genes of mice and humans are organized
into four clusters, each located on a different chromosome.* There are thirteen possible gene
positions in each cluster, although none of the clusters retains all thirteen members (Fig. 1).
Hox genes occupying the same relative position between clusters are termed paralogs, sharing
high sequence identity and functional redundancy. Because all genes are transcribed in the
same direction, one can assign a2 3' and a 5 end to a cluster.

Consistent with their key role i in embryonic patterning, Hox gene expression is tightly regu-
lated at the transcriptional level,® and the desire to define the mechanisms controlling chis
expression has driven many research programs. Consequent to shifts in our understanding of
transcriptional regulation generally, these programs have broadened to include not only the
identification of sequence-specific transcription factors and the cis-elements to which they
bind, but also the role of chromatin modification and remodeling A detailed introduction to
the mechanisms modulating chromatin structure and function is beyond the scope of this
discussion, and readers are directed to numerous reviews on the subject.””

Briefly, the nucleosomal organization of DNA is used by the cell to control transcription at
all levels. The chromatin of transcriptionally active loci is described as “open” as a result of its
relative accessibility to chemical and enzymatic probes, the relative paucity of nucleosomes,
and by its extended appearance. By contrast, the “closed” chromatin of inactive genes is com-
pacted and inaccessible by the same assays. The conversion of chromatin from one state to the
other involves two broad classes of enzymes: histone modifying enzymes and chromatin
remodelers. The list of histone modifiers and modifications is growing, and includes enzymes
with the capacity to add phosphate, methyl and acetyl groups to residues largely in the histone
N-terminal tails. Whereas a number of transcriptional coactivators have histone acetyltransferase
(HAT) activity, corepressors often harbour histone deacetylase (HDAC) function.'®!! The
precise modifications and sites of modification provide a “histone code”'? which serves as a
beacon for the differential recruitment of specific chromatin remodeling enzymes which then
act to open or close chromatin, thus conferring greater or lesser accessibility to components of
the transcriptional machinery.

Numerous studies have established that it is the strictly defined anterior expression border
that most determines HOX activity, and shifting this border either anteriorly or posteriotly
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leads to embryonic malformations and homeotic transformations.!>!* A striking feature of
transcriptional activation within Hox clusters is a process termed “collinearity,” in which both
the temporal and spatial order of activation is correlated with the relative position of a particu-
lar Hox gene within a cluster.'® Thus, in general, genes located more 3' are expressed earlier and
have a more anterior expression border than genes located more 5' along the cluster (Fig. 1).
This and other observations have implied a sequential opening of chromatin in a given Hox
complex, starting at the 3' end of a cluster and moving successively 5'.1>16-20

In this review, we discuss recent insights into the role of chromatin in vertebrate Hox gene

regulation, focusing on transcriptional initiation and maintenance.

Anticipation

Accumulating evidence suggests that the modulation of chromatin structure at Hox loci
begins prior to transcriptional initiation. Histone modifications indicative of open chromatin
at the murine Hoxd4 locus are observed early on in posterior embryonic compartments that
will later express Hoxd4.'” A comparable observation has been made for genes of the HoxB
cluster in retinoic-acid-treated embryonic stem cells which activate Hox gene expression in a
temporally collinear fashion.?! Thus, chromatin modification anticipates Hox gene activation.

A different approach suggests that 3' Hox genes, at which collinear activation begins, are
transcriptionally available prior to the actual initiation of transcription. When early embryos
(E6.0-6.2) not yet expressing HoxB genes are cultured in the presence of RA, the expression of
3' genes (Hoxb1 and Hoxb2) is precociously activated, whereas that of more 5' genes (Hoxb3,
Hoxb4, Hoxb6, Hoxb8) is not. Moreover, a Hoxb1-lacZ transgene inserted randomly within the
genome does not respond to early RA treatment, unlike its endogenous, cluster-embedded
counterpart. These results suggest that the early transcriptional availability of Hoxb! is a
cluster-specific property which could be accounted for by chromarin modification or remodel-
ing events that anticipate and facilitate subsequent initiation events.!”
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Figure 1. Genomic organization of the mammalian Hox complex. Taken together, the four Hox
clusters reveal 13 potential positions for Hox genes, though no single cluster has genes at all 13
positions. There are therefore 13 paralog groups, each comprising genes at the same relative
position between clusters. The 3' and 5’ ends represent the direction of transcription. Coloured
lines below the clusters represent the relative expression domain for successive groups of Hox
genes along the AP axis of the trunk. Note that in reality each paralog group (eg. groupt,
comprising Hoxal, Hoxb1 and Hoxd1) has a distinct anterior border. Within paralog groups
anterior borders can also differ.
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The mechanism by which anticipation is accomplished is unknown, but could involve the
prior binding of so-called “pioneer” proteins to closed chromatin.?? The pioneer then marks
chromatin for subsequent opening by recruitment of later-appearing transcription factors. Such
a role has been described for PBX1 which recruits MYOD to the silent myogenin gene.”> We
can speculate that the retinoid receptors, already so implicated in Hox gene activation (see
below), could act as pioneers given their known ability to bind active and inactive loci.?*
Nonexclusively, anticipation may invoke global enhancers positioned to either side of the Hox
cluster such as has been described for regulatory re§ions directing collinear HoxD expression in
the forearm and digits of the developing limbs.!>%

Initiation

Retinoic Acid

Retinoic acid (RA) regulates gene expression by binding to the ligand-dependent RA recep-
tors, sequence-specific DNA-binding transcription factors which orchestrate the modification
of chromatin structure via coactivator and corepressor recruitment. There are two classes of RA
receptors: RARs, which bind both all-trans and 9-cis RA, and RXRs which only bind 9-cis RA.
RARs and RXRs bind as heterodimers to a site known as a retinoic acid response element
(RARE). In the absence of RA, RAR/RXR heterodimers recruit corepressors such as NCoRs,
and HDAGC:s resulting in a transcriptionally inaccessible chromatin structure.”* However, binding
to RA results in an allosteric change in RAR/RXR ligand binding domains, and recruitment of
coactivators bearing HAT activity such as CBP/p300.2% Functional retinoic acid responsc ele-
ments (RAREs), the bindin§ sites for retinoid receptors, have been identified for Hoxal, Hoxb1,
Hoxa4, Hoxb4 and Hoxd4.”-** In addition, an RARE discovered between Hoxb4 and Hoxb5
directs late hindbrain expression of Hoxb5, Hoxb6 and Hoxb68.3 A negative role for unliganded
RAR-RXR in Hox expression is less clear, but at least one repressive RARE has been described
in a Hox regulatory region.?

When a Hoxd11-lacZ transgene is inserted upstream of Hoxd13, the most 5' gene of the
HoxD cluster (Fig. 1), transcription of the transgene in the limb bud is delayed relative to
endogenous Hoxdl1. Expression first resembles that of Hoxd13, but later regains characteris-
tics of endogenous Hoxd11, attributing the delay to a misregulation of transcriptional initia-
tion.* Similar results were obtained for a Hoxd9 transgene inserted 5' to its endogenous posi-
tion, suggesting the existence of a higher order regulatory mechanism which controls and inhibits
premature transcriptional initiation of 5' Hox genes. This regulatory pathway would ensure
that genes located more 3' along the cluster are available for transcriptional initiation earlier
than more 5' genes, probably due to chromatin opening or modification at the 3' end, and/or
a silencing mechanism localized at the 5' end of the cluster.'>?>37

A role for chromatin remodeling in mediating the transcriptional repression of 5' HoxD
genes was described following targeted deletion of the gene encoding murine zinc-finger pro-
tein PLZF (promyelocytic leukemia zinc finger).*® Plf” mice exhibit skeletal and limb pat-
terning defects as well as anteriorization of several 5' HoxD genes. This study demonstrated
that PLZF homodimers mediate transcriptional repression by facilitating the formation of DNA
loops by bridging distant PLZF binding sites. PLZF then recruites HDACs and the PcG pro-
tein BMI1 which results in histone deacetylation and transcriptional silencing (see below), as
demonstrated by decreased activity of a Hoxd11 reporter construct.

Recent studies have tracked the physical changes in chromatin structure and nuclear orga-
nization at the HoxB cluster following gene activation.”*® Treating embryonic stem (ES) cells
with RA results in a sequential activation of HoxB genes starting at the 3' end.?! This is accom-
panied by a visible decondensation of chromatin at the HoxB locus and a progressive extrusion
of genes out of their chromosomal territories (CT) which starts at the 3’ end and corresponds to
the Hox gene being expressed during that timeframe. The same group later showed that similar
chromatin changes take place at the HoxB cluster during different stages of embryogenesis.*’
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During gastrulation, the expression of Hoxb! in the primitive streak is accompanied by chro-
matin opening and the extrusion of the Hoxé1 locus from its CT as shown by fluorescent in
situ hybridization (FISH). These changes are also true in the hindbrain at later stages for cells
expressing Hoxb1 in thombomere (r) 4, but are absent from cells in rl, r2 and r5 where Hoxb1
is not expressed. Hoxb9 moves out of its CT only at later stages and only in the spinal cord
where it is being expressed. Chromatin decondensation and changes in CT locations of both
Hoxb1 and Hoxb9 occurs simultaneously with transcriptional activation, suggesting a develop-
mental mechanism regulating the collinear expression pattern of Hox gene expression in the CNS.

Hoxd4

Chromatin modification and remodeling have been correlated with transcriptional initia-
tion at specific Hox loci. Sequential 3" to 5’ chromatin opening accompanies transcriptional
activation of murine Hoxd4 in the developing embryo and RA-treated P19 embryonal carci-
noma cells."”” Chromatin immunoprecipitation (ChIP) assays using antibodies against RNA
polymerase II (RNA Pol II) and markers of open chromatin (acetylation of histone H3 on
lysine (K) 9 and K14, and on H4 on K4/7/11/15, and methylation of H3 on K4) reveal that
chromatin modification initiates at the 3' neural enhancer before becoming detectable at the
promoter upstream. During Hoxd4 activation in neurally differentiating P19 cells, these his-
tone modifications spread 5' from the enhancer to encompass intermediate sequences before
reaching the promoter. This directional chromatin opening reflects the normal 3' to 5' col-
linear Hox activation across the cluster, however it is not yet known whether it is a part of a
cluster-wide mechanism, or simply a local event necessitated by the 3' placement of the Hoxd4
neural enhancer.

At least three positioned nucleosomes span the Hox44 transcriptional start site, and are
subsequently remodeled into a more relaxed conformation during transcriptional activation.®0
This remodeling, however, is not accompanied by nucleosome sliding. SWI/SNF and ISW1
are the two major ATP-dependent chromatin remodeling complexes, but only the former can
reconfigure nucleosomal DNA in the absence of sliding, implicating SWI/SNF specifically in
Hoxd4 promoter activation.!

Interestingly, a functional binding site for the Polgcomb group (PcG) protein YY1 maps to
an internucleosomal region at the Hoxd4 promotet.”® As confirmed by ChIP, YY1 is bound in
vivo both before and after Hoxd4 activation. Reducing the levels of YY1 by siRNA-mediated
knockdown activates Hoxd4 transcription in undifferentiated P19 embryonal carcinoma cells,
in line with the known role of PcG proteins in maintaining Hox genes in a silent state. How-
ever, in RA-treated P19 cells which now express Hoxd4, YY1 results in a further increase in the
levels of Hoxd4 mRNA. These results strongly suggest that YY1 negatively regulates Hoxd4
both before and after transcriptional initiation, ablating expression in the former, while fine
tuning in the latter. This quantitative shift in YY1 function may be regulated by association
with MEL18 which is present with YY1 at the promoter before, but not after, initiation. It may
also be speculated that YY1 embedded in the closed chromatin of the Hox44 promoter could
carry out pioneer functions as described above. The findings for Hoxd4 further raise the possi-
bility that other Hox genes regulated by YY1 may be similarly modulated.*>4?

ChIP experiments with Hoxd4 in E8.0 and E10.5 mouse embryos reveal that differential
chromatin modifications at this locus distinguish anterior from posterior compartments. At
E8.0, a few hours before Hoxd4 expression is initiated, various histone modifications specific
for open chromatin, as well as RNA Pol II, are detected at 3' reﬁulatory regions only in poste-
rior embryonic compartments, where Hoxd4 is later expressed.” These modifications are not
detected in tissue anterior to 17 where Hoxd4 is never expressed. By E10.5, markers of relaxed
chromatin have encompassed the entire locus in spinal cord cells which express Hoxd4. By
contrast, H3/H4 acetylation, K4 methylation (a marker of open chromatin), and RNA Pol II
are still not detected at Hoxd4 in anterior, nonexpressing tissue. Following from these results, it
seems likely that the cellular behaviour classically described by the terms commitment and
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determination have their molecular underpinning in the distinct chromatin states of key loci
which are more (committed) or less (determined) susceptible to resculpting.

Maintenance

In addition to its role in regulating Hox transcriptional initiation, modification of chroma-
tin at Hox loci is implicated in the maintenance of Hox transcriptional status. A global analysis
of histone modifications at several Hox clusters in human and mouse fibroblasts revealed unique
histone methylation and acetylation patterns.** Acetylation of histone H3 at K9 and K14 is a
marker for open transcriptionally active chromatin, and histone H3 K4 methylation is a marker
of active transcriptional elongation as well as transcriptional activation.'? In this study, broad
areas encompassing highly conserved regions of mouse and human Hox sequences (including
regulatory and intergenic sequences) were shown to be highly methylated and acetylated. In-
terestingly, these modification patterns are present only in cell lineages where Hox genes are
known to be active (lung), and are absent in other cell types (gum, foreskin) which do not
express these genes. First, the results suggest that chromatin modifications at Hox intergenic
sequences are as important as those at other regulatory sequences such as enhancers and pro-
moters. Moreover, the increased H3 K4 methylation patterns might reflect regions which are
bound by the TrxG protein MLL (mixed lineage leukemia), a histone methyltransferase which
is essential for maintenance of Hox gene expression.

The first observations linking Hox gene function with the PcG and Trithorax Group (TexG)
proteins were made in Drosophila, when homeotic transformations similar to those provoked
by Hox gene murtation were linked to nonHox loci. Further genetic and molecular studies
identified these gene products as members of the PcG and TrxG family which were later found
to play antagonistic roles in maintaining the transcriptional status of Hox and other important
developmental regulators through the preservation of chromatin states.> PcG and TrxG ho-
mologs have since been characterized in mammals where accumulating evidence suggests a
highly conserved role in Hox regulation here as well.

PcG Proteins

In general, PcG proteins maintain genes in an “OFF” transcriptional state by stably modi-
fying the chromatin configuration at gene loci. Two distinct PcG complexes have been charac-
terized in Drosophila. The first complex, referred to as the Polycomb Repressive Complex 1
(PRC-1), is 1-2 MDa in size and is composed of PcG proteins Polycomb (PC), Polyhomeotic
(PH), Posterior Sex Combs (PSC), dRING, in addition to components of the general tran-
scriptional machinery. 68 A role for PRC-1 in repressing transcription was elucidated by showing
that PSC inhibits chromatin remodeling by preventing ATP-dependent chromatin remodeling
complexes such as SWI/SNF from binding to a nucleosome array in vitro.*> Although PRC-1
is conserved in mammals, mammalian PRC-1 does not seem to contain general transcription
factors.”® The second complex is Extra Sex Combs-Enhancer-of-Zeste or ESC-E(Z) and con-
tains ESC, E(Z), the suppressor of position effect variegation SU(var)12, and the DNA-binding
protein Pleihomeotic (PHO) - the homolog of mammalian YY1.5156 ESC-E(Z) is a histone
methyl transferase (HMTase) whose function is required for proper PcG transcriptional repres-
sion, as well as for facilitating the binding of PRC-1 to its DNA targets.”® Despite the bio-
chemical distinction that separates PRC-1 and ESC-E(Z) complexes, these complexes appear
to work together to repress Hox gene expression in vivo. Chromatin binding and repression by
PC and PSC is dependent on the availability of E(Z).”” Furthermore, direct interaction be-
tween ESC-E(Z) and PRC-1 components occurs in extracts obtained from early Drosophila
embryos.*® A model for the action of PcG complexes on chromatin templates of repressed
genes would be as follows: First, PcG proteins belonging to the ESC-E(Z) complex are re-
cruited to regulatory regions where they deacetylate and methylate N-terminal histone tails.
This creates a histone code that results in further recruitment of members of the PRC-1
complex which maintains the closed chromatin state and blocks access to chromatin re-
modeling complexes.>
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Several mammalian PcG homologs have been identified so far, and members of the mam-
malian PRC-1 complex include MEL18, BMI1, M33, and RING1.50% Mijce deficient in PcG
proteins, including the three just mentioned, display anterior shifts in the expression bound-
aries of Hox genes in both neural and paraxial mesoderm tissue, showing particularly posterior
transformations in the paraxial skeleton, consistent with ectopic Hox gene expression.’ 7% For
example, in mell8 mutant mice, both Hoxb4 and Hoxd4 expression are anteriorized and
ectopically expressed in Cl1, resulting in an ectopic odontoid process normally characteristic of
C2.5 Hoxd4 expression is also anteriorized in mel18/bmil double mutants.”® More impor-
tantly, anterior expression boundaries of several Hox genes in PcG mutant mice are normal at
earlier developmental stages (E8.5), indicating that the functions of MEL18 and BMI1 are
required to maintain, but not to initiate, the correct boundaries of Hox gene expression. A
summary of PcG in vivo mutations and their resulting alterations in Hox expression and
homeotic transformations in the mouse is listed in Table 1.

Results from a yeast two-hybrid screen identified a novel interaction between mammalian
PcG proteins (Zfp144 and Rnf2) and Sf3b1, an essential spliceosomal protein.”! S$f3bl het-
erozygote mutant mice have decreased levels of Sf3b1 in PcG complexes and exhibit skeletal
abnormalities as well as anterior shifts of expression of Hox56, Hoxc6 and Hoxb8 in prevertebrae.
This suggests that the interaction between PcG proteins and members of the spliceosome ma-
chinery might be essential for PcG-mediated repression of Hox genes. Another study using
mouse embryonic tissue showed that histone methylation at lysine 27 is required for the PcG
protein Rnf2 to bind and repress the expression of Hoxb8 in vivo.”? Interestingly, some PcG
murtations result in downregulation of Hox gene activity in their normal expression domain.
Mutations in PcG genes 7f10 and Phcl downregulate the expression of Hoxé1,”> and de-
creased Hoxb8 expression is observed in Bmil/Rnfl10 and PhcllPhc2 double mutants.”%7!73
The difference in Hox68 transcriptional levels in these mutant mice is correlated with de-
creased histone H3 acetylation at K9, a marker of open chromatin.”? These results indicate that
PRC-1 complexes lacking RNF2 are involved in maintaining H3 acetylation in Hox-expressing
embryonic tissue. This suggests that recruitment of PcG proteins to Hox genes might be re-
quired not only for maintenance of gene silencing, but also for maintaining transcriptional
activation, also through modifying chromatin status.

Other studies have implicated the cell cycle regulator Geminin in regulating Hox gene ex-
pression. Geminin controls replication by binding to the licensing factor CDT1.”* Geminin
also associates with PcG members RAE2 and MEL18, and directly modulates the anterior
expression boundary of Hoxb9, consistent with a PcG-like activity for this protein.”® This
raises the intriguing possibility that alterations to chromatin structure could be mechanistically
linked to the cycle through Geminin function.

Table 1. In vivo PcG mutations and affected Hox genes in the mouse

PcG member Affected Hox genes References
Bmil a4, c4, a5, ¢5, b6, ¢b, 8, 9 68
Mel18 b3, b4, d4, a5, b6 67
Bmil/Mel18 b3, d4, b6, ¢6, d13 70
M33 a3 90
Mph1 a3, b3, a4,b4, d4, d5 64
Rnf2 b4, b6, b8 69

Bmil/M33 c9, c8 91
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Trx Group Proteins

Four different TexG complexes have been described in Drosophila: BRM, ASH1, ASH2,
and TRX or TAC1,7%77 all of which contain a SET domain which makes them likely candi-
dates for chromatin remodeling by histone methylation.'>”®”? The BRM complex is highly
related to SWI/SNF and acts as an ATP-dependent chromatin remodeling complex.8® The
purification of TACI identified the HAT coactivator CBP as a member of Drosgphila TACI
complex and showed that it is essential for activating expression of the insect Hox gene
Ultrabithorax.””

The human mixed-lineage leukemia gene (MLL) and mouse mil are highly homologous to
Drosaphila Trx, and naturally-occuring mutations of MLL result in acute lymphoid and my-
eloid leukemias. MLL-CBP fusions have also been identified in several human leukemias.®!%2
MLL-induced leukemias are probably the direct result of misregulation of Hox gene expres-
sion,®? supported by the finding that MLL directly binds the Hoxc8 proximal promoter result-
ing in transcriptional activation.®* Moreover, reintroduction of MLL into /" mouse embry-
onic fibroblast cells results in H3 methylation at K4 at Hox /oci and the activation of Hoxc8
transcription, consistent with the demonstration that a stable complex forms between MLL1
and the H4 acetyltransferase MOE Both proteins are crucial for Hoxa9 transcriptional initia-
tion, revealing roles for TrxG members beyond maintenance.®’

Targeted disruption of m tesults in smaller sized mice that display homeotic transforma-
tions in cervical, thoracic and lumbar vertebrae.3¢ Both Hoxa7 and Hoxa9 anterior expression
boundaries are posteriorized in the paraxial mesoderm of m/” mice at E9.5, and are no longer
detectable at E10.5, emphasizing the importance of TrxG proteins in maintaining the tran-
scriptional activation of Hox genes in the developing embryo. Further clarifying the mecha-
nism of action of TrxG proteins, MLL interacts with RNA Pol II at active Hox loci up until
hematopoiesis, after which Hox gene expression is sharply downregulated.8” The loss of mi/
gene expression results in defects in RNA Pol 11 distribution. In addition, the targeted disrup-
tion of sequences encoding MLLs SET domain gives rise to skeletal abnormalities in mutant
mice, and decreases the expression of several Hox genes including Hoxd4, Hoxa7, Hoxa5 and
Hoxc8® and altered DNA methylation patterns at the Hoxd4 locus.

MOZ is a histone acetyltransferase of the MYST family required for expression of Hox
paralogs 1 through 4 in the zebrafish hindbrain.?’ Loss of MOZ. function does not affect the
initiation of Hox gene expression, but rather its maintenance. Additionally, Hox expression
and the moz mutant phenotype are rescued by the HDAC inhibitor trichostatin A, as is also the
case in Trx mutants of Drosophila. Though not definitively proven, these findings have impli-
cated MOZ in TrxG function.®

Conclusions

As for other transcription units, the regulation of Hox gene expression is elaborated, in part,
at the level of chromatin. The organization of Hox genes into clusters, and the striking col-
linearity of their expression in time and space, demand the integration of cluster-wide and
gene-specific mechanisms for controlling the status of chromatin. However complicated this
may be in the embryonic trunk, it promises to be much more so in the tetrapod limb bud
where HoxD genes are expressed in strikingly different patterns at early vs late times of limb
morphogenesis, and come under the control of multiple enhancers located within and at great
distances to cither side of the cluster.'>?> A mechanistic description of chromatin events dur-
ing this developmental program is a major challenge.
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CHAPTER 7

Homeobox-Containing Genes

in Limb Regeneration
David M. Gardiner* and Susan V. Bryant

Abstract

arly investigations established an important role for homeobox-containing genes in the
Einitiation of regeneration, as well as in the later pattern formation events leading to a

new limb. The recent increased research on the mechanisms of regeneration, along with
the fact that urodele amphibians provide the only opportunity to understand how vertebrates
can regenerate their limbs, has led to a renewed interest in the functioning of this important
group of genes during salamander limb regeneration. It appears that all vertebrates, including
humans, have impressive regenerative abilities as embryos; however, all but urodeles lose much
of these abilities as development proceeds. In contrast, cells in adult urodeles are unique in
their ability to revert to an embryonic state (dedifferentiate) in order to recapitulate embryo-
genesis, Consequently, urodeles are the only adult vertebrates that can completely and perfectly
regenerate entire limbs, and thus they offer a unique opportunity to gain critical insights for
future advances in regenerative medicine. Much data indicate that a large number of homeobox
genes play important roles in the initiation and regulation of limb regeneration. In some in-
stances, the regulatory mechanisms controlling homeobox gene expression appear comparable
to what is observed in developing limbs; whereas, in others they different dramatically. In spite
of differences in spatial and temporal expression patterns, homeobox gene function is con-
served in both regeneration and development. Research on the role of homeobox genes is
poised to move forward, particularly in the context of the early stages that are unique to regen-
eration, and thus are critical in achieving the goal of inducing human regeneration. These
efforts will be possible because of the new genetic resources for research utilizing the axolotl as
a model system.

Homeobox-containing genes were among the first genes identified as having a significant
function in the regulation of embryonic development. Although the pioneering work was car-
ried out with Drosephila, it soon became apparent that the structure and function of these
genes is highly conserved, and that they play important roles in vertebrate development. Par-
ticularly evident was their function in the control of body and appendage pattern, thus validat-
ing the premolecular biology predictions that the mechanisms controlling pattern formation
would be conserved among such divergent organisms as flies, grasshoppers and salamanders.'
It thus was not long before studies began to demonstrate a role for homeobox genes in the
control of salamander limb regeneration.

After an exciting start, investigations into the role of homeobox genes in regeneration has
languished in recent years. Fortunately, there is currently a much increased interest in
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regeneration, along with a renewed appreciation of the fact that urodele amphibians provide
the only opportunity to understand how vertebrates can regenerate their limbs. It appears that
all vertebrates, including humans, have impressive regenerative abilities as embryos; however,
all but urodeles lose much of these abilities as development proceeds (see ref. 4). In contrast,
cells in adult urodeles are unique in their ability to revert to an embryonic state (dedifferenti-
ate) in order to recapitulate embryogenesis (see ref. 5). Consequently, urodeles are the only
adult vertebrates that can completely and perfectly regenerate entire limbs, and thus they offer
a unique opportunity to gain critical insights for future advances in regenerative medicine.

Data indicate that several homeobox genes play important roles in the initiation and regu-
lation of limb regeneration. Our goal in writing this review is to stimulate future efforts in the
field of limb regeneration research. We have elected to not consider data on the regeneration of
limb buds, because they do not provide insights into the early critical events of dedifferentia-
tion and blastema formation that are unique to adult urodeles. It is these early steps that will
need to be induced in order to stimulate human regeneration. The cells of the embryo by
contrast, are already immature, thus bypassing the need for dedifferentiation. Nevertheless,
there is evidence for important functional roles for homeobox genes in limb bud regeneration
(e.g., see refs. 6,7). In this chapter, we begin by reviewing the early studies that established the
importance of homeobox genes in adult limb regeneration. In the second half, we focus on
what we consider to be the emerging areas of limb regeneration research with respect to the
function of homeobox genes.

Early Studies

The earliest studies identified Hox genes expressed during limb regeneration in the newt
(see ref. 8). As each was identified and studied, it was noted that they often were also expressed
in the normal, unamputated limb tissues, leading to the proposal that sustained Hox expres-
sion might be causally related to the regenerative ability of the adult urodele limb.>!'® With
subsequent studies, it appears that is not the case for most of the homeobox genes (see ref. 8),
and the issue of the significance of Hox expression in adult limbs is as yet unresolved. It is
relevant to note that fingers and toes of adule salamanders are easily injured, and thus may be in
a state of nearly continuous regeneration. This phenomenon has been observed for expression
of blastema markers in unamputated finger tips.'! Thus the inclusion of distal structures in
RNA preparations would give the impression of sustained expression in the adult limb.®

A large scale screen for homeobox genes expressed during axolot limb regeneration, made it
apparent that there is not a single homeobox gene, or even just a few, but many that are in-
volved in the regulation of growth and pattern formation during limb regeneration.'? To date,
about 24 homeobox genes have been reported to be expressed in regenerating urodele limbs
(see refs. 8,12). Over time, it was also observed that some of these genes are expressed as mul-
tiple transcripts with spatially distinct expression patterns'' (Gardiner, unpublished data),
indicating an even more complex role in regeneration that originally envisioned.

With the optimization of techniques for in situ hybridization to urodele tissues,'? it became
possible to analyze the spatial and temporal details of homeobox expression. Such analyses led to
a new appreciation of the complexity of the early events of regeneration. Almost all previous
studies had focused on the behavior of cells relatively late in regeneration, after the blastema had
formed. From a number of grafting and cell lineage studies it appeated that limb development
(limb buds) and limb regeneration (blastemnas) used the same mechanisms for the later stages of
control of growth and pattern formation.'” Very little was known about mechanisms controlling
events prior to blastema formation. The early studies of expression of the HoxA complex genes
(see below) led to the realization that there are at least two distinct phases to regeneration. The
first, early phase begins with wound healing and ends with the formation of a regeneration
blastema. This is followed by the second, redevelopment phase that is a recapitulation of the
events that occurred during limb development in the embryo.>® Although the later phase of
limb regeneration is equivalent to limb development, the early phase that results in genesis of the
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blastema is unique to regeneration. Thus the unique events of regeneration involve the rapid
closure of the wound by epidermal cells, interactions between the wound epidermis and under-
lying stump cells that stimulate dedifferentiation, and cell migration and proliferation that give
rise to the blastemna. Dedifferentiation of stump cells to give rise to the relatively undifferentiated
blastema cells, though still not well understood mechanistically, is clearly a requisite step in the
transformation from the amputated mature limb to the regenerating blastema.

Based on the previous studies indicating the similarities of limb development and regenera-
tion, we had anticipated that the spatial and temporal patterns of HoxA expression in regenera-
tion would be comparable to that observed during limb development. In contrast, expression
differed dramatically in both time and space. The induction of Hoxa-9 and Hoxa-13 occurs
surprisingly soon after injury, at least within 24 hours,'? and is thus one of the carliest reported
molecular events specific to regeneration. Expression of several other genes is induced earlier,
but they are also expressed in lateral skin wounds, which do not form outgrowths or accessory
limbs. Both Hoxa-9 and Hoxa-13 are expressed in the distal-most cells of the amputated stump,
which several days later will give rise to the early blastema (Fig. 1). The early blastema subse-
quently increases in size as a consequence of continued recruitment of cells from the scump,

- A
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DAYS

Hoxa-9 and -13 R
Hoxa-9 only mm

Normal Limb

A = proximal to F= distal

Amputated Limb

Levels C to F removed

Distal Tip (Hox code) Formed

B cells express the F Hox code

Intercalation of Intermediate Pattern

Levels B to E of the proximal-distal pattern are reformed

Figure 1. Establishment of the distal tip of the amputated limb, and the subsequent intercalation
of the missing positional values between the distal tip and the stump. The temporal and spatial
patterns of expression of the 5' HoxA genes (Hoxa-9 and Hoxa-13) are the same as in other
developing vertebrate limb buds (upper left). Hoxa-9 is expressed at an earlier stage of limb
development, and Hoxa-13 has more distally restricted domain of expression. In contrast,
during limb regeneration (upper right), these two genes are coexpressed in the distal cells of the
amputate limb stump soon after amputation (Day 4) and in the early bud blastema (Day 6). With
subsequent growth of the blastema, the expression domains become comparable to what is
observedin developing limb buds, with Hoxa-9 expressed through outthe blastema and Hoxa-13
expressed on in the distal tip. The sequence of events in the restoration of the amputated limb
patternisillustrated and annotated in the lower half of the figure in which positional information
ranging from the most proximal (A value) to the most distal (F value) is indicated.
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and cellular proliferation. As the blastema grows, a region of cells expressing Hoxa-9 but not
Hoxa-13 is generated at the base of the blastema. When the regenerated skeletal elements begin
to differentiate, both Hoxa-9 and Hoxa-13 are expressed in the autopod, whereas Hoxa-9, but
not Hoxa-13, is expressed in the zeugopod. This final spatial expression pattern is the same as
in developing limbs in urodeles as well as other vertebrates. Based on molecular and genetic
evidence, specification of the distal-most region of the pattern (autopod) is a consequence of
the coexpression of both 5' and more 3" members of the HoxA complex. The early coexpression
Hoxa-9 and Hoxa-13 in stump cells indicates that regeneration is initiated by the reestablish-
ment of the distal-most part of the limb pattern, regardless of the level of amputation. The
more proximal regions of the pattern arise subsequently as a consequence of growth of the
blastema and the intercalation of intermediate parts of the pattern (Fig. 1).!” The early estab-
lishment of the distal tip of the limb ensures that the regenerated tissues will always be an exact
replacement of the portion of the pattern that is removed.

Subsequent studies provided additional evidence of conserved function and expression of
homeobox genes in both development and regeneration. This remarkable degree of conserva-
tion occurs in spite of differences in patterns of development. Urodeles differ from other tetra-
pods in that the distal most pattern (digits) differentiates in sequence from anterior to poste-
rior, which is the reverse of what occurs in other vertebrates. This difference had previously
been interpreted to reflect an underlying difference in the mechanisms of pattern formation,'®
An analysis of the pattern of HoxD expression revealed that this is not the case.!® HoxD genes
function in specification of the anterior-posterior pattern in the developing autopod, and ex-
hibit the same pattern of expression in developing limb buds of the axolotl, in spite of the
reverse order of differentiation. Similarly the more 5' HoxD genes are expressed in the more
posterior cells of the regenerating limb, indicating a conserved function in specifying posterior
positional information in both development and regeneration.

Although both the pattern of expression and function of homeobox genes are largely con-
served in regenerating limbs as compared to developing limb buds, there is at least one notable
exception. Genes within the HoxC complex are involved in specification of positional identity
along the rostral-caudal axis of vertebrate embryos. Hoxc-101s expressed in developing hindlimbs
and tails, but not in the forelimbs of either urodele larvae or of other vertebrate embryos.m’20
Hoxc-10is however expressed at high levels in response to forelimb amputation in axolotls.'* This
is the only example to date of a regeneration-specific pattern of gene expression. In all other cases,
genes expressed in regenerating limbs are also expressed during limb development. Thus Hoxc-10
expression in regenerating forelimbs indicates the presence of regeneration-specific signals. Pre-
sumably there are elements in the promoter region of the axolotl Hoxc-10 gene that are responsive
to these signals, and provide an opportunity for the signals to be isolated and identified.

Two other models for studies of post-natal limb regeneration are the mouse digit-tip (dis-
cussed below) and the post-metamorphic Xenopus forelimb. In contrast to most nonurodele
vertebrates that do not initiate a regenerative response, postmetamorphic Xenapus froglets re-
generate a symmetrical cartilaginous spike in response to limb amputation. Studies comparing
results from this model with the urodele limb regeneration model have provided insights about
the distinction between regulatory pathways controlling outgrowth as compared to pattern
formation,® and the distinction between nerve-dependent and —independent events in blast-
ema formation.?! As in urodeles, the HoxA genes are expressed, which is consistent with their
function in regulating formation of the proximal-distal limb axis leading to limb outgrowth.
Msxl is also expressed, which is consistent with its function in maintaining cells in a
regeneration-competent state as demonstrated in the regenerating mouse digit tip (see below)
and regenerating urodele limb,?>?* In contrast, shh which is associated with regulation of
anterior-posterior asymmetry, is not expressed in Xengpus regeneration, but is expressed in
urodeles.®?>26 Regulation of the asymmetrically expressed HoxD genes, which are activated in
urodele regeneration,'? has not yet been investigated, but presumably they are not expressed in
regenerating Xenopus froglet forelimbs.
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Future Directions

The modern field of limb regeneration research is moving forward because the limb cells
that are involved in the early events of regeneration leading to the formation of the blastema
have been identified; at least three genetic pathways regulated by homeodomain-containing
proteins have been identified as being involved in the critical initiation steps of limb regenera-
tion; and, a new assay is available that will allow for the identification of the other critical
signaling pathways controlling limb regeneration.

Blastema Forming Cells

The limb is composed of many cell types; however, it is the connective tissue fibroblasts that
regulate regeneration both in terms of contribution to the blasterna and the control of growth
and pattern formation (see refs. 5,27). Though dermal fibroblasts account for less that 20% of
all cells in the mature limb, they give rise to nearly 50% of the early/medium bud blastema cells
on average, and as much as 78% of the cells at the maximum.?8 Since half of all limb fibroblasts
are located in the dermis,? it is likely that the other half of the limb fibroblasts give rise to the
other 50% of the blastema cells. In addition, fibroblast-containing tissues are the only limb
tissues that influence growth and pattern formation during regeneration. Finally, entire limbs
with normal pattern (though missing muscle) can be regenerated from fibroblasts as the sole
source of progenitor cells (see ref. 5). In turn, these cells interact with the specialized wound
epidermis derived from the basal keratinocytes of the mature skin epidermis leading to regen-
eration of the limb. Thus as the field moves forward, it will be important to focus on the role of
homeobox genes in regulating the behavior of fibroblasts and basal keratinocytes as they undergo
dedifferentiation allowing for the interactions controlling outgrowth and pattern formation.

Genetic Pathways

As discussed above, both the HoxA and HoxC genes have been identified as being involved
in the critical initiation steps of limb regeneration. The very early, and initially overlapping
expression of Hoxa-9 and Hoxa-13 indicates that one of the earliest steps in regeneration is the
specification of the distal tip of the limb. It is likely that the interactions between the newly
specified distal-tip cells and the more proximal stump cells are the stimulus leading to the
intercalary §rowth that is known from classic studies to be the driving force of regenerative
outgrowth.” Although there is much to be learned about the mechanisms of intercalary growth,
they likely will also be critical in the induction of appendage regeneration in humans. Given
that Hoxc-10 is uniquely expressed in regenerating axolotl forelimbs, its regeneration-specific
expression indicates the presence of regeneration-specific signals. Presumably there are ele-
ments in the promoter region of the axolott Hoxc-10 gene that ate responsive to these signals,
and thus provide an opportunity to isolate and identify those signals. Identification of these
signals would then allow for the discovery of additional target pathways that are coordinately
regulated during limb regeneration.

Most recently, the homeodomain-containing Msx genes have become the first genes with a
demonstrated genetic function in regulating regeneration in a tetrapod limb.*® Digit tips (dis-
tal to the last phalangeal joint) are able to regenerate both in embryonic and postnatal mice (see
ref. 31). The domain of regeneration competence corresponds with Mix/ expression. Digit ti?g
regeneration is inhibited in the MsxJ mutant, and regenerative failure can be rescued b2y BMP4.
Msx genes have also been implicated in the regulation of urodele limb regeneration.”224 It thus
appears that the Msx genes have a conserved function in regenerative wound healing and dedi-
fferentiation by repressing the differentiated phenotype of stump cells.??

The importance of Msx genes is also evident from studies of urodele muscle regeneration.
Muscle progenitor cells appear to arise both from stem cells (satellite cells) as in other verte-
brates,** and from fragmentation of myotubes to give rise to mononucleate myo-progenitor
cells.>*35 The relative contribution to regenerated muscle by these two mechanisms has not yet
been determined. In addition, a multipotential murine cell line (C2C12) that can form a
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multi-nucleate, post-mitotic cell (myofiber) in vitro, can be induced to reenter the cell cycle,
and fragment to give rise to mononucleate cells with the same multipotentiality of the parental
cell line.2*¥ In both of these experimental models, Msx! mediates myotube dedifferentiation
(fragmentation). In the case of C2C12 cells, myotube dedifferentiation can also be stimulated
by an extract from regenerating newt limb blastemas.>® Given that Mix! is already known to be
involved in controlling this response, it is likely that the blastema-derived signals are operating
upstream of the Mesx transcription factors. Thus future studies of the function and regulation of
Mix gene expression likely will identify signaling molecules expressed by regenerating limb
cells that are involved in the control of dedifferentiation, growth and differentiation.

Regeneration Assay

Although the presence of a number of regeneration signals has been known for a long time,
until recently most attempts to identify these signals have been unsuccessful. This lack of progress
has been due largely to the lack of an appropriate assay to identify and test the function of such
signals. Ironically, it is not possible to test the ability of a gene to induce a regenerative response
in an amputated urodele limb since regeneration is the default response. Recently, a series of
classical experimental manipulations to induce accessory limb formation have been modified
to establish a novel assay (Accessory Limb Model, ALM) for identifying the signals that induce
rt:generation.3 8 In this assay, a wound is created on an axolot! arm, which in the absence of any
additional signals, heals without forming a scar. If however, a nerve is deviated to the wound,
the local population of fibroblasts is induced to dedifferentiate and form an ectopic blastema.
Finally, when a piece of skin is grafted contralaterally (anterior to posterior, or vice versa) to the
site of a nerve-deviated wound, the ectopic blastemas are induced to form an ectopic limb. The
ALM thus offers the advantage of being able to test candidate signals in a positive regeneration
response assay, and allows for the identification of the signals that are unique to each of the
events that occur during the successive phases of regeneration. The ALM demonstrates that
critical signals between the wound epidermis, nerves, and fibroblasts are necessary and suffi-
cient to induce dedifferentiation and the formation of a new limb. It also demonstrates how
successful limb regeneration as a multi-step process, and that specific signals induce progres-
sion to the next step (Fig. 2).

The ALM has focused attention again on one of the earliest studied phenomena of limb
regeneration, the role of nerves in allowing for successful regeneration. Although the impor-
tance of nerves in regeneration has long been recognized, the molecular mechanisms by which
they influence the critical cellular interactions are largely unknown (see refs. 5,27). If the limb
is denervated during the early stages of regeneration, it fails to regenerate. Thus, nerves are
thought to produce a neurotrophic factor required for the initiation and progression of the
early stages of regeneration. In the ALM, nerves provide a necessary signal(s) for the induction
of an ectopic blastema and ultimately an accessory limb.”® One target of the neurotrophic
factor is the homeodomain-containing gene Dix3.%° Dix-3 is expressed at the distal region of
regenerating limb blastemas, and based on its function in a number of other model systems, is
likely to function in the specification of the distal tip of the limb. In regenerating axolotl limbs,
Dlx-3 expression is down regulated when a regenerating limb is denervated, and the limb fails
to regenerate. However, delivery of exogenous FGF2 maintains Dix-3 expression and rescues
regeneration. Thus the ALM provides the opportunity to identify the regulatory mechanisms
for several important homeobox mediated pathways, including the HoxA, Msx and Dk genes.

In conclusion, there has been a resurgence of research efforts on limb regeneration in recent
years. In spite of the historically small size of the field, remarkable progress has been made
recently in establishing the axolotl (Ambystoma mexicanum) as a model genetic organism. This
progress has been facilitated by advances in genomics, bioinformatics, and somatic cell
transgenesis in other fields, that have created the opportunity to investigate the mechanisms of
important biological properties, such as limb regeneration. The Ambystoma Genetic Stock Center
at the University of Kentucky is supported by the National Science Foundation as a resource
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Figure 2. The stepwise sequence of events involved in the initiation of dedifferentiation and
blastema formation. There are at least three critical events that lead to blastema formation and
subsequent limb regeneration. The first is the creation of a wound and associated wound
epidermis, that under the influence of nerve-derived factors give rise to a blastema. The
presence of cells from different positions around the limb circumference leads to the positional
interactions that induce the blastema to form a limb de novo. '

Injury

for experimental work using the axolotl. Efforts supported by the National Center for Research
Resources at the National Institutes of Health have led to the establishment of the Salamander
Genome Project, which includes the creation of the first amphibian genetic linkage map*® and
several annotated molecular EST databases.*!*> Thus the field of limb regeneration is at the
point where significant discoveries from studies of animals that can regenerate (axolotl) will
lead to insights for devising novel strategies to induce regeneration in animals that cannot
(human). From what we already know, many of these discoveries, particularly with regards to
the most critical early events of regeneration, will involve an understanding the role of homeobox
genes, as discussed above. It is likely that the critical breakthroughs in regeneration research
will come from understanding the mechanisms controlling expression of the homeobox genes
and the function of their downstream targets.
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CHAPTER 8

Hox Genes and Stem Cells

Mina Gouti and Anthony Gavalas*

Introduction

temn cells are cells that undergo self-renewal as well as differentiation into progenitor cells.
S They are abundantly present, although ill defined, during development and it is believed

that most, if not all, adult tissues harbor small populations of stem cells. Adult stem cells
have been described for intestine, skin, muscle, blood and nervous system and may provide a
tissue specific resource for tissue damage repair. A balance between stem cell self-renewal and
differentiation maintains homeostasis in adult tissue. Thus normal tissue stem cells are defined
by three common properties. (1) extensive self-renewal capacity, (2) strict control of stem cell
numbers and (3) ability to undergo extensive differentiation to reconstitute all the functional
elements in a given tissue. In this chapter we review the evidence that Hox genes may be
involved in stem cell maintenance and control of self-renewal in differenc cellular and develop-
mental contexts. Strong evidence exists for their role in controlling Drosophila neuroblast
numbers and fate decisions and for their role in controlling expansion, self-renewal and lineage
specification in the mammalian hematopoietic stem cells. There are tantalizing clues for their
involvement in stem cell expansion during embryonic development and later in the process of
oncogenesis.

Hox Genes and Drosophila Neuroblasts

Regulation of stem cell division is of particular interest for both developmental studies and
stem cell therapeutics. The Drosophila central nervous system is generated by stem-cell-like
post-embryonic progenitors called neuroblasts (pNBs). Drosophila neuroblasts are similar to
mammalian neural stem cells in that they self-renew and have the potcntxal to generate many
different types of neurons and gha As such they are set to provide major insights concerning
neural stem cell initiation, maintenance, termination and the mechanisms controlling asym-
metric and symmetric stem cell division. As the number and identity of neurons produced at
different segments of the developing larva differ, AP positional identity conferred by the Hox
gene axial patterning system plays an important role in regulating these dlﬁerences

Such differences are at least in part due to differential rates of apoptosis™ of the pNBs.
Region specific apoptosis in pNBs is induced by a pulse of expressnon of the Hox gene AbdA
which is dlﬁérentlally expressed along the AP axis of the larva.? In the absence of either AbdA or
the proapoptotic genes reaper, hid and grim abdominal NBs are rescued from cell death and
continue to proliferate. Bello et al showed that in pNBs the absence of postembryonic AbdA
expression results in the expansion of their neuronal progeny, a result similar to the one in-
duced by the loss of specific cell death genes. Furthermore, ectopic expression of AbdA in the
thorax resulted in excessive cell death and significant subsequent reduction of neuronal clones.
Therefore, AbdA regulates neuroblast elimination in the late embryo by inducing programmed
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cell death involving proapoptic genes and this provides an irreversible mechanism ensuring
that embryonic neuroblasts stop dividing. Interestingly, ectopic expression of other Hox genes
such as Ubx and Antp can also induce apoptosis of thoracic neuroblasts in a neuroblast cell
autonomous manner.” This may be a general theme at final stages of differentiation as the Hox
genes Deformed and Abdominal-B have been shown to shape segments in the developing
Drosophila head by selectively activating reaper and thereby promoting programmed cell death.
The study of Hox genes in several systems has led to the concept of cellular memory. Once a
characteristic set of Hox genes is activated its expression is maintained in the progeny of that
lineage. Bello et al have shown that in the context of pNB it is imperative that such expression
is abrogated so that in subsequent developmental stages a pulse of expression can shape the
final size of the neuronal progeny. This is a markedly different mode of operation and the
question arises whether other Hox genes are similarly regulated. This is particularly intriguing
since heterotopic transplantation experiments have suggested that pNB lineages are determined
at an earlier stage; during embryogenesis.

Subsequent studies widened the Hox related network that regulates the size but also iden-
tity of neuronal populations in the different segments of the Drosophila body. Until recently it
was unknown how the competence to respond to a specific burst of AbdA expression with
programmed cell death was restricted to late neuroblasts. A recent study showed that a late
pNB transcription factor is responsible. Expression and function of AbdA is regulated by the
transcription factor Grainyhead (Grh) in the abdomen. Grh is first expressed in later stages of
neuroblast proliferation and is maintained through many subsequent divisions. It is respon-
sible for specifying the regionalized neurogenesis patterns that are characteristic of postembry-
onic stages. In the thorax, Grh prolongs neural proliferation by maintaining mitotically active
neuroblasts. On the contrary, Grh regulates region specific apoptosis in the abdomen by regu-
lating the duration of the late ;)hasc pulse of expression of Grh as well as the competence of the
neuroblasts to respond to it.” This study showed how a factor specific to late-stage neural
progenitors can regulate the time at which neural proliferation stops, and identifies mecha-
nisms linking it to the Hox axial patterning system.

The thoracic neuroblast lineage generates both neurons and glial cells via an asymmetric
first cell division which segregates the glial factors prospero and glial cells missing (gcm) to
the glial precursors. CycE, that is also asymmetrically expressed after the first division of
thoracic neuroblast, functions upstream of prospero and gem to specify the neuronal sublineage.
These events do not require any Hox input and therefore the thoracic neuroblast lineage
differentiation represents the default ground state. On the contrary, abdominal neuroblasts
generate only glia cells via a symmetric first division which segregates the glial factors prospero
and gem to both daughter cells. This is made possible through a downregulation of a G1
cyclin, CycE, that occurs via the action of AbdA and AbdB. Loss of CycE function causes
homeotic transformation of thoracic neuroblasts to abdominal neuroblasts whereas ectopic
CycE induces the reverse transformation.® Other components of the cell cycle seem to have
a minor role in this process, suggesting a critical role for CycE in regulating cell fate in
segment-specific neural lineages.

Much remains to be learned by other factors that regulate neuroblast activity. In particular,
some of the humoral factors and short-range ‘niche’ signals that modulate neuroblast activity
during postembryonic development have been identified. These may well be also under the
control of the Hox axial patterning system but this remain to be seen.

Hox Gene Function in Stem Cells during Mammalian Development
The developmental functions of Hox genes have been elucidated mainly through gene in-
activation studies but also through transgenic animals where Hox gene expression domains
were altered. The large number of these studies indicated that Hox gene products act in a
region specific, combinatorial and partly redundant fashion to specify antero-posterior (AP)
identities in all three germ layers of the developing embryo.”!® Many of the Hox mutations
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resulted in classic homeotic transformations where a part of the body develops into the likeness
of another.!"'2 In these cases the precursors of the affected tissue were left expressing the wrong
complement of Hox genes suggesting that Hox genes impart identity in a combinatorial man-
ner. It was also apparent from these studies that the inherent genetic redundancy built in the
Hox axial patterning system often masked the full spectrum of Hox activities. Intriguingly, in
the few cases where Hox information was completely eliminated or stripped down to the bare
minimum, cells were locked to an immature state and whole structures or lineages went missing.
Combined loss of function of the Drosophila labial homologues Hoxal and Hoxb! in the
developing hindbrain, thombomere 4 (r4) in particular, is a case demonstrating this omt
Since Hoxb2 expression in r4 is dependent upon Hoxb1 function in the same territory'> this
genetic combination resulted essentially in a triple knock out leaving the presumptive r4 ex-
pressing only Hoxa2. The territory itself was not completely lost but there was a cell autono-
mous defect'in r4 neural crest cell generation.' This in turn resulted in early involution of the
second pharyngeal arch and loss of its derivative skeletal elements.'® In contrast, other cell
lineages such as motor neurons are generated in this territory albeit with changed identities and
atypical behavior.!” Interestingly, the labial Drosophila mutants displayed a similar phenotype
in the tritocerebrum, a territory where only lebial is expressed. The neural tritocerebral pro-
genitor cells are present and correcdy located in the mutant domain. Furthermore, the postmitotic
progeny of these progenitors, the cells that are fated to become neurons in the wild type, are
also generated and correctly located in the mutant tritocerebral domain and remain so throughout
subsequent embryogenesis. However, these cells seem to remain in an undifferentiated state
and do not express any of the numerous neuronal molecular markers that positionally equiva-
lent neuronal cells express in the wild type neither do they extend axons or dendrites. In con-
trast to the absence of neuronal cell fate in the lebial mutant domain, the generation of glial
cells within this mutant domain appears to be unaffected.'®
Targeted disruption of Hoxa3 resulted in loss of the thymus—a tissue derived through the
mesenchymal neural crest of the third pharyngeal arch and its interaction with surrounding
arch and pouch. In these mutants neural crest is generated and migrates correctly but fails to
differentiate and properly interact with the surrounding tissue to generate the thymus.!” Com-
bined loss of function of paralogous group 3 Hox genes lead to similar defects, namely the loss
of an entire structure. Mice homozygous for either Hoxa3 or Hox43 mutations have no defects
in common whereas combinations of the two mutations exacerbate the respective phenotypes.'”
Hoxb3 mutants display only minor defects in the cervical vertebrae and the IX nerve. Strik-
ingly, when either Hoxa3 or Hoxd3 loss of function mutations are combmed with Hoxb3 loss of
function mutation complete loss of the entire atlas was observed.!® This phenotype could be
attributed to mesodermal progenitors or stem cells failing to expand and differentiate.
Loss-of-structure phenotypes were also observed in combined loss of function of Hox genes
of the paralogous group 11. Combination of Hoxa11 and Hexd11 loss of function mutations
resulted in a dramatic loss of the radius and ulna of the forelimb that were nearly completely
eliminated. This suggested that paralogous Hox genes act together not to simply pattern limbs
along the proximo distal axis but, crucially, to direct growth as well.'” Furthermore, in the
triple Hoxal 1/Hoxd11/Hoxc1 I loss of function mutants a complete loss of metanephric kidney
induction was observed. In these mutants the metaneprhic blastem condensed but failed to
maintain the pax-eya-six regulatory cascade and initiate subsequent metanephric induction.?
The cases described above demonstrate that patterning, lineage specification and cellular
growth are linked, with Hox genes playing a central role in these processes. Proper AP specifi-
cation, in the form of a specific Hox code, is necessary for stem and progenitor cells to expand,
respond appropriately to signals and interact with surrounding tissues. The definition of Hox
conferred AP specification in transcripteome and proteome terms will be crucial if we want to
understand these processes and put this knowledge at work with the ultimate goal been in vitro
tissue generation and in vivo regeneration.
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Hox Genes and Hematopoietic Stem Cells

The initial studies of human HOX gene expression and function in hematopoiesis used
immortalized cell lines that were mostly established from leukemias. The involvement of Hox
genes in human leukemias is now indirectly supported by their observed aberrant expression, 22
chromosomal translocations,?3?# chromosomal translocations involving their cofactor PBX 12526
and chromosomal rearrangements involving their upstream regulators MLL1%7? and CDX2.%
Gene expression profiling by microarrays showed that Hox gene expression is deregulated in a
multiplicity of leukemias.*® In these studies, HOXA9 expression was the one, among that of
6800 genes, in patients with acute myeloid leukemia®' that correlated mostly with treatment
failure.*® However, direct evidence for the functional contribution of Hox genes in the develop-
ment of leukemias mediated by E2A-PBX1%%%! and by some MLL fusion genes has only re-
cently been obtained.?? During normal hematopoiesis Hox genes of the A, B, and C clusters are
transcribed, with their expression being confined to primitive subpopulations?’->34 whereas
expression of the HOXD cluster genes is rare in hematopoietic cell lines.?® These observations
have prompted several studies that examined the effect of HOX genes in HSC expansion,
differentiation and lineage commitment using a variety of approaches. The results point to an
extremely complex role of Hox genes in hematopoietic development and differentiation.

HSC Specification, Expansion and Self Renewal

Hox genes have been implicated in mediating HSC specification, expansion and self-renewal.
Hoxb4 inducible, timed expression confers definitive long-term lymphoid-myeloid engraftment
potential on mouse embryonic stem cells without apparent preference for either lineage. Simi-
larly, retroviral transduction of Hoxb4 in yolk sac cells also promoted their switch to the defini-
tive HSC phenotype. In this case, however, long term expression of Hox64 favoured the my-
eloid lineage.*® The ectopic expression of HOXB4 in mouse and human bone marrow cells
increases the self-renewal of hematopoietic stem cells”’ in vivo, withour affecting subsequent
lineage-specific differentiation.*®3? More recent studies have also shown that HOXB4 induced
rapid ex vivo expansion of the transduced HSCs.* Strikingly, the same effect could be induced
using a soluble recombinant HOXB4 protein.””**! Importantly, the ex vivo-HOXB4-expanded
HSCs retained their normal differentiation and long-term repopulation potential, and no he-
matologic abnormalities have been detected in large groups of mice that received transplants
with HOXB4-transduced HSCs.* Expansion of HSC population may not be a property unique
to Hoxb4 as the leukemogenic gene HOXA9 has similar potential to expand HSCs in the preleu-
kemic phase of the disease. That provided intriguing evidence that the Hox-induced enhance-
ment of HSC expansion and self renewal may extend to other Hox genes.*> However, Hoxb4 is
the only Hox gene identified so far capable of expanding the HSC population without affecting
subsequent differentiation. Interestingly, in the mouse, combined deficiency in both Hoxb3 and
Hoxb4 results in defects in endogenous hematopoiesis. This consisted of a significant reduction
in the HSC pool which in turn resulted from a reduced proliferative capacity and slower cell
cycle kinetics of the HSCs. Combined Hox63 and Hoxb4 deficiency did not alter the balance of
lineage commitment.* These results directly implicate Hoxb3 and Hoxb4 in regulating in vivo
stem cell regeneration and affording maximal proliferative response.

The Ml gene encodes a trithorax-group chromatin regulator essential for the development
of HSCs during development. Chromosomal transtocations disrupting the Mll gene result in
leukemia with aberrant expression of some native target genes that include Hox genes.®> In the
absence of M, early hematopoietic progenitors develop despite reduced expression of Hoxa,
Hoxb and Hoxc genes but have markedly reduced ability to generate hematopoietic colonies, a
process requiring cell division and differentiation. Reactivation of a subset of Hox genes or,
remarkably, of even a single Hox gene can rescue this proliferative defect in sharp contrast to
other Ml! target genes such as Pitxa2 which fail to do so. Similarly, zebrafish cdx4 mutants fail
to specify blood progenitors and this defect can be rescued by overexpression of Hoxb7a and
Hoxa9a but not by scl%
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The identification of Hox genes as HSC regulators has been exploited to develop strategies
to efficiently expand HSC ex vivo. This is a crucial step for the success of therapies based on
HSC transplantation and the understanding of mechanisms underlying HSC self-renewal and
proliferation. These advances should facilitate the development of strategies for the manage-
ment of leukemia.

HSC Lineage Commitment
A number of functional studies have provided evidence that proteins encoded by HOX
genes influence lineage cornmitment decisions of hematopoietic stem and progenitor cells.
Studies of HOXB expression in normal human bone marrow show that that HOXB3, HOXB4
and HOXBS are easily detectable in HSCs.?2?#7 Anti-sense inhibition of protein expression
in normal human bone marrow has provided information about the function of a number of
HOXB genes.*” HSCs treated with anti-HOXB3 oligonucleotides lose the ability to generate
myeloid or erythroid colonies. In addition, anti-HOXB4 and anti-HOXB5 oligonucleotides
produce dose-dependent decreases in myeloid and erythroid colony formation from HSCs.
Culture conditions that promoted self-renewal induced a 3-10-fold increase in HOXB4 expres-
sion among CD34+ bone marrow cells, while conditions promoting differentiation induced
only a slight increase.*® On the other hand, expression of HOXB3 was dramatically reduced in
CD34+CD38+ progenitors and almost undetectable in myeloid and erythroid progenitor popu-
lations?” and CD34- cells.”> HOXB4 and HOXB5 expression continued in CD34+CD38+
cells and myeloid progenitors, but both were downregulated in erythroid progenitors.”’ These
studies suggest that HOXB3, HOXB4 and HOXBS5 act in very eatly progenitors, possibly before
myeloid and erythroid lineage restriction. Anti-HOXB6 oligonucleotides reduced the forma-
tion of myeloid colonies from HSCs by about 75%, but they had no effect on erythroid colo-
nies.?” Although expression of the HOXBG6 gene has not been detected in bone marrow pro-
genitors it has been observed in cultures that selectively induce granulocytic differentiation
from CD34+ bone marrow cells.*” The introduction of anti- HHOXB7 oligonucleotides inhib-
ited myeloid colony formation in total human bone marrow.* In contrast to HOXBG, the
expression of HOXBY is initiated in conditions that selectively induce monocytic but not granu-
locytic differentiation from the HL-60 cell line. Furthermore, granulocytic differentiation from
the HL-60 cell line was inhibited by overexpression of Hi OXB7.* Thus, HOXB6 and HOXB7
appear to function later in hematopoietic differentiation to regulate the selection between granu-
locytic vs. monocytic differentiation with HOXBG6 favoring the former and HOXB7 the latter.
During the progression of differentiation, the genes of the HOXB cluster appear to follow a
general pattern of sequential activation and subsequent down regulation that corresponds with
their 3' to 5' position on the chromosome. Additionally the functional studies summarized
above provide evidence that the role of HOXB genes correlates with their location on the chro-
mosome. In general, products of more 3’ genes affect early differentiation and lineage restriction
events, while proteins encoded by the more 5’ genes tend to be lineage specific and function in
lineage commitment. Fewer data are available on the expression and function of human HOXA
and HOXC clusters but a similar pattern of expression and function for these genes may emerge.
Overexpression of HOXAS5 in CD34+ cord blood progenitors induced a shift toward my-
eloid and away from erythroid differentiation. Importantly, the greatest effects of forced HOXAS
expression were seen in CD34+CD38- cells and in conditions that favored erythropoiesis over
myelopoiesis.”® Consistent with these observations, RT-PCR analysis of human bone marrow
showed that HOXA5 expression was easily detectable in HSCs and myeloid progenitors, but
barely detectable in an erythroid progenitor population.”” Similarly, overexpression of HOXA10
in human CD34+ cord blood cells sharply reduced the in vitro production of erythroid,”' T, B
and NK cells®® whereas it increased the production of myeloid cells.”"2 Forced expression of
HoxA10 in CD34+ human cells transplanted in SCID mice resulted in an increase of myeloid
cells and a consequent reduction of B lineage cells.’! Expression of HOXAI0 was detected in
bone marrow HSC and myeloid progenitor populations but not mature neutrophils, monocytes
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or lymphocytes.>'>2 However, in contrast to HOXAS, transcripts for HOXA10 were also readily
detectable in erythroid progenitors.?” These data suggest that both HOXAS and HOXA10 pro-
teins promote myeloid differentiation.

Members of the HOXC cluster of genes have been linked to both early hematopoietic events
and exclusive terminal lymphoid differentiation. Overexpression of HOXC4 in CD34+ cells
has been shown to dramatically increase the proliferation of lymphoid as well as myeloid and
erythroid precursors.”® HOXC4 transcripts have been detected in CD34+CD38+ progenitors
and in terminally differentiated T and B cells* but not in mature granulocytes or monocytes.>
Expression of HOXC6 has been detected in mature T lineage cells, but not in CD34+ progeni-
tors, suggesting that it functions later in lymphoid differentiation.

Proteins encoded by Drosaphila Polycomb group® genes function as transcriptional repres-
sors of Hox Jgenes in mouse and human homologs of Pc-G genes are postulated to regulate
HOXgenes.” At least nine genes homologous to Drosaphila Pc-G genes have been identified in
human bone marrow.>® RT-PCR analysis showed very low to negligible levels of expression of
these homologs in primitive progenitors whereas expression increased steadily as differentia-
tion progressed to myeloid and erythroid precursors, the only notable exception been BMI
which was expressed in primitive progenitors and downregulated with differentiation.
Upregulation of the Pc-G genes was not simultaneous; expression of some was initiated in
progenitors while others were upregulated at later stages of differentiation.® Thus, in general
the expression pattern observed for Pc-G genes appears to correlate inversely with that of HOX
genes, which show a pattern of preferential expression in primitive progenitors.”>?” The recip-
rocal and graded pattern observed for Pe-G and HOX gene expression is consistent with the
hypothesis that proteins encoded by Pr-G genes play a role in the progressive 3' to 5' repression
of HOX genes during hematopoictic differentiation and lineage commitment.?”>¢

Hox Genes and Cancer Stem Cells

Earlier models of carcinogenesis stipulated that uncontrolled proliferation arises as a result
of serial acquisition of genetic lesions that lift normal restrictions, upregulate proliferative re-
sponses and abrogate programmed cell death. In addition to these models the recent stem cell
model for carcinogenesis suggests that a key event would be the regulatory disruption of genes
involved in the regulation of stem cell self renewal. There is evidence to suggest that Hox genes
may be implicated in cell cycle control, differentiation as well as programmed cell death. Un-
derstanding their functions in this context may provide important diagnostic tools and means
to control carcinogenesis.

The oncogenic potential of HOX genes has clearly been implicated in leukaemias®” (see
also below). Major changes in HOX gene expression have been detected in primary solid tumours
(kidney, colon, and small cell lung cancer) and cell lines derived from them when compared
with the corresponding normal adult organ.’® In many cases, HOX genes that are normally
only active during embryonic development are reexpressed in the neoplastic cells.*® Such alter-
ations involve HOX genes crucial for organ development as well as HOX genes apparently
unrelated to normal organogenesis of the tissue. Links between HOX gene expression and
malignant transformation have been initially investigated based on the hypothesis that genes
expressed during embryogenesis, but not in adult tissues, can be reexpressed in neoplastic tis-
sue. As it turns out this hypothesis is only partially supported by the data implying that it is an
oversimplification of the role Hox genes play in carcinogenesis.”®*® Besides the involvement of
altered Hox gene expression in primary solid tumours, misexpression of HOX genes is detected
in metastatic lesions with respect to the primary tumour of origin and the normal tissue sug-
gesting an implication of homeoproteins in cancer evolution.®! Furthermore, in some cases
HOX gene exgression appears to be linked to stage of tumour progression and histological
tumour type.®? Thus it is tempting to speculate that initial deregulation of Hox gene expres-
sion at the tissue stem cell level propagates itself through Hox cross-regulatory interactions
endowing cells with metastatic potential and broadening their differentiation potential.
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Excessive signalling may also lead to HOX gene upregulation and this in turn may acceler-
ate the carcinogenic process. Autocrine hGH production by human mammary carcinoma cells
increased the expression and transcriptional activity of HOXAL. This in turn resulted in
up-regulation of Be/-2 and increased total cell numbers. HOXA1 also abrogated the apoptotic
response of the mammary carcinoma cells to doxorubicin. Furthermore, overexpression of
HOXAI in these cells markedly enhanced anchorage independent cell proliferation and caused
their oncogenic transformation, rendering them capable of aggressive tumour formation.®>
The underlying assumption, which however has not been proven, is that Hox connected onco-
genic activities are produced by wild type rather than mutant proteins as a by product of their
normal activities in the wrong cellular context. For example, overexpression of HOXB7 acti-
vates bFGF which in turn promotes cellular proliferation. It is plausible that bFGF is a normal
HOXB?7 target during development and its inappropriate activation in melanoma and ovarian
epithelial cells accelerates cellular proliferation and thus rumorigenesis.*%°

Direct interactions of Hox genes and their regulators with the machinery controlling cell
cycle progression have been identified. The cell cycle regulator geminin associates transiently
with members of the Hox-repressing polycomb complex, with the chromatin of Hox regula-
tory DNA elements and with Hox proteins. The interaction between geminin and Hox pro-
teins prevents Hox proteins from binding to DNA, inhibits Hox-dependent transcriptional
activation of reporter and endogenous downstream target genes. Geminin also directly inter-
acts with Cdtl which is a crucial component of the replication licencing machinery and this
interaction prevents replication. Therefore geminin is coordinating developmental and prolif-
erative control through competitive interactions. Thus, it is conceivable that aberrant levels of
Hox homeoproteins may lead to unwarranted replication through sequestration of geminin
and release of Cdtl inhibition.% Timely destruction of HOXC10 by the anaphase promoting
complex appears to be necessary for the orderly progression from metaphase to anaphase.
HOXC10 degradation coincides with cyclinA degradation and is carried out by the
ubiquitin-dependent proteasome pathway. When two destruction motifs in the protein are
mutated HOXC10 is stabilised and cells accumulate in metaphase. This is another potential
mechanism via which Hox genes constitute a link between developmental regulation and cell
cycle control.?’ Yet another tentative link of Hox function with cell cycle regulation is the
finding that HOXAS regulates p53; expression of which protects against malignant transfor-
mation. Levels of p53 mRNA are low in a large proportion of breast tumours and breast cancer
cell lines and patient tumours display a coordinate loss of HOXA5 mRNA and protein expres-
sion. The HOXA5 promoter region was methylated in 16 out of 20 p53-negative breast tu-
mour specimens. Importantly, HOXAS5 can bind to the p53 promoter and activate its tran-
scription. Additionally, expression of HOXAS in epithelial cancer cells expressing wild-type
p53, but not in isogenic variants lacking the p53 gene, led to apoproric cell death.® To further
investigate this Chen et al engineered a p53-mutant breast cancer cell line to inducibly express
HOXAS. Induction of HOXAS expression caused caspase 2- and caspase 8-mediated apoptotic
cell death. Thus, loss of expression of p53 in human breast cancer appears be primarily due to
lack of expression of HOXAS5.% It will be of interest to lcarn whether other HOX genes have
pro- or anti- apoptotic activity.

Malignancy is also associated with the failure of cells to terminally differentiate and several
homeobox-containing genes have been found to be involved with terminal differentiation.
Overexpression of some HOX genes is associated with loss of differentiation. For example, in
human prostate cancer, overexpression of HOXCS is associated with the loss of tumour differ-
entiation, suggesting that it is involved in the acquisition of the invasive and metastatic charac-
ter of this malignancy.”®

The evidence so far suggests that the gain or loss of function of Hox genes promotes tum-
origenesis as a consequence of their inappropriate effects on growth and differentiation. How-
ever the current state of our knowledge is insufficient to understand the relationship between
individual Hox genes and the specific cancer phenotype that their misexpression contributes
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to. Furthermore, an indisputable link between Hox gene misexpression in tissue specific stem
cells and consequent carcinogenesis has not been forged. Perhaps the most promising venues
would be to (a) characterise the Hox expression profiles of tissue specific stem cells in physi-
ological and tumorigenic state and (b) explore this possibility in animal models through the
controlled misexpression of Hox genes in specific tissue stem cells.

Conclusions

Patterning, lineage specification and cellular growth are linked and it is becoming obvious
that Hox genes are playing a central role in these processes. Proper AP specification, in the
form of a specific Hox code, is necessary for stem and progenitor cells to expand, respond
appropriately to signals and interact with surrounding tissues. It is now accepted that Hox
functionality is context dependent and restricted by the developmental history of the cell as
well as the signals the cell receives. Understanding the role of Hox genes in specific stem cell
contexts holds the promise of harnessing their potential for in vivo tissue regeneration and in
vitro tissue generation. To this end we will need to specify their context dependent activity in
terms of transcripteome and proteome changes. Already, the identification of Hox genes as
HSC regulators has been exploited to develop strategies to efficiently expand HSC ex vivo.
This is a crucial step for the success of therapies based on HSC transplantation and the under-
standing of mechanisms underlying HSC self-renewal and proliferation. These advances should
facilitate the development of strategies for the management of leukemia. Similar advances on
the role of Hox genes in maintenance, expansion and differentiation of other cancer stem cells
may give us better diagnostic and therapeutic tools.
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CHAPTER 9

Deregulation of the Hox Gene Network

and Cancer

Clemente Cillo*

Abstract

Ithough the Hox genes have been identified as master regulatory genes controlling
Afmbryonic development, an alternative view on the role of the Hox gene network

uggests that it regulates crucial processes at cellular level in eukaryotic organisms. Our
working hypothesis considers the Hox network, at the nuclear cell level, as a decoding system
for external inductive signals to activate specific genetic programs. We thus identify a cancer as
an anomalous structure growing inside the human body and following, from a cellular and
architectural viewpoint, the rules controlling body shape during embryonic development. In
this chapter we will describe, according to present data, how the Hox gene network acts in
specific types of human solid tumours (breast, prostate, bladder, kidney). Furthermore we
identify three research areas potentially able to produce, in the near future, important achieve-
ments to increase our understanding of (i) the function of the Hox gene network; (ii) the
identification of the HOX target genes; (iii) the molecular basis of human cancers.

Introduction

Although the Hox genes were originally identified as master regulatory genes controlling
segment identity along the antero-posterior axis of animals during embryonal development—
thoracic Hox gene mutations cause homeotic transformations of the vertebrae (see else-
where in this book)—an alternative view of the role of Hox gene network as a whole sug-
gests that it regulates crucial processes at cellular level in eukaryotic organisms. The function
of the Hox network must be so crucial as to require the original Hox locus to become
tetraploid during evolution while retaining its peculiar gene organisation across so many
animal species.! We have proposed that the Hox network acts, at the nuclear level of eukary-
otic cells, as a decoding system for external inductive signals that allow the acrivation of
specific genetic programs. Specific genes in the network act as signal collectors (from growth
factors and signal transduction pathway). These signals are transferred to key genes in the
decoding network (decoder genes may vary in different cell phenotypes). Through trans-
mitter genes, a response is sent outside the Hox network. This activates specific programs of
effector genes (morphogenetic molecules, cell-cycle related proteins, apoptotic pathway) in
order to achieve the changes induced by the signal received.” Multiple cellular processes are
regulated through the Hox network: the acquisition and maintenance of spatial and temporal
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cell allocation; the establishment of cell identity, achieving specific cell phenotypes through
the decoding of microenvironment signals; the control of cell growth and proliferation
through the interaction with cell-cycle and the apoptotic pathway; the process of cell-cell
communication through cross-talk with morphogenetic molecules, growth factors and
cytokines and signal transduction pathways; the antero-posterior patterning during embry-
onic development; the regulation of cell compartmentalisation and architectural organisation
during morphogenesis and organognesis; and the rules that coordinate cell activity with
evolutionary constraints such as number of digits in vertebrate and number of neck verte-
brae in mammals.?> We and other have thus postulated the determination of phenotype cell
identity as the primary function of the Hox gene network distinct from the consequent
function of controlling body segment identity.*¢

In order to test the robustness of the HOX gene network in controlling phenotype cell
identity we have designed the following experiment on human prostate cells. We detect the
expression patterns of the HOX gene network in a non tumorigenic epithelial cell line EPN’
as well as in a cell line, EPN-PKM3, an EPN clone bearing a Pyk2 kinase-negative mutant
(kindly provided by D. Tramontano—Federico I University Medical School, Naples). Pyk2
is a cytoplasmic tyrosine kinase, related to focal adhesion kinases, actively expressed in hu-
man prostate epithelia and inversely correlated, through its expression, to prostate malig-
nancy. Although the patterns of expression relative to the HOX gene network are
undistinguishable in the two cell phenothypes, cAMP treatment generates phenotype spe-
cific alterations on HOX gene expression as well as phenotype specific morphological and
functional differences in EPN versus EPN-PKM3 cells (see prostate cancer section). A short
cAMP exposure (24h) induces modification in the expression of five HOX genes in EPN
cells (Fig. 1 left) whereas a single gene (HOX D9) becomes active in EPN-PKM3 cells (Fig.
1 right). Subtraction of Pyk 2 kinase in EPN-PKM3 seems to generate a delay in the modi-
fication of HOX gene expression induced by cAMP treatment. This suggests an interaction
between Pyk 2, cAMP and the HOX gene network as well as the involvement of the HOX
network in cAMP induced phenotype modifications in both epithelial cell phenotypes. In-
creasing the exposure to cAMP (72h) and in parallel to the increased morphological and
functional neuroendocrine modifications of these cell phenotypes, the alterations in the ex-
pression of the HOX gene network concomitantly increases: 10 HOX genes alter their ex-
pression in EPN and 8 genes in EPN-PKM3 (Fig. 1). These modifications in the HOX gene
expression are only partially shared (6 HOX genes) by the two cell phenotypes. Thus, pro-
longed exposure to cAMP induces differences in the HOX genes which modify their expres-
sion in the two epithelial prostate cell phenotypes. This suggests a direct interaction between
Pyk 2 and specific HOX genes. One of the two altered HOX genes after cAAMP in EPN-PKM3
cells is HOX A7, recently described as transcriptionally interacting with Pyk2 during HL-60
monocytic differentiation.®

Thus, the expression of the HOX gene network after exposure to cAMP, not only dis-
criminates between two epithelial prostate cell phenotypes displaying a single gene differ-
ence but also allows identification of specific HOX genes able to interact with the gene, the
focal adhesion kinase Pyk-2, for which the two cell phenotypes differ.

In the light of this way of thinking, fifteen years ago we started a project intended to
study the role of the HOX gene network in tumour progression. This allowed us to suggest
the involvement of HOX genes in several types of human cancers. In recent years, the in-
creasing reliability of technologies for whole-genome RNA expression and the coupling of
bioinformatics and gene expression has made it possible to compare, on large scale screen-
ings, gene expression to be used for clinical evaluations. This has produced the definitive
acquisition of HOX genes as “emerging stars in cancer research”.” In this chapter we will
describe, according to present results, how the HOX gene network acts in specific types of
human solid cancers (breast, prostate, bladder, kidney) starting from our (now outdated)
working procedure and comparing it with recent high-throughput molecular pathology
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Figure 1. A) Schematic representation of the HOX gene network (see text for details). Expression
of the whole HOX gene network detected by RT-PCR in EPN and EPN-PKM3 prostate cell lines:
black and white squares indicate active or silent HOX genes, respectively. Asterisks indicate
HOX genes altered after 24h cAMP exposure in EPN and EPN-PKM3 cells.?Black and white ovals
indicate active or silent HOX genes altered in EPN and EPN-PKM3 cells after 72h cAMP expo-
sure. Altered HOX genes are active or silent, in the same sense, after 24 and 72h cAMP exposure.
B) RT-PCR expression of HOX A4, HOX A7, HOX A11, HOX B1, HOX D8 HOX D9 and HOX
D12in EPN (lane 1), EPN + 72h cAMP (lane 2), EPN-PKM3 (lane 3) and EPN-PKM3 + 72h cCAMP
(lane 4). Control coamplification of HOX A4, HOX D12 and HOX A7 with a 149 bp B-actin
primer is reported. Control coamplification of HOX A11, HOX B1, HOX D8, HOX D9 and with
a 433 bp B-actin primer is reported. Duplex PCR products were separated by ethidium 1.2%
agarose gel electrophoresis.

analyses to show how specific HOX genes can be used as diagnostic and predictive tools in
cancer research.'”

Breast Cancer

Initial observations on HOX gene involvment in breast cancer already pointed out the role
of genes from loci A and C of the HOX network.!! Hox A1 gene has been implicated in mouse
and human breast epithelial cell differentiation mostly through its regulation by retinoic acid'?
and steroids,'? and its link to the expression of laminin,'* HOX C6 has been detected in breast
carcinomas as being able to contribute to breast cell phenotype through its interaction with
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other HOX genes (HOX B7) or repress their target genes.'> Increased HOX D3 expression has
been connected to angiogenesis through the regulation of ov B3 integrin and urokinase plas-
minogen activator (u-PA).'® Transduction of breast carcinoma cells with HOX B7 induces
bFGF expression and increases in vitro breast cells malignancy.'” Recently, it has been shown
that, in breast carcinomas, HOX A5 behaves as a transcriptional regulator of multiple target
genes, two of which are p53'8 and the progesterone receptor.!® Paralogous group 9 Hox genes
(Hox a9, Hox b9 and Hox d9) act together in mutant mice controlling the differentiation of
their mammary epithelial ductal system during pregnancy.?

We have recently described the expression of the complete HOX gene network in normal
human breast and in primary breast carcinomas in order to understand whether the HOX
network is implicated in breast cancer evolution and to identify, inside the network, the
specific HOX genes primarily involved with breast tumorigenesis.”! Our results show that the
HOX gene network displays an overall expression pattern characteristic of normal breast tissue.
Furthermore, the expression of thoracic HOX genes is similar in normal and neoplastic breast
tissue indicating that these genes may be involved in breast organogenesis. In contrast, cervical
and lumbo-sacral HOX genes manifest altered expression in primary breast cancers with
respect to normal breast, which supports their involvement in breast cancer progression.

According to our results, specific HOX genes, such as HOX B2, HOX D3 and HOX D4 in
the cervical part of the network and HOX D10, HOX A11 and HOX B13 in the lumbo-sacral
part of the network, are good candidate genes to be tested in a large study to confirm their role
in breast cancer progression. These observations stress the importance of the HOX network in
cancer evolution and the possibility to target the HOX genes for future cancer therapies.

Tamoxifen significantly reduces tumour recurrence in early-stage estrogen-positive breast
cancers. Approximately 40% of ER + breast cancers fail to respond or eventually develop
resistance to tamoxifen, leading to disease progression. Current clinicopathological features
including cumour stage and grade, and ERBB2 and EGFR expression fail to accurately identify
individuals who are at risk for tumour recurrence. A Californian team?” has recently reported
the gene expression profiling (22,000 genes) of tumours from 60 women uniformly treated
with adjuvant tamoxifen monotherapy. This cohort included 46% tamoxifen recurrences and
54% tamoxifen non recurrences with a 5-year follow-up-available after biopsy and matching of
recurrences and nonrecurrent cases with respect to TNM staging® and tumor grade.?* By an
initial screening the authors demonstrated the existence of statistically significant differences in
gene expression between the primary breast cancers of tamoxifen nonrecurrences and recur-
rences through the identification of 19 differentally expressed genes. By means of a more
refined analysis using laser-capture microdissection (LCM) of tumour cells within each tissue
section®® they identified 9 differentially expressed genes. Three genes were identified as differ-
entially expressed in both whole tissue sections and LCMs: HOX B13, the interleukin 17B
receptor and EST A1240933. HOX B13 was hyperexpressed in tamoxifen recurrence cases,
whereas IL17BR and A1240933 were hyperexpressed in tamoxifen nonrecurrence cases. These
three genes, thus, predict the clinical outcome of patients treated with adjuvant tamoxifen.
Due to the opposite patterns of expression becween HOX B13 and IL17BR the authors then
tested the possibility that the expression ratio of HOX B13 over IL17BR can be predictive of
tamoxifen response, and compared the HOX B13:IL17BR ratio to well-established prognostic
factors for breast cancer, such as patient age, tumor size, grade, and lymph node status PGR
and ERBB2 expression. Results demonstrated that the expression ratio of HOX B13:IL17BR
is a strong, independent predictor of treatment outcome in the setting of adjuvant tamoxifen
therapy. Thus HOX B13, one of the genes located in the lumbo-sacral part of the HOX
network which we have identified as a good candidate gene to be tested in a large study to
confirm its role in breast cancer progression, has been validated through this study.
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Bladder Cancer

Bladder carcinogenesis remains unclear despite the identification of chemical, environmen-
tal and genetic factors. Various genetic abnormalities have been identified in bladder cancer
(usually transitional cell carcinoma or TCC):® an initial event on chromosome 9 (9p21 and
9p34), although the specific genes involved are still unidentified, causes the highest mutation
index detectable in TCC.?” Oncosuppressor genes linked to apoptosis and the cell cycle, such
as p5328 and R4,% and oncogenes involved in signal transduction, such as Ras®® have been
connected to TCC. Finally, a transcription factor linked to embryonal development (PAX 5)
and displaying oncogenic properties is localised in a key position (chromosome 9p13) in blad-
der carcinogenesis and seems to play an important role in TCC when inappropriately expressed.’!

We have recently described the expression of the whole HOX gene network in pairs of
normal-tumour bladder and in isolated tumor biopsies. Comparison between normal urothelium
and bladder tumour has identified dramatic variations of expression in a block of three genes
(HOX C4, HOX C5 and HOX C6) localized in the HOX C locus on the chromosome 12q13
and in the paralogous group 11 HOX genes, involved during normal development in the
formation of the urogenital system. In particular, the HOX C6 gene, is always silent in normal
bladder but active in 100% of the 30 cases of TCC examined.” The physical location of the
HOX C locus on chromosome 12q13 is within a chromosomal region recently described as
amplified in bladder cancer.>® This region contains (in addition to the entire HOX C locus)
around sixty genes, including those which play a better documented oncogenic role such as
MDM?2 (murine double minutes), CDK4 (cyclin-dependent kinase 4) and GLI
(glioblastoma-associated oncogene). Also among these genes are the genes coding for the
cytokeratins CK8 along with the cytokeratin genes CK1, CK 3, CK 4, CK5, CK6A and CK6B.**
In addition, in physical contiguity at the 3’ end of the HOX C locus, are located the genes for
CK7 and the basic hair Keratin 1 and 6, transcriptionally regulated by the HOX C13 gene.®
Another group of cytokeratin genes is located on chromosome 17p21.3% in physical contigu-
ity with the HOX B locus. In bladder cancer, alteration of the expression of a series of CKs
normally active in the urothelium, such as CK8, CK18, and CK 19, has been described,
mazking ityossible to suggest a distinction between TCCs through cytokeratin expression
patterns.’ In biology the concept of common functions performed by physically and/or
evolutionarily contiguous genes is gaining more and more support.

During normal development, paralogous group 11 HOX genes are involved in the formation
of the posterior region, including the uro-genital system® (sec kidney cancer section). According
to our results, the HOX A11 gene, active in most normal bladder tissue, tends to become silent
in cancer tissue. The HOX C11 gene, which is silent in normal urothelium, becomes active in
almost all the TCC samples tested. Finally, the HOX D11 gene, always silent in normal bladder
tissue, appears heterogeneously expressed in bladder cancer. We, thus, hypothesize a role
of HOX C6 and paralogous group 11 HOX genes in the regulation of the cell phenotypes
involved with urological carcinogenesis.

Prostate Cancer

From the biological viewpoint, the heterogeneity of prostate cancers suggests the existence
of multiple, independently-evolving, neoplastic foci, with severe limitations for depicting the
molecular mechanisms of cancer progression. The introduction of laser-capture microscopy
has facilitated the analysis of individual neoplastic loci. Gleason’s formulation of a score system,
used by pathologists as a prognostic indicator, and based on the sum of the two most prevalent
grades of ne%)lastic foci makes it possible to identify higher Gleason grades as more advanced
carcinomas.
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Eatly detection through prostate specific antigen (PSA) confines most tumours to prostate
gland at presentation and provides an opportunity for curative surgery. However, up to 30% of
patient having radical prostatectomy will relapse as a result of micrometastases dissemination at
the time of surgery.®! Thus, it will be crucial to identify molecular markers that define tumours
at risk of relapse. Out of several candidate genes (loss of p53, myc amplification, loss of p27,
loss of PTEN) neither combination nor single genes have been shown to be of such prognostic
utility as to warrant clinical implementation.

Recently the gene expression patterns from 52 human prostate tumours and 50 normal
prostate specimens, using oligonucleotide microarrays containing probes for approximately
12600 genes were studied in order to understand whether such patterns could be predictive of
common clinical and pathological phenotypes relevant to patients’ treatment.*? The analysis
indicated that 317 genes were hyper-expressed in prostate tumour samples and 139 genes in
normal prostate samples. The expression patterns of the 52 tumours were further analysed in
order to predict differences in the clinical behaviour of prostate cancers. No statistically significant
gene expression correlate of the clinical and pathological features were observed with the exception
of the Gleason score. A gene expression signature of GS was thus detectable: fifteen
hyper-expressed genes and fourteen hypo-expressed genes correlate with GS and their expression
is reproducible. While no single gene was statistically associated to recurrence, a 5 gene model
predicts recurrence with 90% accuracy. The 5 genes are chromogranin A, platelet-derived growth
factor receptor B (PDGFRB), HOX C6, inositol triphosphate receptor 3 (IPTR3) and
sialyltransferase-1. These data support the notion that the clinical behaviour of prostate cancer
is linked to underlying differences in gene expression, detectable at the time of diagnosis. Thus, a
5 gene expression model alone accurately predicts patient outcome following prostatectomy
and one of these genes is HOX C6, the gene we have described as inactive in 100% of bladder
cancers. Furthermore, the association of specific genes’ expression, such as PDGFRB or HOX
C6, with outcome raises the possibility that expression analysis may prove useful in selecting
patients for emerging mechanism-based therapeutics.

Another study has shown the upregulation of genes from the HOX C locus (HOX C4,
HOX C5, HOX C6 and HOX C8) in malignant prostate cell lines and lymph node
metastases.®> The HOX network expression patterns of lymph node metastases and cell lines
derived from lymph node metastases are very similar, whereas patterns of HOX gene expression
are distinct when detected in benign cells or malignant cell lines derived from metastases of
prostate adenocarcinoma in other organ sites. Laser capture microdissection and examination
of pairs tumour-normal prostate biopsies confirmed overexpression of the HOX C genes in
primary prostate tumours. Overexpression of HOX C8 in LNCaP cells suppresses transactivation
by androgen receptors suggesting the possibility that HOX C hyper-expression predisposes
tumour cells to androgen independency. Thus, HOX C locus genes and HOX C6 in particular
appear to play a major role in prostate cancer.

In the light of these observations we have recently investigated the involvement of the HOX
gene network in neurendocrine differentiation of human advanced prostate cancer.** We have
set up a mode! of human prostate tumour evolution by using: (a) primary cultures of prostate
fibroblasts, as for the mesenchymal compartment; (b) a nontumorigenic prostate epithelial cell
line (EPN); (c) three malignant cell lines generated from metastasis of prostate adenocarcino-
mas with different bodily localization: bone (PC3), brain (DU145), and lymph-node (LNCaP),
and characterized by androgen independency (PC3 and DU145) or dependency (LNCaP).
The expression patterns of the HOX gene network in these human prostate cell phenotypes,
representing different stages of prostate physiology and prostate cancer progression, make it
possible to discriminate between the different human prostate cell lines and to identify loci and
paralogous groups harbouring the HOX genes mostly involved in prostate organogenesis and
cancerogenesis.

cAMP is known to induce epithelial-neurocrine differentiation in prostate cancer cells.*’
On the basis of this knowledge we have investigated the effect of sustained intracellular level
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cAMP on the HOX gene network expression. cAMP induces a substantial difference in the
expression of the HOX gene network in the nontumorigenic phenotype (EPN) with respect to
the malignant ones (PC3, DU145 and LNCaP). Furthermore, the HOX gene modifications
induced by cAMP make it possible to distinguish prostate metastatic cell lines according to the
presence of andogen-receptors, active in LNCaP and absent in PC3 and DU145.%

In our cell system, exposure to cAMP mainly alters the expression of HOX genes situated
on the HOX D locus and localized on chromosome 2q31-32. During embryonal development,
Hox D genes play an important role in limb and digit generation.”’ In this same chromosomal
area of the genome, a global control region has recently been identified upstream from the Hox
D cluster, harbouring cis-regulatory DNA elements able to coordinate the expression not only
of Hox D genes and their immediate surroundings, but also of phylogenetically unrelated
genes lying several hundred kilobases from one another.*® Besides the Hox D13 gene involved
in prostate morphogenic defects in mutant mice,* this chromosomal area houses the genes
CREBI and CREB2 (ATF2) cyclic AMP activating transcription factors as well as the cAMP
sensor guanine nucleotide exchange factor II gene (cAMP-GEFII), specifically active in the
developing brain and regulating exocytosis in secretory cells. Furthermore, this same chromo-
somal area also houses the prostate-specific androgen-regulated gene PCGEM1, whose expres-
sion increases in high-risk prostate cancer patients.’® PCGEMI is a non coding RNA gene
belonging to the microRNAs (miRNAs) family, involved in a number of important cell and
developmental pathways (see conclusions). The chromosomal region 2q31-33 houses, in physical
contiguity with PCGEM]1, the genes neurexin-1 and NeuroD1. Neuronexins are polymorphic
cell surface proteins coded by three genes (neuroxin 1, 2 and 3) expressed mostly in the brain
and playing a role in cell-cell interaction.’’ NeuroD1 belongs to the “atonal” family of
transcription factors, responsible for regulating the generation of a protosensory organ in Droso-
phila.’? Thus, second messenger cAMP acts on a genomic region, molecularly coordinated
with respect to epithelial-neuroendocrine conversion as it occurs along the tumour progression
of prostate adenocarcinomas, presumably connected to androgen dependency and prostate
phenotype through PCGEM1 and locus D HOX genes. It has recently been reported that the
chromosomal area upstream of the HOX D locus contains nonrepetitive non coding regions
extremely conserved during 500 million years of evolution, which may constitute an important
insight into the evolution of mechanisms regulating associated gene complexes.”® Coupling
nuclear architecture and gene activity, spatial positioning in the genome is a functionally highly
relevant, physiological and global phenomenon®? (see conclusions).

We have selected one of these neurogenic genes located on the chromosomal area 2q31-33,
Neuro D1, and tested the expression of its protein product along prostate cancer progression.
The choice of Neuro D1 is supported by the observation that ectopic expression of Neuro D1
in Xenopus embryos causes conversion of epithelial cells into neurons.’® Interestingly, NeuroD1
is actively expressed in vivo in advanced prostate cancers displaying a terminal stage of tumour
differentiation as determined by an increased combined Gleason score.

These observations demonstrate HOX C6 as a crucial gene able to predict the clinical
outcome of prostate cancers and whose expression is systematically altered in human bladder
transitional cell carcinomas. Furthermore they suggest the in vivo involvement of locus D
HOX genes together with a neurogenic gene from the 2q31-33 chromosomal area (Neuro D1)
in the neuroendocrine differentiation characterizing tumour progtession of human prostate
cancers. Moreover they support the possibility to identify crucial unknown cancer genes through
the study of the HOX gene network along tumour progression.

Kidney Cancer

The metanephric kidney architecture is created between the 5th and 15th weeks of human
development. From the 16th to the 23rd weeks, following the filling in of the sulci berween the
lobes, the metanephros increases its growth, without completing it or acquiring kidney func-
tionality.”” Around the 23rd week of development, the foetal kidney starts to produce urine
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and continues to grow and acquire functions until birth. This process will be definitively com-
pleted during the first years of life.’®

The molecular mechanisms involved in early kidney organogenesis require the expression,
in the matanephric blastema, of paralogous group 11 Hox genes, Hox A11 and Hox D11,% to
induce the outgrowth of ureteric bud from the Wolffian duct through the expression of several
transcription factors (Wtl, Pax 2, Salll, Fox Cl and Eyal),eo‘64 of the nuclear protein form-
ing,% the growth factors GDNF® and its tyrosine kinase receptor Ret®” and coreceptor Gfro1,%
Wnt signals are crucial inductors of kidney tubologenesis, as deduced by the Wnt4 mutant
mice lacking epithelial-mesenchymal transition and tubulogenesis.®’

The crucial role played by Hox genes in the epithelial-mesechymal interaction during early
kidney development is well established, with the expression of two of the three paralogous
group 11 Hox genes, Hox Al1 and Hox D11. Although single homozygous null mutation of
either gene gives normal kidney, double mutants manifest hypoplasia of the kidneys® and
removal of the last Hox 11 paralogous gene, Hox C11, results in the complete loss of meta-
nephric kidney induction.”® Little is known on the involvement of paralogous group 11 Hox
genes on late kidney organogenesis. Other lumbo-sacral Hox genes (Hox A13 and Hox D13)
are involved during early morphogenesis of the terminal part of the gut and urogenital tract.”!

In order to verify the HOX network involvement in late human kidney organogenesis and
to compare the HOX gene expression in kidney organogenesis and cancerogenesis we have
recently studied the expression of the whole HOX gene network in foetal kidneys, from the
15th to the 38th week of human development, in pairs of normal-clear cell RCCs and in
isolated clear cell RCCs (Cantile Personal Communication).

A comparison of the HOX network expression patterns between foetal, adult normal and
tumorous kidney identifies, in the locus A, a decrease in the thoracocervical region of the
network relative to the RCCs biopsies. Lumbo-sacral HOX D genes are all silent in foetal
kidneys from the 15th to the 22nd week of development. HOX D9 and HOX D11 start to be
expressed from the 23rd week, and remain active until the 38th developmental week.
The expression of these genes can be temporally connected to kidney functions as the kidney
starts functioning, for instance to produce urine, from the 23rd week. HOX D9 and HOX
D11 are constitutively expressed in normal adult human kidneys and are the only lumbo-sacral
HOX D genes active in primary epithelial tubular kidney cells to prove that the function of
these homeoproteins is performed in tubular epithelial kidney cells. HOX D9 and HOX D11
are inactive in 76% and 100%, respectively, of the clear cell RCCs tested.

It has been suggested that, during cumour evolution, the gene profiles responsible for
identifying specific cell phenotypes, undergo a de-differentiation programme towards early
developmental stages. The patterns of lumbo-sacral HOX D gene expression in foetal kidneys
(from the 15th to the 22nd week of development) overlap with the same patterns in clear cell
RCC:s suggesting that, in clear cell carcinomas of the kidney, the expression of lumbo-sacral
HOX D genes marks a molecular de-differentiation process towards embryonic life.

During early metanephric kidney induction, paralogous group 11 HOX genes (HOX Al1
and HOX D11) are able to induce the outgrowth of the ureteric bud from the Wolffian ducts,
becoming inactive afterwards. Paralogous group 11 Hox genes triple mutant mice display
bilateral kidney agenesis due to alterations in the epithelial-mesenchymal interaction,
consequently preventing ureteric bud outgrowth. According to our data, HOX Al1, whose
effector is 08 integrin,” is again active at the 15th week of development, HOX Cl11 is ex-
pressed from the 18th week, HOX D11 starts again to be active from the 23rd week until birth
and is always active in normal adult human kidneys. Thus, in timing, the expression of HOX
D11 parallels the acquisition of kidney functions. The lack of expression we have detected in
clear cell carcinomas of the kidney suggest the alteration of a kidney function related to HOX
D11 homeoprotein. This function is probably connected to the role played by HOX D11 as
well as the other lumbo-sacral HOX D genes in controlling epithelial-mesenchymal interac-
tion in kidney as well as in other human organs.
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Locus D HOX genes are localized on the chromosomal region 2q31-33. As we have previously
reported the genes located on this genomic area are involved with epithelial-neurondocrine
differentiation of human advanced prostate cancers.*® This same chromosomal area of the
genome houses the gene DIRCI, disrupted in renal carcinoma 1. Coupling nuclear architec-
ture and gene activity, spatial positioning in the genome is a functionally highly relevant,
physiological and global phenomenon.” The key involvement of HOX D11 in kidney cancers
suggest the possibility to use the HOX D11 homeoprotein for diagnostic and therapeutic
putposes in the clinical practice of clear cell kidney cancers.

Conclusions

When, fifteen years ago during an international cancer meeting, I presented a poster which
linked HOX genes to human solid malignancies for the first time, one of the fathers of tumour
biology asked what HOX genes had to do with human cancers. Since then, I have had to wait
more than a decade to see the publication of an article describing “HOX genes as emerging
stars in cancer research”.’

The work we have carried out in the intervening years has allowed us to consider cancer as
an anomalous structure growing inside the human body and following, from a celtular and
architectural viewpoint, the rules controlling body shape during embryonic development. In
consequence of this way of thinking we have, on the one hand, proposed the involvement of
the whole HOX gene network in controlling phenotype cell identity and tridimensionality of
tissues and organs and, on the other, described the implication of specific HOX genes or group
of genes in the neoplastic alterations of particular cell phenotypes in specific organs. All this,
despite the little understanding of the mechanisms involved, has already succeeded in the
identification of specific HOX genes perturbed in certain types of human cancers with higher
benefit for cancer patients as compared to well known oncogenes (HOX B13 versus ERBB2 in
breast cancers—see breast cancer section).

In spite of this success, understanding the role of the HOX network in controlling phenotype
cell identity and identifying HOX target genes are as yet unachieved objectives. Concerning
the HOX target genes, we know for sure that they will be related to the majority of crucial
eukaryotic cell functions.

I will end the chapter by describing three research areas potentially able to produce, in the
near future, important achievements to increase our understanding of: (i) the function of the
HOX gene network; (ii) the identification of the HOX target genes; (iii) the molecular basis of
human cancers.

Transcriptional coactivators such as GCN5, p300/CBP and MOF represent the most
intriguing of all the potential cofactors that might interact with HOX proteins to increase
access to target genes on DNA. Initially, CBP was reported to interact specifically with HOX
B77? as well as with HOX D4,74 successively it was established that each of 14 HOX proteins
from 11 separate HOX paralogous groups, bind to CBP and p300. CBP and p300 act on the
general transcriptional machinery through the activity of a histone acetyltransferase (HAT)
domain within the nucleosome core, facilitating and/or stabilizing access to target genes.
Another histone modification, H3 K4 methylation, is connected with transcriptional activa-
tion in eukaryotic systems, Histone acetylation and H3 K4 methylation appear to interact with
each other as demonstrated between Tritorax (TRX) and CBP in Drosophila75 and MLL1 and
CBP in human cells.”® It has thus been proposed that HOX genes, instead of acting as
transcriptional regulators, modulate acetyltransferase (HAT) and methyltransferase activities
of coactivators.”” Recently, the interaction of HOX B6 with CBP has been reported as able to
repress the expression of the globin gene.”®

It is generally accepted thar the origin of the Hox gene network is due to duplications of a
unique ancestral gene cluster during early vertebrate evolution. Recent indications suggest the
evolution of several gene families located near the Hox clusters, parallel and contiguous to the
Hox network. Many chromosome regions in the human genome exist in four similar copies,
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suggesting that the entire genome was duplicated twice in early vertebrate evolution, a concept
called the 2R hypothesis.”’ The coordinate transcriptional regulation of an extended
chromosomal region near the Hox D locus (see prostate cancer) and its extreme conservation
during 500 million years of evolution constitutes a proof of the positional connections inside
the genome.*®3* Thus, chromosome and genes are non randomly positioned in the cell nucleus.
Recent indications support the view of a function connected to gene activity and genome
stability. The mechanism and significance of positioning are unknown. What molecular
mechanisms might be responsible for the positioning of gene and chromosome? Could physical
contiguity be a factor in common metabolic processes? Might there be changes in gene
positioning consequent to physiological and/or pathological situations?> The lack of answers
to these questions is attributable to the single-gene analyses so far performed. The post-genomic
era with its high-throughput analysis of large sets of genes coupled to bioinformatics will end
up by identifying of a new dimension due to spatial positioning on the genome functioning,
MicroRNAs are a class of molecules, 21 to 25 nucleotides in length, that are able to nega-
tively regulate gene expression. These small RNAs are transcribed in the nucleus (pri-miRNA)
before being exported to the cytoplasm where they mature through the enzyme Dicer in
RNA-induced silencing complex (RISC). Base pairing between miRNA and its target induce
RISC to destroy mRNA or to block its translation into protein. Several hundred miRINAs have
been identified in animals and plants. The expression profiling of 217 miRNAs in multiple
human tumor types allows the hierarchical clustering of the samples according to the develop-
mental origin of tissues, to diversify normal from cancerous tissues and to associate miRNA
expression to cell differentiation.?® Previously, tissue specific expression of miRNAs has been
reported during embryogenesis. Two of these miRNAs, miR-196 and miR-10b are localised
inside the Hox network: miR 196 is found in the Hox B8 gene, and interacts with the other
paralogous group 8 Hox genes as well as with Hox A7,#! miR-10b is located in the Hox D
locus between Hox D4 and Hox D8.8? Other miRNAs are located in contiguity to the HOX
network (see PCGEM and prostate cancer). It has recently been suggested that miRNAs act in
fine-tuning specific Hox mRNA expression patterns during mouse development.3? The possi-
bility to characterize human solid tumours by the combined expression of the HOX gene
network and miRNAs could succeed in the identification of a molecular atlas of human cancers.
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APPENDIX

Hypothesis:
Pulling Forces Acting on Hox Gene Clusters Cause
Expression Collinearity*

Spyros Papageorgiou*

Abstract

he development of normal patterns along the primary and secondary vertebrate axes

depends on the regularity of early Hox gene expression. During initial stages, these

expression events form a sequential pattern of partially overlapping domains along
the anteroposterior axis in coincidence with the 3" to 5" order of the genes in the Hox cluster
(spatial collinearity). In addition, the genes are activated one after the other in the 3’ to
5’order (temporal collinearity). These features are poorly understood within the framework
of Molecular Genetics. A model was proposed according to which physical forces act on Hox
clusters as a result of signaling from morphogen gradients. The model can explain the col-
linearity of Hox gene expression along the primary and secondary body axes. The increase of
the morphogen concentration is accordingly followed by an increase of the force acting on
the cluster. The genes are sequentially translocated, in the 3' to 5' order, toward the
interchromosome domain where they are exposed to transcription factors for activation. The
above geometrodynamic approach reproduces most collinearity data. Recent experiments
verify the above prediction of sequential 3' to 5' Hox gene translocations in the
interchromosome domain. Furthermore, it seems that these translocations, combined with
cluster decondensations, are caused by attractive forces acting on the 3’ end of the cluster
and pulling the genes out of the chromosome territory. Additional experiments are proposed
in order to specify the origin of the forces.

Introduction

In 1978, after a long series of classical genetic studies in Drosophila, E. B. Lewis estab-
lished a correlation between the activation pattern of the genes of the bithorax complex (BX-C)
along the antero-posterior axis of the embryo and the proximo-distal location of these genes
along the chromosome.! This astonishing correlation (coined collinearity) proved to be a
property extending to orthologous genes of all metameric animals, humans included.? It
turns out that these genes contain a conserved sequence of 180 bp, the so-called homeobox,
which was first discovered in the Antennapedia and the other homeotic genes of Drosophila. >

This paper appeared in the Special Issue ‘Developmental Morphodynamics’ of the Interna-
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Compared to Antennapedia, numerous homologue genes were found in many other genomes.
These were named Hox genes and it turns out that they are grouped in complexes called HOX
clusters. As in the Drosophila, Hox gene mutations cause severe homeotic transformations
and malformations of the embryonic body plan. Because of their importance in axial pattern-
ing, several homologue clusters have been formed by duplication in the course of evolution
and their genes play significant and complementary roles in development. While Drosophila
has only one homeotic complex (HOM-C), vertebrates have four such garalogous clusters
Hoxa, Hoxb, Hoxc and Hoxd each one located in a different chromosome.” Every paralogous
cluster has a variable number of genes (9 to 11) numbered from 1 to 13 in their physical order
along the 3' to 5" direction on the chromosome. (In every cluster some genes of the above
numbering are missing).

It was soon realized that the anteroposterior boundaries of Hox gene expression along the
axis of the mouse embryo followed a collinear relationship similar to the BX-C correlation
established by Lewis in Drosophila.*> Namely, the anterior boundary of every expression was
shifted along the posterior direction following the order 1, 2, 3,...of the genes in the cluster.?
This was characterized as spatial collinearity for the primary axis whereas a modified spatial
collinearity was also observed for the mouse and chick limb buds®’ (Fig. 1). In this case, spatial
collinearity takes the following form at the initial stages of activation: for the Hoxa genes at the
5' end of the cluster, the expression domains create a nested pattern of partially overlapping
regions along the proximo-distal axis of the bud. The expression domain of the last gene,
Hoxal3, is limited at the distal tip of the bud. A similar pattern of nested expression domains
is also observed for the 5' genes of Hoxd cluster with the last gene, Hoxd13, being expressed at
the posterior-distal boundary of the bud.?

Another interesting observation in vertebrate development concerns the time dependence
of Hox gene expression: the initiation of expression follows the physical order of the genes in
the cluster. Genel is expressed first followed by gene2 etc. This sequence in time of gene
activation is termed temporal collinearity.’ A third kind of Hox collinearity results from the fact
that the intensity at the anterior part of an expression domain is strong compared to the poste-
rior expression region‘2 In particular and in contrast to the anterior boundary, the posterior
expression boundary is faint and unclear. Therefore, at every location the expression of a poste-
rior gene is stronger and dominates over any other overlapping anterior gene (Fig. 1). This
property can be related to the posterior prevalence if we assume that the protein dominance
reflects the dominance in strength of its gene expression.? One can think of an equivalence
between pasterior prevalence and quantitative collinearity observed for the 5’ gene expressions of
the Hoxd cluster in the limb bud:'®!" it turns out that distally in the bud the expression inten-
sity systematically increases following the order Hoxd10,...,Hoxd13.

The above features of Hox gene collinearity have been meticulously analyzed for more than
25 years in many organisms ranging from Drosophila to humans. Many attempts have been
made to justify these surprising regularities but, up to now, no convincing solution has been
possible based on molecular genetics and biochemical processes. Furthermore, the changes of
a gene location in the cluster are associated with systematic alterations of its expression mode.'!
This leads to the hypothesis that the chromatin deforming forces in the cluster may be re-
sponsible for the expression pattern of Hox genes. I think therefore that the mechanistic na-
ture of collinearity phenomena requires a geometrodynamical approach. I have put forward a
broad framework of physical principles combined with well founded biological facts which
can reasonably reproduce the observed collinearity data.!®!3 The guiding dogma in this pur-
suit is that what happens is what can happen: phenomena that have been observed in other
occasions are adopted and applied in the present formulation as long as they support the
central hypothesis. This is legitimate since, in this way, the constructed model is compatible
with well established facts and principles. The details of the mechanisms involved can only be
determined and confirmed by experiment. It is instructive to give an example of how this has
to be done. The model, in its broad formulation, proposes that collinearity is the result of
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Figure 1. Diagrams of embryos and morphogen gradients. A) On the left, a 12 day mouse
embryo is represented with the midbrain (MB) to the right boundary of the embryo axis and
the posterior end to the left. On the right, the limb bud is represented with the distal tip (D) to
the left. B) On the left, the schematic expression domains of Hoxb2, Hoxb3 and Hoxb4 are
shown along the primary axis of the embryo. Expression is stronger anteriorly (right side) and
the expression domains are shifted along the anterior-posterior axis following the order 2, 3,
4 (posterior prevalence). On the right, the expression domains of Hoxa70, Hoxal1 and Hoxal3
inthe limb bud at the initial stages (around 24) are depicted. The domains form a nested pattern
while distally the intensity of expression increases in the order Hoxal0, Hoxall, Hoxal3
(quantitative collinearity). C) A morphogen gradient with a peak at the posterior end of the
vertebrate embryo or the distal tip of the limb bud.

physical forces translocating the Hox cluster toward a specific region where gene activation
can occur. The nature, direction and application point of the forces cannot be known a priori
since several possibilities can produce the expected result. After the formulation of the model
an experiment has confirmed these translocations during gene activation of the Hoxb clus-
ter.'* Furthermore, this experiment has indicated where and how the force should apply on
the cluster. This is helpful since it allows to write down, in the following, a detailed and more
concrete version of the model. A short description is given below.
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A Physical Model for Hox Gene Collinearity

The model functions at two levels in space:

1. Aramulticellular (‘macroscopic’) level, a morphogen gradient is established over several cell
diameters in morphogenetic fields of linear size approaching 1mm!516 as shown in Figure 1
for the developing chick limb bud. For many years, persistent efforts aimed to explain how
these gradients are created.!” Some recent findings corroborate a mechanism of local
morphogen production and subsequent extracellular spreading and degradation of the
morphogen. The spreading is diffusion-based associated with or without endocytosis de-
pending on the specific developing system.!®1% Passive diffusion may be combined with
secondary procedures like morphogen transport through membranes®® or it may operate in
parallel with processes like growth.?! Such secondary effects might hide the basic features of
diffusion and, in order to determine the actual signal propagating mechanism, it is useful to
compare the observed data with the features of signal traveling and their dependence on
time and source intensity as expected in the case of pure diffusion.?223 For simplicity here
it is assumed that at the posterior end of the vertebrate embryo axis (or the distal end of the
limb bud) a source starts producing a morphogen which is spread in the morphogenetic
field through a mechanism based on diffusion, as described above. After a transient time
interval of morphogen net production and degradation in every cell, a decreasing steady
state distribution is reached of exponential form with its peak at the source area?>24 (Fig. 1).

2. Atthe nuclear (‘microscopic’) level, it is assumed that the tightly packaged Hox clusters take
the shape of an elongated rigid body whose length is of the order of 500 nm.!? This is
consistent with the findings that at interphase chromatin fibers are supercoiled into larger
chromonema fibers whose diameters are about 80 nm?2%26 as shown in Figure 2. These
tightly clustered Hox complexes, when inactive, they are embedded inside the chromosome
territory (CT) with their regulatory regions inaccessible for transcription.?”8 There is strong
evidence that, with chromatin restructuring, gene activation occurs at the sutface of the
chromosome territories when genes enter in the interchromosome domain (ICD) where
they can be reached by the transcription factors?®-3! (Figs. 3, 4). The CT forms a meander-
ing dense structure from which decondensing chromatin fibers extend (Fig. 4).2:32 The
ICD consists of a network of channels around and through CTs. These channels are con-
nected with nuclear pores at the nuclear surface.3? Transcription factors (TF) activating
Hox genes are confined in ICD together with other mobile regulatory molecules.?” It is
furthermore assumed that the density of TF decreases away from the chromosome surface.
This agrees with the observation of a concentration gradient of transcription factor Statl
imported in the nucleus via a carrier-free (diffusion) process.>

The morphogen-signal of the macroscopic level is transduced and uniformly amplified in-
side the cell so that the product molecules [PM] are produced and they act on the microscopic
nuclear level. The transportation of SMAD?2 inside the nucleus is an example of such a trans-
duction and amplification.>* Furthermore, it was recently observed that Smad regulation in
the nucleus is achieved through a physical interaction between the inner nuclear membrane
MAN1 and R-Smads.*® The case of SMAD2 is not unique. Many other molecules are im-
ported and deposited in specific locations inside the nucleus as for instance the DSH protein
which is the product of Wnt signal transduction.?” Thus, the morphogen concentration acting
macroscopically is associated to a corresponding concentration of [PM] endowed with suitable
physicochemical properties. For example, [PM] can be polar molecules that bind on the chro-
mosome surface and collectively create an electric field.'?!3 The resulting Coulomb force (at-
tractive or repulsive) acts then on the (negatively charged) Hox cluster (Fig. 4).

The case of electric repulsion pushing the cluster out of CT has been worked out and the
existing data of spatial, temporal and quantitative collinearity have been well reproduced.!*!3
Furthermore, the results of genetic deletions and duplications and the associated modifications
of Hoxd expressions in the mouse limb bud"! were also well described.'



138 HOX Gene Expression

30nm

T
‘g‘a \ *i\‘\ L\\ il ‘p ) H‘ \ \

;,M

£l

Ik

80-100nm

Figure 2. Hierarchical levels of DNA packaging: A) Nuclesomes (11 nm) arranged as
beads-on-a-string. B) Folded chromatin fiber of 30 nm diameter. C) Condensed chromatin fiber
(chromonema) of 100 nm diameter. D) A Hox cluster schematically shown as a rod whose
length is about 500 nm.

Attractive Electric Forces

Chambeyron and Bickmore have 1nduced gene transcription of the Hoxé cluster during the
differentiation of murine ES cells.'* When Hoxb! and Hoxb9 are inactive they are located
inside the CT. After induction with retinoic acid, the chromatin is decondensed and an extru-
sion of Hoxb! from the CT follows in association with Hoxb1 expression while Hoxb9 remains
inside CT. Later Hoxb9 is also shifted from inside the CT and it stays in the ICD but close to
the CT surface. At the same time Hoxb1 and the decondensed chromatin fiber performs a
‘choreographed looping’ in ICD with an overall movement toward the centre of the nucleus.!
This behaviour of Hoxb1 and Hoxb9 is in agreement with the fiber translocation according to
the model.

Instead of a repulsive force applied on the 5' end of the cluster as described above, the
observation of Chambeyron and Bickmore could be understood as the result of an attractive
force that acts on the 3" end of Hoxb cluster and pulls the fiber toward ICD. This situation,
in principle, is similar to the experiment of Cui and Bustamante who measured chromatin
extensions (decondensations) as the result of pulling forces for a wide range of variation of
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CT

np

Figure 3. Schematic drawing of a nuclear section. The single Chromosome Territory (CT) is
traversed by the Interchromosome Domain (ICD) which forms a set of channels around and
through the chromosome.3? Transcription factors (black spots) and other regulating molecules
circulate in the ICD. Before activation the Hox cluster is hidden inside Chromosome Territory.
At the bottom is the envelop of the nuclear periphery (np).

the stretch modulus up to 25 pN.?8 It is assumed therefore that, in response to the extracel-
lular morphogen signals, positive polar molecules [PPM] are deposited opposite the 3' end
of the cluster as shown in Figure 4. An appropriate clectric field is then acting on the nega-
tively charged Hox cluster. The resulting electric force pulls the chromatin fiber toward the
ICD and the packaged cluster is decondensed with the chromatin tethered and stretched out
of the CT. Note that the same physical principles govern electrophoresis in experiments of
stretching or active transport of DNA molecules and other biopolymers.®® Electrophoretic
forces are widely used to measure the elastic properties and large-scale conformational changes
of chromatin fibers.** The deformations of tethered DNA in an electric field are similar to
the stretching deformations due to hydrodynamic flow?*? and it turns out that this chro-
matin remodeling is necessary for DNA transcription.*?

In cells exposed to low morphogen concentrations the resulting electrophoretic forces are
weak and the Hox cluster translocations are accordingly small (Fig. 4A). A sequential increase
of the morphogen concentration will respectively produce an increasing dragging force and
the Hox genes will be translocated into ICD following their physical order: 1, 2, 3... (Fig.
4B). It is assumed that the density of transcription factors decreases away from the CT surface
and this generates quantitative collinearity (Fig. 4). According to Figure 4A proximally only
Hosxa 10 is expressed and the intensity of expression is strong since the gene is close to the CT
surface. Distally, all genes are expressed with increasing intensity (Hoxa 10, Hoxa 11, Hoxa
13) because of their relative position in ICD (Fig. 4B) in agreement with quantitative col-
linearity of Figure 1B.
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Figure 4. Detail of Figure 3 around the exit pore of Hoxa cluster. A) Asmall electrophoretic force
from the opposite Chromosome Territory surface pulls Hoxal0 out of the CT. B) A stronger force
stretches the fiber and pulls all three Hoxa genes inside the Interchromosome Domain.

Correlation of Morphogen Thresholds and Gene Translocations

The present model can correlate morphogen thresholds with gene translocations and tran-
scription. As an example, in Figure 5 is shown the normal morphogen gradient M which
controls the activation of the 5' genes of Hoxa cluster in the limb bud. The horizontal lines L
and H represent the lower and higher morphogen thresholds respectively for Hoxa 3 activa-
tion in the distal region of the bud. For M the expression domain of Hox413 is (AP). When an
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Figure 5. Morphogens and thresholds. Normal morphogen gradient M with L (lower) and H
(higher) thresholds for Hoxa13 activation. Additional morphogen sources at the tip increase M
to M1 or M2,

additional morphogen source is inserted at the distal tip, the gradient increases to M1 and the
Hoxa 13 activation domain expands to (AP1). The region (PP1) represents the domain of ec-
topic gene expression. If an even stronger morphogen source is inserted, the gradient increases
further to M2 exceeding eventually the higher threshold H at the tip. In this case the ectopic
expression reaches the proximal boundary P2 but in the region (AD), where the morphogen
concentration is higher than H, the gene expression disappears.

It is instructive to interpret the above gene response to morphogen thresholds in terms of
the geometry and dynamics of cluster translocations. For simplicity Hoxal3 is isolated from
the cluster and it is depicted in Figure 6 for the different stages of gene activation. When
Hoxal3 is hidden in the interior of CT (Fig. 6A) the gene is inactive and this case corresponds
to proximal cells where the morphogen level is below L in Figure 5. When the morphogen
concentration increases the associated electrophoretic force pulls the gene just above the chro-
mosome surface (Fig. 6B). For the normal gradient M this occurs in proximal cells of the
domain (AP) in Figure 5. When the morphogen concentration increases further, the gene is
accordingly pulled stronger and it is shifted toward the border of the transcription factor region
(Fig. 6C). This cotresponds to the distal boundary D which is reached for the gradient M2 of
Figure 5. The morphogen level there is just below H. Finally, for M2 the domain (AD) has
morphogen concentrations higher than H, therefore the associated gene translocations are be-
yond the border of the transcription factor region and gene expression disappears (Fig. 6D).
Such an expression attenuation has been observed for Hoxa13 in the chick limb when a FGF4
bead was inserted at the distal tip of the bud.?> However, in this case no proximal ectopic
expression was observed (PP2 in Fig. 5), as would be expected according to the model. A
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Cc D

Figure 6. Locations of Hoxa13: A) inside CT, B) just over the surface of CT, C) at the outer border
of TF area, and D) beyond the TF area.

possible explanation of this failure is that, at st21, proximal cells in the bud are not yet compe-
tent to respond to signals for Hoxa13 ex?ression. An experiment in progress, when completed,
will test the validity of this explanation.'?

Conclusions and Predictions

The present model does not merely describe the collinearity data but its aim is to explain
the origin of collinearity in terms of fundamental and well documented processes. Specific
experiments have to determine the particular features of the mechanisms involved. In this
spirit, different mechanisms cooperate at several levels: (a) At the multicellular level and de-
pending on the case, the study of modified diffusion with or without endocytosis has clarified
how morphogen gradients can be established.'”*>*! (b) Signal transduction has been deter-
mined with accuracy leading to the production and transportation of particular molecules in
specific locations inside the nucleus.’ 437 () At the subcellular level, physical forces are
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produced causing translocations of the Hox clusters in the nucleus and as a plausible candidate
an electric force (attractive or repulsive) was analyzed in more detail.'>!? The subsequent re-
sults of gene transcription in murine ES cells not only are compatible with this hypothesis but,
at the same time, they specify some features of the attractive force involved.!* Furthermore,
some recent experiments in vivo at different stages of embryonic mouse developmcm44 con-
firm the above findings and provide further support to the present model. It is still possible
that, in addition to the attraction, a repulsive force may also act on the posterior end of the
cluster.'>!® However, the origin of the force remains still undetermined and a direct experi-
ment is crucial for its specification.

To the above end, a change of the electric charge of the cluster and the consequent modifi-
cation of the expression pattern would be an undisputable test of the electric hypothesis. The
combination of genomic rearrangement techniques® with the insertion methods of charged
oligonucleotides in the genome* could eventually serve this purpose. Accordingly, if negative
charges are inserted at the 3' end of Hoxb cluster (increasing the total negative charge of the
cluster) the pulling electrophoretic force will increase and the expressions of Hox genes will be
shifted anteriotly (to the right in Fig. 1B). On the contrary, if positive charges are inserted the
expressions will be shifted to the left toward the posterior end of the embryo axis.

In the present framework collinearity is the outcome of cooperation of physical principles
and biochemical mechanisms. This formulation allows a unification of posterior prevalence of
expressions along the embryo axis and quantitative collinearity of 5' gene expressions in the
limb since, in both cases, Hox gene transcription obeys the same rules. In Figure 5 the distance
between L and H determines a ‘window between thresholds’ for Hoxa13 gene exptession. This
is associated to the fiber stretching inside the TF area (Fig. 4) and corresponds to a ‘window of
gene expression’ contained between the spatial boundaries (proximal and distal). In this re-
spect, the difference between partially overlapping and nested expression domains is only acci-
dental: the 3' genes in the primary embryo axis cannot be accommodated in the TF area and
for every cell only a subset of these gene expressions fits in. In the limb bud, when extruded in
the ICD, the 5' genes can be contained in the TF area and they form a nested pattern. In both
cases the posterior gene expression dominates compared to the effect of the overlapping more
anterior gene expressions. Furthermore, an FGF4 bead inserted distally in the bud will increase
the morphogen level above H at the tip area (Fig. 5) and accordingly Hoxa!3 gene will be
shifted beyond the window of gene expressions (Fig. 6). The verification of the gradual Hoxa13
attenuation distally? indicates that, as in the primary axis, the nested expression pattern can
become partially overlapping as a result of appropriate gene translocations.

If the electric hypothesis proves correct, many specific questions could be asked: how revers-
ible is the decondensed Hox fiber toward the initial condensed state inside the CT when the
gene activation is turned off? In this spirit, a regression of HoxbI was noticed from the ICD
toward the CT at later stages of activation.'*

There are some experiments where the collinearity picture is violated. For instance when
the anterior Hoxb! is ectopically relocated at the posterior end of the HoxD cluster near
Hoxd13 the following expressions were observed:*’ normally Hoxb1 is expressed in the fourth
rthombomere of the developing nervous system. The expression of the relocated Hoxb1
transgene is totally abolished in agreement with the present model since the posterior Hoxd
genes are not expressed in this thombomere. However the transgene expression in the meso-
derm was unexpectedly not suppressed. This probably indicates that the normal collinearity
behaviour depends on the developing stage, the tissue and the transient structure of the
chromatin architecture. Thus, it seems that in the early mesoderm the chromatin is not
dense enough and the factors of Hox1 activation can recognize the ectopic transgene induc-
ing a local opening in the neighborhood of Hox413.47 In the same article the authors de-
scribe some specific mechanisms to this end.?’

In Drosaphila the developmental fate of the domains along the anterior-posterior axis is
specified by the repression of the homeotic gene expressions.*® Apart from the obvious differences
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from the present formulation, the ABD-B protein spreads across several parasegments in the
posterior- anterior direction in a manner ‘vaguely reminiscent’ of the spreading of the posterior
Hox genes (Abd-B-like genes) in the developing vertebrate limb.%48

Physical forces are involved in many developmental processes.”” In the case of Hox gene
collinearity I think it is impossible to explain the observed regularities without using a physical
principle, for the following reason: as exposed above, the chemical (molecular) cue of posi-
tional information is transformed into a chemical signal at the chromatin level. One biochemi-
cal response to this signaling is the high increase in histone H3 acetylation and methylation.'*
However, these histone modifications are not sufficient to produce the HoxB cluster
decondensation which is the necessary first step for gene activation.'? Only physical forces can
cause such mechanical modifications of large molecular complexes (e.g., decondensation, stretch-
ing, translocation, shearing etc) and the observed collinearity reflects the correlation between
the measure of the applied force and the degree of chromatin (cluster) deformation. The ex-
planation of collinearity therefore should be based on appropriate physical mechanisms generating
suitable forces acting on the nuclear macromolecules. Gene enhancers, inhibitors, cis-regulators
and the other tools of the biochemical machinery, although crucial, cannot explain only by
themselves all aspects of collinearity.'? This inability and the accumulation of new complicated
data led to the assumption that no single and universal mechanistic explanation may exist for
these correlated phenomena.*® Instead, tinkering without underlying logic other than the at-
tainment of the final goal might be responsible for the observed characteristic gene expressions.
In contrast, according to the present formulation, collinearity is unique and universal since it is
the result of physical laws. However, in every patterning pathway along axes, the backbone of
collinearity is covered by the features of the particular geometry (macroscopic and microscopic)
combined with the molecular specificity of the by-side genetic activation. For example, col-
linearity in the primary vertebrate axis generates partially overlapping expressions while in the
limb bud the expressions form a nested pattern (Fig. 1B). In other cases, the chromosome
environment of the cluster does not fulfill the prerequisites for the proper appearance of Hox
gene collinearity.*” Whenever the universal phenomenon of collinearity is at work, the pheno-
types in each case are modulated by geometry and the concurrent molecular and genetic pro-
cesses. Future experiments will clarify whether tinkering or the ‘dressed’ core of collinearity is
responsible for the observed variety of axial developmental events.

In a recent publication,”! serial Hoxd gene deletions and duplications were reported. These
authors propose two independent collinear mechanisms (a ‘two-wave model’) in order to de-
scribe the formation of proximal and distal structures in the limb bud. The general conclusion
from their new experiment is that, for nested internal deletions and duplications, the expres-
sion modes (temporal and spatial) of the remaining more posterior (5') genes are adjusted in
correlation with their distance from the origin- the telomeric end (3') of the cluster. These
modified gene expressions are in agreement with the present model of a single and universal
collinearity according to which the above distance from the origin (3') measures the length of
the predicted chromatin fiber translocation in ICD. Such fiber extrusions were confirmed by
Chambeyron and Bickmore.'* The posterior end of the cluster (5') remains anchored inside
the CT (Fig. 3). I think it is self-evident that physical forces cause the gradual shifts of the Hox
genes in ICD. Therefore, it should be interesting first to verify the existence of these forces and
then to explore their mode of action.

Acknowledgment
The author thanks the Editorial Board of The International Journal of Developmental Biol-
ogy for granting the permission to reproduce this article in the present book.

References
1. Lewis EB. A gene complex controlling segmentation in Drosophila. Nature 1978; 276:565-570.
2. McGinnis W, Krumlauf R. Homeobox genes and axial patterning. Cell 1992; 68:283-302.
3. Krumlauf R. Hox genes in vertebrate development. Cell 1994; 78:191-201.



Pulling Forces Cause Hox Gene Collinearity 145

4.

5.

6.

11.

12,

13.

14.

15.
16.

17.

20.

21.
22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

Duboule D, Doll¢ P. The structural and functional organization of the murine HOX gene family
resembles that of Drosophila homeotic genes. EMBO ] 1989; 8:1497-1505.

Graham A, Papalopulou N, Krumlauf R. The murine and Drosophila homeobox gene complexes
have common features of organization and expression. Cell 1989; 57:367-378.

Dollé P, Izpisua-Belmonte JC, Falkenstein H et al. Coordinate expression of the murine Hox-5
complex homeobox-containing genes during limb pattern formation. Nature 1989; 342:767-772.

Yokouchi Y, Sasaki H, Kuroiwa A. Homeobox gene expression correlated with the bifurcation
process of limb cartilage development. Nature 1991; 353:443-445.

Nelson CE, Morgan BA, Burke AC et al. Analysis of Hox gene expression in the chick limb bud.
Development 1996; 122:1449-1466.

Izpisua-Belmonte JC, Falkenstein H, Dollé P et al. Murine genes related to the Drosophila AbdB
homeotic gene are sequentially expressed during development of the posterior part of the body.
EMBO ] 1991; 10:2279-2289.

. Doll¢ P, Izpisua-Belmonte JC, Brown JM et al. HOX-4 genes and the morphogenesis of mamma-

lian genitalia. Genes and Dev 1991; 5:1767-1777.

Kmita M, Fraudeau N, Hérault Y et al. Serial deletions and duplications suggest a mechanism for
the collinearity of Hoxd genes in limbs. Nature 2002; 420:145-150.

Papageorgiou S. A physical force may expose Hox genes to express in a morphogenetic density
gradient. Bull Math Biol 2001; 63:185-200.

Papageorgiou S. A cluster translocation model may explain the collinearity of Hox gene expres-
sions. BioEssays 2004; 26:189-195.

Chambeyron S, Bickmore WA. Chromatin decondensation and nuclear reorganization of the HoxB
locus upon induction of transcription. Genes and Dev 2004; 18:1119-1130.

Wolpert L. One hundred years of positional information. Trends Genet 1996; 12:359-364.
Summerbell D, Lewis JH, Wolpert L. Positional information in chick limb morphogenesis. Nature
1973; 244:492-496.

Green ]. Morphogen gradients, positional information and Xenopous: Interplay of theory and ex-
periment. Dev Dyn 2002; 225:392-408.

. Scholpp S, Brand M. Endocytosis controls spreading and effective signaling range of Fgf8 protein.

Curr Biol 2004; 14:1834-1841.

. Belenkaya TY, Han C, Yan D et al. Drosophila Dpp morphogen movement is independent of

dynamin-mediated endocytosis but regulated by the glypican members of heparan sulfate
proteoglycans. Cell 2004; 119:231-244.

Kerszberg M, Wolpert L. Mechanisms for signaling by morphogen transport: A theoretical study. |
Theor Biol 1998; 191:103-114.

Smith JC, Gurdon ]JB. Many ways to make a gradient. BioEssays 2004; 26:705-706.
Papageorgiou S. Cooperating morphogens control hoxd gene expression in the developing verte-
brate limb. ] Theor Biol 1998; 192:43-53.

Vargesson N, Kostakopoulou K, Drossopoulou G et al. Characterization of Hoxa gene expression
in the chick limb bud in response to FGF. Dev Dyn 2001; 220:87-90.

Papageorgiou S, Almirantis Y. Gradient model describes the spatial-temporal expression pattern of
Hoxa genes in the developing vertebrate limb. Dev Dyn 1996; 207:461-469.

Belmont AS, Bruce K. Visualization of G1 chromosomes: A folded, twisted, supercoiled chromonema
model of interphase chromatid structure. ] Cell Biol 1994; 127:287-302.

Tumbar T, Sudlow G, Belmont AS. Large-scale chromatin unfolding and remodeling induced by
VP16 acid activation domain. | Cell Biol 1999; 145:1341-1354.

Cremer T, Cremer C. Chromosome territories, nuclear architecture and gene regulation in mam-
malian cells. Nat Rev Genet 2001; 2:292-301.

Schlossherr J, Eggert H, Paro R et al. Gene inactivation in Drosophila mediated by polycomb gene
product or by position-effect variegation does not involve major changes in the accessibility of the
chromatin fibre. Mol Gen Genet 1994; 243:453-462.

Volpi EV, Chevret E, Jones T et al. Large-scale chromatin organization of the major histocompat-
ibility complex and other regions of human chromosome 6 and its response to interferon in inter-
phase nuclei. ] Cell Sci 2000; 113:1565-1576.

Cheutin Y, McNairn AJ, Jenuwein T et al. Maintenance of stable heterochromatin domains by
dynamic HP1 binding. Science 2003; 299:721-725.

Van Driel R, Fransz PF, Verschure PJ. The eukaryotic genome: A system regulated at different
hierarchical levels. J Cell Sci 2003; 116:4067-4075.

Visser AE, Jaunin F, Fakan § et al. High resolution analysis of interphase chromosome domains. ]
Cell Sci 2000; 113:2585-2593.



146

HOX Gene Expression

33.

34.

35.

36.

37.
38.
39.

40.
41.

42.
43.
44.
45.
46.
47.
48.

49.
50.

51.

Marg A, Shan Y, Meyer T et al. Nucleocytoplasmic shuttling by nucleoporins Nup153 and Nup214
and CRMI1-dependent nuclear export control the subcellular distribution of latent Statl. J Cell
Biol 2004; 165:823-833.

Bourillot PY, Garrett N, Gurdon JB. A changing morphogen gradient is interpreted by continuous
transduction flow. Development 2002; 129:2167-2180.

Shimizu K, Gurdon JB. A quantitative analysis of signal transduction from activin receptor to
nucleus and its relevance to morphogen gradient interpretation. Proc Natl Acad Sci USA 1999;
96:6791-6796.

Pan D, Estevez-Salmeron LD, Stroschein SL et al. The integral inner nuclear membrane protein
MANT1 physically interacts with the R-Smad proteins to repress signalling by the transforming
growth factor-{beta} superfamily of cytokines. ] Biol Chem 2005; 280:15992-16001.

Itoh K, Brott BK, Ratcliffe M]J et al. Nuclear localization is required for Dishevelled function in
Whnt/beta-catenin signalling. ] Biol 2005; 4(1):3.

Cui Y, Bustamante C. Pulling a single chromatin fiber reveals the forces that maintain its higher-order
structure. Proc Natl Acad Sci USA 2000; 97:127-132.

Stigter D, Bustamante C. Theory for the hydrodynamic and electrophoretic stretch of tethered
B-DNA. Biophys J 1998; 57:1197-1210.

Ferree S, Blanch HW. Electrokinetic stretching of tethered DNA. Biophys ] 2003; 85:2539-2546.
Long D, Viovy J, Ajdari A. Stretching DNA with electric fields revisited. Biopolymers 1996;
39:755-759.

Ferree S, Blanch HW. The hydrodynamics of DNA electrophoretic stretching and relaxation in a
polymer solution. Biophys ] 2004; 87:468-475.

Katritch V, Bustamante C, Olson WK. Pulling chromatin fibers: Computer simulations of direct
physical micromanipulations. ] Mol Biol 2000; 295:29-40.

Chambeyron §, Da Silva NR, Lawson KA et al. Nuclear reorganisation of the Hoxb complex
during mouse embryonic development. Development 2005; 132:2215-2223.

Herault Y, Rassoulzadegan M, Cuzin F et al. Engineering chromosomes in mice through targeted
meiotic recombination (TAMERE). Nat Genet 1998; 20:381-384.

Pitard B, Bello-Rroufai M, Lambert O et al. Negatively charged sclf-assembling DNA/poloxamine
nanospheres for in vivo gene transfer. Nucleic Acids Res 2004; 32(20):e159.

Kmita M, van der Hoeven F, Zakany ] et al. Mechanisms of Hox gene colinearity: Transposition
of the anterior Hoxbl gene into the posterior HoxD complex. Genes and Dev 2000; 14:198-211.
Busturia A, Bienz M. Silencers in Abdominal-B, a homeotic Drosophila gene. EMBO ] 1993;
12:1415-1425.

Gotdon R. The hierarchical genome and differentiation waves. London: World Scientific, 1999.
Kmita M, Duboule D. Organizing axes in time and space; 25 years of colinear tinkering. Science
2003; 301:331-333.

Tarchini B, Duboule D. Control of Hoxd Genes’ collinearity during early limb development. De-
velopmental Cell 2006; 10:93-103.



Index

A

Abdominal-A (Abd-A) 3, 5

Abdominal-B (Abd-B) 3, 4, 22, 30, 60, 112,
144

Activating protein-2 (AP-2) 24, 39, 40

Amphioxus 11, 54, 55, 61, 63, 69, 71, 76-78,

80

Antenna-to-leg transformation 3, 6

Antennapedia (Antp) 3-8, 10, 11, 14, 16, 53,
55, 58, 60, 70, 112, 134, 135

Antennapedia complex (ANT-C) 4, 14, 53-
55, 67

Anterior-posterior (A-P) 14, 16, 19, 21-23,
26, 28-30, 53, 105, 137, 143

Anterobithorax (abx) 3

Apical ridge 42, 45, 46

Apoptosis 8, 111, 112,125

ArcheHox gene 55, 58, 64, 65

Aristapedia 4

Attractant 10

Autoregulatory element (ARE) 26, 86

Axolotl 102, 103, 105-108

B

Baculorvirus 8

Bicoid (bed) 6, 8, 10, 11, 55

Bithorax (BX) 1-3, 5, 6, 11, 14, 53-55, 134,
135

Bithorax complex (BX-C) 1-3, 5, 11, 14,
53-55, 134, 135

Bithoraxoid (bxd) 3

Body plan 1, 5,6, 8, 10, 11, 135

Bone marrow cell 114, 115

Brachial domain 16, 22

BX mutants 1

C

Caudal (Cad) 6, 10, 16, 19, 21, 24-26, 29, 30,

105
c-DNA libraries 4
Cdx genes 26, 29
Central nervous system (CNS) 14, 16, 111
Chick embryo 43, 47
Chromosome territory (CT) 93, 94, 134,
137-139, 140-144

Colinearity 2, 15, 16, 19, 27, 43, 53, 55, 58,
62-65, 92, 97, 134-137, 139, 142-144

Contraxbithorax (Cbx) 2, 3

Control region 48, 49, 127

Cortex 18, 68

Cranial nerves 17, 18, 25, 29

Craniofacial development 24

D

Dedifferentiation 103, 104, 106, 107
Deformed (Dfd) 5, 75, 112
Dictyostelium 10

DNA binding 8, 10, 24-26, 93, 95
DNA binding domain 8
Dorsal-ventral (D-V) 16, 18, 23

E

Ectopic expression 4, 6, 25, 28, 30, 48, 49,
111,112, 114, 127, 141

Embryonic stem cells (ES) 92, 114

Engrailed (en) 10

Enhancers 3, 24, 25, 27, 30, 62, 63, 84, 93,
95, 97, 144

Even-skipped (Eve) 6, 81

Evx2 48

Eye program 8

Eyeless (ey) 8, 10

F

Fibroblast 14, 26, 28, 97, 106

Fibroblast growth factor (FGF) 14, 26-29, 46
Forebrain 16, 18

Fushi tarazu (Ftz) 4-6, 8, 10, 11, 55

G

Gain-of-function mutants 2, 3, 5, 6, 8

Gene expression 11, 14, 16-19, 21, 23-29, 31,
42-49, 62, 65, 72, 91-97, 102, 105, 107,
112, 114, 116, 122, 124, 126, 128, 130,
134, 135, 141, 143

Gene loss 55, 56, 60, 70, 81-85

Gli3 45, 46

Global control region (GCR)48



148

HOX Gene Expression

H

Helix-turn-helix motif 8, 16

Hematopoietic stem cells 111, 114

Hindbrain 14, 16-22, 24-31, 93, 94, 97, 113

Homeobox 1, 3, 4-6, 10, 14, 16, 53-56, 58,
68-70, 76-78, 86, 102, 103, 105-108,
117

Homeodomain 5, 8, 10, 16, 26, 50, 52, 54,
65, 70, 106, 107

Homologous gene 53

Hox code 16, 19, 47,113,118

Hox gene expression 14, 16-19, 21, 23-29,
31, 42-48, 62, 72, 91, 92, 94-97, 112,
114, 116, 122, 126, 128, 134, 135

Hox genes 1, 6, 8,10, 11, 14, 15,17, 19, 21,
22, 24, 26-31, 42-49, 54-56, 58-64,
68-70, 72-74, 76-78, 80, 81, 83, 84, 86,
91-97, 103, 111-118, 121-124, 128, 130,
135,137,139, 144

HoxA 11, 15, 19-22, 24-31, 43, 44, 46, 47,
49, 55,71-73, 75,76, 79, 81-86, 93, 97,
103-107, 113-117 135, 136, 139-143

HoxB 11, 15, 17-23, 25-31, 43, 47, 48,
92-94, 96, 113-115, 117, 135, 136, 138,
143, 144

HoxC 17-19, 21-23, 26-30, 43-45, 62, 72,
75,79, 81, 96, 97, 105, 106, 113-117,
135

HoxD 11, 15, 17, 20, 21, 26, 30, 43-50, 62,
63, 72,75, 76,79, 81, 92-94, 96, 97,
105, 113, 114, 135, 137, 143, 144

I

Infraabdominal-4 (iab-4) 4

Intercalation 103, 105

Interchromosome domain (ICD) 134,
137-140, 143, 144

K

Kreisler (kr) 17, 24, 25, 28, 30
Krox20 17, 25, 28, 30

L

Lateral column 16
Lewis model 1, 3, 5
Limb 16, 29, 30, 42-49, 63, 93, 97, 102-108,
113, 127, 135-137, 140, 141, 143, 144
Limb bud 42, 43, 45-47, 49, 93, 97, 103,

135-137, 140, 143, 144
Limb development 42, 43, 45-47, 49,
103-105
Limb malformations 49
Loss-of-function mutations 2, 3
Lunapark 48

M

MADS box proteins 10

miRNA 4, 130

Mouse embryos 26, 43, 45, 47-49, 94, 135,
136

N

Nasobemia (Ns) 4

Neoplastic tissue 116

Neuroblast 111, 112

NMR spectroscopy 8, 10
Noncoding sequence conservation 84
Notch 8

Notum 6, 10

Nuclear factor Y (NFY) 25

Nuclear periphery (Np) 139

o

Obsessive-compulsive disorder (OCD) 23
OCT 25,26

Oncosuppressor genes 125

Orthologous gene 134

P

Paired (prd) 8, 10

ParaHox gene 55, 56, 58, 59, 65-67
Pattern formation 46, 102, 103, 105, 106
Peripheral nervous system (PNS) 17
Polar molecules (PM) 77, 137, 139
Polarizing activity 42

Polycomb group (PcG) 30, 93, 94-96
Positive polar molecules (PPM) 139
Postbithorax (Pbx) 3, 31

Posterior prevalence 22, 137, 143
Prevertebrae (pv) 19, 21, 26, 96
Progenitor cells 106, 111,113, 115, 118
Protein interactions 10

ProtoHox cluster 53-55, 58, 59, 64, 65



Index

149

Q

Quantitative collinearity 137, 139, 143
Quartet mapping analysis 78

R

Regeneration 102-108, 113, 114, 118

Repellent 10

Retinoic acid (RA) 14, 26-30, 45, 48, 86, 93,
94, 138

Rhombencephalon 18

Rhombomere 17, 19, 20, 25, 27, 28, 30, 31,
94, 113, 143

Segmentation 8,11, 17, 19, 24

Sexcombs reduced (Scr) 10, 11,75

Signal transduction 121, 122, 125, 137, 142
Somite 16, 19, 21, 22, 27,29

Sonic hedgehog gene (Shh) 42, 45-49, 86

Sox 25, 26

Spatial collinearity 43, 134, 135

Spinal cord 16-19, 21-23, 26-31, 94

T

Temporal collinearity 134

Tandem duplication 2, 5, 11, 53-55, 60, 61,
63, 65, 86

Thalamus 18

Thoracic 1, 2, 5, 16, 19, 22,97, 112, 121,
124

Transcription factors (TF) 6, 16, 24-26, 30,
84, 91, 93, 95, 107, 127, 128, 134, 137,
139, 142, 143

Tribolium 11

TrxG 30,95, 97

U

Ulrrabithorax (Ubx) 3-5, 11, 60, 70, 75, 112

VvV
Valentino 24

W

Wing disc 6,7
Wound healing 103, 106

Y

Ying-Yang 1 (YY1) 25, 94, 95

z

Zerkniille 11, 54
Zone of polarizing activity 42, 50
ZPA 42





