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Summary

Most animals exhibit distinctive and diverse morphological features on their
anterior-posterior body axis. However, underneath the variation in design and
developmental strategies lies a shared ancient structural blueprint that is based
on the expression patterns of Hox genes. Both the establishment and mainte-
nance of the spatial and temporal distribution of Hox transcripts play an important
role in determining axial pattern. The study of many animal systems, both verte-
brate and invertebrate, suggests that the mechanisms used to establish Hox
transcription are nearly as diverse as the body plans they specify. The strategies
for maintenance of Hox expression pattern seem more conserved among different
phyla, and rely on the action of Pc and trx group genes as well as auto- and
cross-regulation among Hox genes. In mice, the sharing of regulatory elements
coupled with auto- and cross-regulation could explain the conservation of the
clustered arrangement of Hox genes. In contrast, fly Hox genes seem to have
evolved insulators or boundary elements to avoid sharing regulatory regions.
Differences in Hox transcription patterns can be correlated with morphological
modifications in different species, and it seems likely that evolutionary variation of
Hox cis-regulatory elements has played a major role in the emergence of novel
body plans in different taxa of the animal kingdom. BioEssays 20:116–125,
1998. r 1998 John Wiley & Sons, Inc.

INTRODUCTION
Hox genes are expressed in discrete domains of the body
along the anterior-posterior axis, and are required for the
proper morphological differentiation of all or part of these
expression domains. Hox proteins are homeodomain tran-
scription factors which assign different identities to body

regions by the differential regulation of numerous down-
stream genes, many of which are regulated by multiple Hox
proteins.1 Hox gene organization is distinctive and enig-
matic: the genes map in clusters and the order of individual
genes within a cluster correlates with their spatial expression
pattern on the anterior-posterior axis of the body.2

Although Hox genes were first genetically and molecu-
larly characterized in the fruit fly Drosophila melanogaster, a
great deal of information concerning their functions has
recently been obtained from experiments in other insects,
nematodes, and mice. The deep knowledge thereby ob-
tained has allowed useful comparative studies of Hox pat-
terns of expression throughout the animal kingdom; constitut-
ing one of the first systematic attempts to understand the
molecular basis of the evolution of developmental pattern-
ing. The expanding efforts to uncover functional roles of Hox
genes in animal development has recently even provided
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explanatory models for certain human birth defects. Both
synpolydactyly and hand-foot-genital syndrome are appar-
ently due to mutations in human Hox genes3,4.

The Importance of Hox Transcriptional
Regulation
Why is it important to understand the trancriptional regulation
of Hox genes? One way to address this is to ask whether the
deployment of Hox proteins in precise patterns is instructive
or merely permissive for morphological pattern. Certainly the
global controls that limit Hox gene expression to large
metameric domains play an instructive role, for ectopic
expression of Hox proteins outside those domains, either in
flies or mice, can result in large scale homeotic transforma-
tions. In fact, many of the dominant homeotic transformations
seen in the original Drosophila mutants are the result of
altered expression of Hox genes.2

The experiments of Mann5 and Castelli-Gair and Akam6,7

have shown that the detailed modulation of Hox spatial and
temporal patterns of expression within metameres also plays
an instructive role. Segmental fields in the Drosophila em-
bryo have groups of cells with the potential of developing
Keilin’s organs (the larval equivalent of legs) and spatially
separate groups of cells with the potential of developing as
spiracles. Neither potential is realized in abdominal seg-
ments, due to the suppressing power of Ubx and other
bithorax complex proteins which are expressed in most cells
of these segments. In the second and third thoracic seg-
ments, Ubx is transcriptionally activated in a intricate pattern
that includes the spiracle primordia, and consequently these
segments lack spiracles. In the leg primordia of the same
segments, Ubx expression is absent during early stages of
embryogenesis, which allows these primordia to form Keilin’s
organs. Thus, within a given metamere, detailed differences
in the place and time where a Hox gene is expressed plays
an important role in determining morphologically different
cellular fates.

Similar results concerning the requirements for precise
spatial and temporal patterns of Hox expression were re-
cently obtained in C. elegans. Salser and Kenyon8 studied
the functions of the Antp homolog mab-5 in the V5 lineage of
the lateral ectoderm. The entire V5 lineage expresses mab-5
periodically during development, and a spatial pattern of
mab-5 protein accumulation is generated within the lineage.
Salser and Kenyon activated ectopic mab-5 expression at
inappropriate times and in inappropriate cells of the V5
lineage, and found that both the on and off states of mab-5
expression have important instructive value for the normal
morphogenesis of posterior neural and epidermal structures
of the nematode.

These insightfully detailed experiments have uncovered
the fact that upstream regulation of Hox genes can be an
important process for the generation of pattern within a Hox

functional domain. For many of the Hox genes, variations in
expression pattern occur in all tissues and throughout much
of embryogenesis. What are the regulatory mechanisms that
account for the complex temporal and spatial alterations in
postestablishment Hox expression pattern? Considering the
importance of the segment polarity signalling functions such
as wingless (wg), hedgehog (hh), and decapentaplegic
(dpp) in the generation of patterning information, it seems
likely that these signals will be very important in the detailed
variation of Hox transcriptional patterns, but only a few
inroads have been made into this unexplored territory9,10.

ESTABLISHMENT OF Hox EXPRESSION

How it Works in Drosophila
In the fruit fly, Hox transcriptional patterns are established
during syncytial and early cellular blastoderm in stripes on
the anterior-posterior axis. At this time, the embryo has an
asymmetric distribution of numerous transcription factors of
both maternal and zygotic origin, produced by the coordi-
nate, gap, and pair-rule genes. These proteins form an
overlapping series of gradients and stripes that expose
every nucleus on the anterior-posterior axis to unique combi-
nations of transcription factors. Alterations in the expression
patterns of these proteins, or loss of their functions, can
result in constrictions, expansions or deletions of Hox expres-
sion domains2. Although not yet characterized to the same
level of detail, the regulatory elements that establish stripes
of Hox transcription are presumably similar to enhancers that
direct stripes of pair-rule gene expression11.

Enhancers that establish Hox expression domains have
been shown to possess gap and pair rule protein binding
sites that are important for their function.12 The most convinc-
ing evidence for a direct interaction between gap proteins
and Hox regulation come from the study of Hab mutations.
Shimell et al.13 discovered that the Hab phenotype was due
to a single base substitution in the iab-2 regulatory region of
abd-A that resulted in the destruction of a binding site for the
Krüppel gap repressor protein, leading to ectopic expres-
sion of abd-A. In another study, Qian and coworkers12

identified binding sites within a Ubx regulatory element for
the gap proteins Hunchback and Tailless, as well as for the
pair-rule protein Fushi tarazu. The changes in regulatory
element activity due to loss of specific binding sites re-
semble the changes observed in tailless, hunchback, or
fushi tarazu mutant backgrounds, suggesting that the regula-
tory input of all these proteins is integrated by the enhancers
that establish the initial pattern of Ubx transcription.

How General Are the Regulatory Circuits
That Establish Hox Expression Domains?
Given the extraordinary conservation of Hox expression
patterns in animal development, one might expect that the
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regulatory networks upstream of the Hox genes were equally
well conserved. However, many of the cellular developmen-
tal processes that occur prior to Hox expression; such as
oogenesis, early cell division patterns, and segmentation,
are highly variable among different members of the animal
kingdom. Recent experimental results indicate that this
variability is apparently associated with a diverse set of
strategies and mechanisms for establishing the initial bound-
aries of Hox gene expression in different animal phyla.

Drosophila is rather unique among insects in that much of
its segmentation and body axis patterning occurs in a nuclear
syncytium. In other insects similar patterning decisions are
made in both syncytial and cellular contexts. In the locust
Schistocerca gregaria and the beetle Tribolium castaneum,
the posterior segments are constructed from a proliferative
zone by cell division14, a situation that shares some similarities
to the developmental context in which Hox expression is
established in other animals such as chordates. Despite the
differences in developmental context, the patterns of expres-
sion of some gap and pair-rule transcripts in Tribolium em-
bryos is reminiscent of patterns found in Drosophila embryos,
and suggests some gap and pair-rule genes play a con-
served role in insect embryonic patterning15–17. One interest-
ing new Tribolium patterning mutant, called jaws, has homeo-
tic transformations in the segments derived from the
syncytium, but lacks segments derived from the proliferative
zone. jaws apparently does not correspond to any of the well
characterized members of the Tribolium Hox cluster. It is
possible that this mutation may map in the beetle homologue
of a Drosophila pair-rule or a gap gene, or it might identify a
novel mechanism of early Hox regulation in a cellular context18.

Outside the Insect Class, the extant data on Hox gene
establishment controls have not yet implicated gap or pair-
rule type genes as upstream regulators. Experiments in C.
elegans indicate that the pattern of expression of worm Hox
genes are determined in part by mechanisms independent
of global position along the anterior posterior axis19. Nor-
mally, the Hox gene mab-5 is expressed near the posterior
end of the worm, a domain that includes cells of the V6
group. The two V6 cells that express this Hox protein are
descendants of the ABarp blastomere. When other blasto-
meres (EMS and P2) are ablated early in embryogenesis,
other cells acquire a ABarp identity and give rise to ectopic
V6 cells located in novel positions on the worm anterior-
posterior axis. The ectopic V6 equivalents also establish
mab-5 expression in their new positional/cellular environ-
ments. Similar results have been obtained on the establish-
ment controls for Hox expression in leech development,
which is apparently controlled by a mix of timing and lineage
inputs that are not absolutely fixed to anterior-posterior
position20. Although no mechanisms are yet known to explain
these position-independent controls on the establishment of
Hox expression, these observations suggest that many

invertebrates use different strategies to establish Hox expres-
sion than have been characterized in Drosophila.

A few trans-acting factors have been shown to directly
regulate Hox transcription in mammals. Two are proteins
encoded by the genes Krox2021 and kreisler22. Krox20
encodes a zinc finger transcription factor expressed at high
levels in rhombomeres 3 and 5 (r3/5) in the hindbrain of
developing mice. Hoxb-2, which is expressed in a Krox20-
dependent manner, contains three Krox20 protein binding
sites in its promoter region, that are required for Krox20-
dependent reporter transcription in vivo. kreisler encodes a
maf/b-Zip protein and it is required for the establishment of
Hoxb-3 expression in r5. The r5 pattern can be recapitulated
by a 45 bp element derived from Hoxb-3 upstream se-
quences which contains Kreisler protein binding sites plus
an Ets-type consensus binding site. Both binding sites are
required to establish the correct transcription pattern. None
of the above genes have known homologues in Drosophila
that act in the coordinate, gap, or pair-rule pathways to
establish Hox gene expression.

As expected in a cellularized system, many cell-cell
signaling molecules have been found to regulate Hox expres-
sion in vertebrates. Perhaps the best studied signal is
retinoic acid (RA)23,24. Exposure of embryos to RA induces
homeotic transformations as well as ectopic expression of
Hox genes; e.g., Hoxb-125. The response of Hoxb-1 to RA is
likely to be directly mediated by RAR proteins, as the
mutation of RAR binding sites abolished the activity of a
small Hoxb-1 extablishment enhancer in mouse embryos26.

Even though the evidence regarding the mechanism of
establishment controls in most model animal systems is still
scanty and scattered, the extant results indicate that the
developmental genetic circuitry controlling anterior-posterior
patterning upstream of the Hox genes is not widely con-
served throughout the animal kingdom.

Maintenance of Spatially Localized
Expression and Function of Hox Genes
Since the initial experiments of Lewis27, there has been
steadily increasing evidence that Hox functions in Drosophila
are required both for the initial assignment of metameric
identities as well as the maintenance of such identities. When
Hox gene expression is ablated at times ranging from hours
to days after the time of initial activation, homeotic transforma-
tions or loss of metamere identity can result.2 The persistent
expression of the homeotic genes in spatial patterns appar-
ently allows cells to retain a memory of their anterior-posterior
position as they proceed through embryogenesis and find
themselves in new cellular contexts. This does not mean that
all late expression patterns of Hox proteins are conferring
positional information, as there are examples where Dro-
sophila Hox genes have apparently adopted novel functions
unrelated to axial patterning28.
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The Polycomb-Group
and Trithorax-Group Genes
The genes in the Polycomb (Pc) group maintain the bound-
aries of Hox gene expression by repressing Hox transcrip-
tion outside their normal domains of activity. In Pc mutants,
posterior Hox genes such as abd-A and Abd-B are ex-
pressed in more anterior regions of the embryo, and the
phenotypic result is a partial transformation towards poste-
rior abdominal identity.29–31 Pc acts in multimeric complexes
and each complex probably include a subset of many
members of the Pc group.32 Polytene chromatin binding
studies, and tests of gene expression patterns from genes
outside the Hox complexes, indicate that Hox genes are not
the only transcription units that respond to the repressive
effects of Pc group functions.32 Pc response elements
(PREs) map to discrete regulatory sites within bithorax
complex DNA,32,33 but due to the relatively large size of the
currently defined elements33,34 and the fact that none of the
known Pc group proteins has sequence specific DNA bind-
ing functions, it is still unclear how Pc proteins are persis-
tently tethered to specific DNA elements.

The trithorax (trx) group mutations are genetically defined
by their ability to suppress Pc group phenotypes.35,36 Loss of
an individual trx group function (such as trithorax itself) does
not abolish expression of homeotics but does have differen-
tial affects on the amounts of expression from different
homeotics, ranging from severe to mild.37,38 Some trx group
functions like brahma (brm), contribute to the SWI/SNF
complexes of Drosophila, and antagonize the repressive
effect of Pc group proteins.38 The trx group functions that act
in the SWI/SNF-like complexes are presumably regulating
the accessibility of activators to regulatory sequences of Hox
genes.39 Another trx group protein, GAGA factor/Trl, is a
component of another chromatin modeling function called
the NURF complex, which acts by promoting nucleosome
mobility at heat shock promoters, and perhaps at homeotic
promoters as well.40–42

There is abundant evidence that many members of the Pc
and trx groups are widely evolutionarily conserved at both a
structural and functional level.32,43 The current evidence
supports the idea that these genes apparently represent an
ancient system for the stable maintenance of gene expres-
sion patterns, so ancient that a Pc homolog was recently
discovered in plants.44

Autoregulatory and Cross-Regulatory
Mechanisms
Some Hox genes in flies and mice seem to rely on autoactiva-
tion circuits for the maintenance of expression during devel-
opment. In the case of the Drosophila head genes Deformed
(Dfd), and labial (lab), this is largely mediated through the
direct binding of the Dfd and Lab proteins to autoactivation
enhancers for the respective genes.45–47 Two mouse ho-

mologs of lab and Dfd (Hoxb-1 and Hoxb-4) also use
autoactivation to achieve persistent expression.48,49 Autoac-
tivation enhancers in Hox complexes are so well conserved
that they can be switched between mouse and fly develop-
mental contexts, and still function appropriately.48–51 The
autoactivation of Dfd and lab genes is dependent not only on
the respective Dfd or Lab protein functions but also on the
extradenticle (exd) function; embryos that lack both maternal
and zygotic Exd protein do not maintain either Dfd or lab
transcription, although the transcriptional regulation of many
other Hox genes is unaffected.47,52

The mammalian counterparts of the Drosophila Exd pro-
tein are the Pbx class of proteins.53 The importance of
Exd/Pbx function for autoactivation of Hox transcription was
discovered by analysis of a small regulatory element that
maps in the 58 flanking sequence of the mouse Hoxb-1
gene.48 This Hoxb-1 element contains multiple composite
binding sites that cooperatively interact with Hoxb-1 and Pbx
proteins in vitro, and that direct reporter expression in
rhombomere 4 of mouse embryos. All Hox response ele-
ments so far characterized require Exd protein function in
order for the Hox protein to activate transcription via the
element.52 The need for Exd protein function in the case of
both lab and Dfd autoactivation may be a reflection of this
apparent general requirement.

Hox gene expression can also be maintained by autoregu-
latory circuitry that is largely indirect. Within the visceral
mesoderm cells, the Ubx protein expression is maintained
through autoregulatory mechanisms dependent on dpp and
wg intercellular signals.54 Recent work has indicated that the
wg signal and dpp signal are integrated on nearby se-
quences in a Ubx enhancer element by Drosophila LEF-1
family and Drosophila CREB family transcription factors,
respectively.9,10 Bienz has persuasively argued54 that such
indirect autoactivation circuits, dependent on multiple in-
puts, are well-buffered against developmental noise, and
better at stabilizing expression patterns in fields of cells than
are simple direct autoregulatory circuits. The biological
complexity of a regulatory circuit may thus be a virtue for the
organism possessing it, if not necessarily for an investigator
attempting to dissect its component parts.

Cross regulatory relationships among the Hox genes also
play an important role in determining their transcriptional
patterns. The Bithorax complex proteins Ubx, Abd-A, and
Abd-B are all capable of repressing the transcription of more
anterior Hox genes,2 and there is evidence in one case
reported by Appel and Sakonju55 that this repression is
exerted by direct interaction with Hox protein binding sites in
the genes that are being repressed. The cofactors, if any,
that might assist in Hox-mediated repression, are as yet
unknown. It seems unlikely that Exd plays any role, since
cross regulatory repressions are unaffected in embryos that
lack all Exd function.56 Positive cross regulation can also
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assist in the normal maintenance of Drosophila and mouse
Hox gene expression patterns.49,57

Enhancers Sharing as An Explanation
for the Maintenance of Clustered
Arrangements of Hox Genes
Part of the fascination of the Hox genes has been their
arrangement in linear clusters in which the order of the genes
reflects the order of their expression boundaries on the
embryonic anterior-posterior axis. How this colinear arrange-
ment is generated is still a matter for speculation. However,
recent work has provided strong evidence to support the
idea58 that shared enhancers regulating different Hox promot-
ers might provide a reason for the evolutionary cohesion of
the complexes. Gerard and colleagues59 have found that a
small regulatory region, which binds RA receptor proteins in
vitro, is required for setting the anterior boundary of expres-
sion of two adjacent mouse Hox genes, Hoxd-10 and
Hoxd-11. The mutation of this element in the context of the
normal Hox-d complex appears to be sufficient to derepress
both Hoxd-10 and Hoxd-11 promoters in more anterior body
cells. A shared enhancer element is also required for the
activities of both the Hoxb-3 and Hoxb-4 promoters in
transgenic constructs.49 This shared enhancer contains an
evolutionarily conserved sequence called CR3, which in-
cludes two Hox protein binding sites that are essential for its
function. The CR3-containing element can also drive a
Hox-dependent pattern of reporter expression in Drosophila
embryos. The prediction is that mice in which CR3 is deleted
will lose function of both the Hoxb-3 and Hoxb-4 promoters in
cis, although this evidence is not available at present.
Interestingly, the CR3 element in the Hoxb complex is
‘‘auto’’-regulated by the paralogous Hoxd-4 protein in mouse
embryos, a phenomenon Gould and colleagues term para-
regulation.49

Boundary Elements
In contrast to the mouse Hox gene complexes, the Drosophila
Hox genes are split into two separate gene complexes (ANT-C
and BX-C), and individual transcription units and intergenic
regions within these complexes occupy much more DNA.2 It
seems plausible that this different general arrangement is
due to an increased autonomy on the part of individual Hox
genes in Drosophila, with fewer (if any) shared regulatory
elements. Even the individual enhancers that regulate the
patterns and amounts of expression for particular Hox genes
normally function with a high degree of autonomy. The evi-
dence for this relies on deletion mutations of Hox regulatory
sequence that have been shown to result in abnormal levels
of Hox expression due to the fusion of two distant enhancer
elements. One of the best characterized examples resides in
the Fab-7 region, originally defined by a deletion mutation
that fused the iab-6 and iab-7 enhancers.60 The Fab-7

deletion results in parasegment 11 adopting levels of Abd-B
transcription that are normally only seen in parasegment 12.
The deleted DNA has been proposed to contain an insulator
element that segregates two independent cis-regulatory
domains.60 Two recent papers provide strong support for this
hypothesis, showing that Fab-7 region DNA can block the
function of a wide variety of enhancers, but only when the
Fab-7 element is interposed between an enhancer and
promoter.61,62 Genetic results indicate that such boundary
elements may be common in the BX-C, separating paraseg-
ment specific enhancers that could potentially act on the
same, and/or on different Hox promoters in BX-C DNA.63,64

CHANGES IN Hox EXPRESSION PATTERNS
AND EVOLUTIONARY DIVERSIFICATION

Subtle Changes of Expression
Within Hox Domains
The mechanisms by which Hox genes might contribute to
evolutionary diversification has long been a subject of
speculation.29 Recent studies have provided strong correla-
tive evidence that subtleties in Hox expression pattern within
their anterior-posterior domains account for some of the
variation in morphological pattern between insect groups.
For example, caterpillars, the larvae of butterflies and moths,
differ from other insects in possessing appendages in
abdominal segments, known as prolegs. In flies and beetles,
the Hox genes Ubx, abd-A, and Abd-B suppress the appear-
ance of legs in the abdomen.65 Warren and coworkers66

found that butterfly Ubx and Abd-A proteins, although
present early throughout the abdomen, no longer accumu-
late in the few cells that give rise to the prolegs, which are
marked by Distal-less expression. Since functional tests
cannot yet be performed in butterfly larvae, it is unclear
whether the changes in Hox expression are required for
proleg formation or are just a by-product. Nevertheless, this
work supports the hypothesis that the acquisition of novel
segmental morphology in an insect group has arisen by
localized modification of Hox expression.

Another example of a correlation between a minor varia-
tion in Hox expression pattern and morphological change is
reported by Rogers et al.,67 who analyzed the expression
patterns of the Hox gene Sex combs reduced (Scr) in the
insect orders Diptera, Thysanura, Othoptera, and Hemip-
tera. In Drosophila, Scr is expressed in most cells of labial
and T1 segments, and is required for their identity in
embryonic and imaginal development.68 Scr has a con-
served pattern of expression in the labial segment, but a
variable expression pattern in the first thoracic segment
among the species tested. Thysanurans seem to lack an Scr
expression domain which is conserved among the other
insects tested. This expression domain may be determining
the production of specialized patches of comb-type bristles
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similar to Drosophila sex combs. It is possible that these cells
began expressing Scr in the pterygote lineage, which
branched from thysanurans early in insect evolution and
includes Diptera, Orthoptera, Hemiptera, and other winged
orders. Nonetheless, it is also possible that Scr expression
was lost in those cells in the thysanurans, for the ancestral
condition remains unknown. Scr is expressed in many epi-
dermal cells of the T1 segment in flies, beetles, and butter-
flies,65 suggesting that cells within this segment evolved Scr
expression before the radiation of holometabolous insects.

However, the danger of inferring a causal relationship
between variations in Hox expression pattern and morphologi-
cal variation is also pointed out by Rogers and coworkers.67

In flies and beetles, the loss of Scr function results in the
ectopic development of wing primordia from dorsal-anterior
cells near the base of the prothoracic leg. One group of cells
that seems to consistently express Scr in the animals tested
from the Dipteran, Thysanuran, Othopteran, and Hemipteran
orders is located in this prothoracic dorsal regions. Rogers
and coworkers suggest that Scr expression in this position
mediates the repression of wing formation in T1 segments.67

However, they note that this patch must predate the appear-
ance of wings since it is present in the apterygote (wingless)
lineage of Thysanurans. So it appears that this previously
existing patch of Scr expression pattern was co-opted to
prevent wing development and had other functions or no
function in primitive insects or their ancestors.

Global Changes in Hox Pattern
of Expression
In contrast to the subtle variations within Hox expression
domains, there is no such variation in the overall boundaries
of Hox expression in different insects. This is consistent with
the conserved pattern of insect tagmosis.65 What happens
when comparisons are made not within a class but between
classes, such as Insecta and Branchiopoda? Branchiopod
crustaceans (e.g., Artemia) differ significantly in design from
insects: they possess a thorax with eleven segments all
harboring legs (as opposed to only three in insects) and
many postgenital ‘‘abdominal’’ segments. Averoff and Akam69

has shown that Antp, Ubx, and abd-A are expressed in most
of the thoracic segments of Artemia whereas they have
overlapping but distinct domains in insects. Averoff and
Akam69 have proposed that the crustacean thorax is homolo-
gous to the insect trunk, and that the Hox expression
patterns in Artemia reflect a primitive condition. In this
animal, neither Ubx nor abd-A seem to suppress leg forma-
tion, and since they do so in Drosophila (and presumably in
other insects), a key evolutionary event in the lineage leading
to insects must have been the restriction of Ubx and abd-A
expression to more posterior regions.

Judging by the structural criteria used in arthropod
taxonomy, it seems that the evolution of different classes

within this phylum may have been concurrent with, and
perhaps based on, large scale changes in Hox domains of
expression. The body plans of each arthropod subphylum
(Chelicerata, Uniramia, Crustacea, Trilobita) and many
classes within them are characterized by specific segmental
variations such as which segments bear appendages and
what kind, and the precise pattern of segment fusions
(tagmosis).70 These are modifications that are consistent with
a very large number of Hox-dependent morphological struc-
tures being redeployed on the anterior-posterior axis, i.e.,
they are similar to homeotic transformations, which in Dro-
sophila are known to be due to either large scale changes in
Hox expression, or loss-of-function mutations—the equiva-
lent of a change in Hox gene number. Since changes in the
number of Hox genes appear (so far) to be associated with
even greater phylogenetic distances, the morphological
diversity among the arthropod classes may be dependent on
a spectacularly successful evolutionary experiment with Hox
domains of expression.

The Chordata also present a case in which changes in
Hox expression seems to correlate with dramatic alterations
in the domain boundaries of Hox expression in different
higher taxa. Birds and mammals (different subclasses within
Chordata) differ in the number of vertebra allocated to
different regions (cervical, lumbar, sacral, etc.). In chickens
and mice, the boundaries of expression of some Hox genes
are associated with the transitions from one vertebral type to
another rather than to a particular numerical position in the
vertebral field, as if specific Hox genes were locked into
specifying certain type of vertebrae.71 Since the expression
of Hox proteins in different somites seems to depend on
discrete regulatory elements, such broad changes in Hox
domain size might involve alterations in upstream transcrip-
tional regulation.

A Hierarchical Model for the Evolutionary
Impact of Changes in the Hox Pathways
Developmental pathways such as the ones defined by the
Hox genes offer a framework to categorize genetic changes
by their impact on morphological design. Figure 1 diagrams
different levels at which Hox expression or function could be
modified by mutations in regulatory elements or Hox gene
number in the course of evolution, hierarchically ordered
according to the depth of their regulatory and morphological
consequences. The importance of regulatory element varia-
tion in morphological evolution is likely to be very general.
For example, Li and Noll72 have constructed hybrid genes to
demonstrate the importance of cis-regulatory elements in the
evolutionary diversification of the prd homeodomain class of
developmental regulators.

In a Hox pathway, the most superficial changes would
occur in single Hox response elements for downstream
genes (level 4 in Fig. 1). These are likely to be the most

Review articles

BioEssays 20.2 121



F
ig

u
re

1
.

A
hi

er
ar

ch
y

of
ev

ol
ut

io
na

ry
ch

an
g

es
in

H
ox

p
at

hw
ay

s
ar

ra
ng

ed
b

y
th

ei
rp

re
su

m
ed

m
or

p
ho

lo
g

ic
al

im
p

ac
t.

Th
e

nu
m

b
er

ed
b

ox
es

lis
ts

om
e

of
th

e
ch

an
g

es
th

at
H

ox
p

at
hw

ay
s

ca
n

un
d

er
g

o
d

ur
in

g
ev

ol
ut

io
n.

Th
e

d
ia

g
ra

m
s

b
el

ow
th

e
b

ox
es

in
d

ic
at

e
lik

el
y

m
ol

ec
ul

ar
m

ec
ha

ni
sm

s
m

ed
ia

tin
g

su
ch

ch
an

g
es

.A
b

ov
e

th
e

b
ox

es
,d

ia
g

ra
m

s
sh

ow
th

e
m

od
ifi

ca
tio

ns
of

b
od

y
p

la
n

as
so

ci
at

ed
w

ith
th

e
co

rr
es

p
on

d
in

g
ch

an
g

es
in

H
ox

p
at

hw
ay

s.
Th

e
g

ra
d

ed
b

ar
s

at
th

e
to

p
of

th
e

fig
ur

e
su

g
g

es
t

th
at

a
ro

ug
h

co
rr

el
at

io
n

ex
is

ts
b

et
w

ee
n

le
ve

ls
at

w
hi

ch
H

ox
p

at
hw

ay
s

va
ry

,a
nd

an
im

al
ta

xo
no

m
ic

le
ve

ls
.

Review articles

122 BioEssays 20.2



pervasive changes in evolutionary variation of Hox path-
ways, presumably involved in subtle differences between
most or all animals species,e.g.,73 and even as polymor-
phisms in populations within a species. Of course, the
impact of any single change would depend on the hierarchi-
cal level of the gene whose expression is controlled, which
could range from very high (in autoactivation circuits, the
Hox genes themselves), to rather low (if the downstream
gene itself had no subsequent regulatory function).e.g., 74

We imagine that the next level of regulatory element
variation in Hox pathways would result in subtle changes in
the details of a Hox transcription pattern within a preexisting
large domain of expression (level 3 in Fig. 1). For example,
changes in abd-A and Ubx expression in the cells of the
butterfly larval abdomen correlate with the formation of
prolegs.66 Mechanistically, this could be caused by the
mutation of binding sites which abolish trx-like or autoactiva-
tion function in just a few cells, or by the failure to establish
expression in those cells. Many Hox downstream gene
expression patterns would presumably change in these few
cells. At least two autoregulatory elements are known to
consist of independent modules that supply Hox expression
in overlapping spatial and temporal patterns and different
tissue types,75–77 which might facilitate evolutionary experi-
mentation. In another example, Scr seems to have acquired
new domains of expression in the evolution of different insect
lineages.67 It is possible that such variation in Hox pattern
accounts for some of the changes in anatomical organization
that characterize the different orders (Fig. 1). It will be
interesting to determine whether even more subtle changes
in Hox pattern can be correlated with minor morphological
differences among insect species.

The next hierarchical level of Hox pathway variation in
evolution is probably conferred by mutations that result in a
wholesale redeployment of the anterior-posterior domain of a
Hox pattern (level 2 in Fig. 1). This might involve expansion or
contractions of Hox expression throughout one or many
metameres. In these cases, many Hox downstream genes
would have altered expression patterns in many cells.
Mechanistically, broad alterations in Hox patterns of transcrip-
tion (e.g., the restriction of Ubx and abd-A to abdominal
segments in insects as compared to Artemia78 could have
been generated by the gain of gap repressor binding sites in
Hox cis-regulatory elements. From this point of view, the
lesions in Krüppel protein binding sites in Hab mutant
chromosomes13 can be thought of as mimicking an ancestral
condition. The shifts in Hox boundaries seen in comparisons
of bird and mammal patterns of expression,71 could similarly
be due to the acquisition or loss of binding sites for upstream
factors like Krox20 or kreisler, or by changes in the expres-
sion patterns for such regulators.21,22 Such mutations could
have driven deep reorganizations of the body plan, and may

be more frequently associated with differences at the taxo-
nomic level of classes.

The deepest level at which Hox pathways change in
evolution is likely to be at the level of alterations in Hox gene
number (level 4 in Fig. 1). Gene duplication is postulated to
permit the establishment of wholly new developmental strat-
egies,79 and thereby generate the dramatic differences in
form that distinguish phyla or subphyla. There are examples
in recent evolutionary history of individual Hox type genes that
apparently have rapidly diverged to acquire nonhomeotic
functions after being duplicated.reviewed in 80 This evolutionary
divergence is probably partly due to rapid coding evolution,
as well as novel spatial and temporal patterns of expression.

It has been argued70,81 that the most profound innovations
in animal design occurred during the Cambrian period, and
that fundamental architectural novelty of the type that distin-
guishes the higher taxa has not arisen since. Apparently,
dramatic innovation is no longer tolerated at fundamental
branch points of developmental pathways controlling meta-
zoan body plans. There are likely to be many reasons why
such branch points are resistant to change, but among them
is that as more and more downstream genes and cells are
incorporated into a developmental genetic pathway, the less
flexible that pathway becomes, since changes of expression
of some of the downstream genes leads to disruptive
consequences. In Figure 1 we have attempted to hierarchi-
cally order some of the evolutionary modifications in Hox
developmental pathways according to their presumed im-
pact on morphology, and suggested that this order could
roughly correlate with taxonomic levels, and also with the
number of cells and downstream genes affected.

A fascinating problem in biology is to understand the
developmental and molecular mechanisms behind the pat-
terns of macroevolution. The comparative study of Hox gene
expression patterns have already proven a very useful tool to
define plausible and realistic connections between pattern-
ing genes and evolutionary changes. There appears to be a
great need for more comparative expression studies, but also
for the beginnings of a comparative study of Hox cis-regula-
tory modules and downstream elements whose variation
probably underlies much morphological change in animal
evolution. As a prelude, genuinely detailed knowledge of the
structure and function of the component parts of such
elements from model organisms will be required. An exciting
prospect for the future will be to reconstruct the history of
some crucial regulatory elements, how they have changed at
various branch points of evolution and how that has led to
changes in form and design in the animal kingdom.
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