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Tailored Hox gene transcription
and the making of the thumb
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As soon as the Hox genes were isolated in Drosophila
and identified in mammals more than two decades ago,
genetic and molecular data started to accumulate, sug-
gesting a conserved function for these clustered genes in
the specification of positional identity of rostro–caudal
embryonic structures (Duboule and Dollé 1989; Graham
et al. 1989). Temporal and spatial collinearity of expres-
sion of the Hox genes was shown to correlate with the
anterior to posterior progression of development, with
3� genes being expressed earlier and more anteriorly than
successively more 5� genes. Shortly after these discover-
ies, overlapping expression patterns of the 5� subset of
Hoxd genes in the developing mouse limb buds sug-
gested that these genes were involved in patterning the
limbs as well (Dollé et al. 1989). A strikingly high ex-
pression level of the last gene of the cluster, Hoxd13, in
the genital bud and in the distal part of the limb buds
opened the possibility that a “quantitative collinearity”
might be playing a role in genital and limb development,
obeying rules distinct from those of axial collinearity
(Dollé and Duboule 1989; Dollé et al. 1991). The analysis
of early and late phases of Hox gene expression in the
chick limb bud further strengthened the suggestion that
a “reversed,” 5�-nested Hox collinearity was at work at
late stages in distal limb buds (Morgan and Tabin 1994;
Nelson et al. 1996). The relationship between the two
different types of collinearity was approached experi-
mentally in the mouse, thanks to the design of a power-
ful genetic tool, the targeted meiotic recombination
(Hérault et al. 1998), making it possible to engineer
rearrangements at will within the Hoxd cluster. It ap-
peared that 5�-located Hoxd genes that display spatial
and temporal collinear expression in the developing
trunk and early limb bud undergo a subsequent distinct
regulation in the distal part of the limbs at later stages
(Zakany et al. 2004; Tarchini and Duboule 2006). The
later phase of Hoxd expression modulates morphogen-
esis of the digital plate, distally extending the limb buds.
This distal limb expression was found to depend on re-
mote enhancers on the centromeric (5�) side of the HoxD
cluster (Spitz et al. 2003). Information from comparative
genome analysis recently shed additional light on the

relationship between Hox expression and function along
the axis and in the growing limbs, in the context of evo-
lutionary developmental biology. Vertebrate Hox genes
are arranged in much more condensed and organized
clusters than their homologs in all other clades of the
evolutionary tree (Duboule 2007). As compact clusters
are conceivably more easily controlled in a coordinated
way from distant enhancers, this may have provided an
evolutionary opportunity for the recruitment of efficient
regulatory regions from outside the HoxD cluster. The
novel regulatory input would be at the origin of the late
expression phase of Hoxd genes in the distal limb mar-
gin, in a suitable context to shape the vertebrate limb
terminal elements, the digits (Duboule 2007; Freitas et
al. 2007).

In this issue of Genes & Development, Montavon et
al. (2008) report on their quantification of the expression
of the 5� members of the HoxD cluster in normal and
rearranged configurations, and on their design of a math-
ematical model of the regulatory circuit driving the late
phase of Hoxd gene expression. They propose an addi-
tional, exquisite outcome of the quantitative regulation
of the 5� Hoxd genes: the ontogeny of a distinct morphol-
ogy for digit 1, the thumb.

Hoxd gene expression: late limb collinearity opposite
to axial collinearity

Transcriptional control of the linear arrangement of the
Hox genes by regulatory elements outside the cluster
obligatorily leads to polarized expression of the gene se-
ries (Tarchini and Duboule 2006). Early onset of Hox
gene expression during embryogenesis is thought to de-
pend on a remote regulatory region located on the 3�
telomeric side of the cluster, possibly coinciding or over-
lapping with the Early Limb Control Region proposed
to control Hoxd gene expression in the early limb bud
(Zakany et al. 2004; Tarchini and Duboule 2006). Se-
quential expression of 3� to 5� genes generates posteriorly
nested overlapping sets of Hox expression domains along
the antero–posterior (A–P) axis, and in the early limb
buds that are therefore A–P polarized. The late phase of
Hoxd expression in limb buds was long recognized to
follow a collinearity opposite to axial collinearity, called
“reverse” collinearity (Nelson et al. 1996) or quantitative
collinearity (Dollé et al. 1991). Experimental rearrange-
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ment among 5� Hoxd genes elegantly demonstrated that
the gene order was responsible for this peculiar expres-
sion behavior of the 5� Hoxd genes (Kmita et al. 2002).
Any gene present at the first, 5�-most position of the
cluster is expressed at the strongest level and this reverse
collinearity is essential for correct digit morphogenesis
(Kmita et al. 2002). A distal limb-specific regulatory
region outside the Hoxd cluster on its 5� side was iden-
tified, and this led to the characterization of the remote
Global Control Region (GCR) and the Prox element
(Spitz et al. 2003, 2005; Gonzalez et al. 2007), both es-
sential for correct Hoxd expression in distal limbs
(Fig. 1). Montavon et al. (2008) now unravel the mecha-
nism underlying the tight transcriptional control of the
four 5�-most Hoxd genes in the digital plate, which has a
critical impact on digit morphogenesis.

Unique Hox expression status and morphology
of the thumb

Genes of the HoxA and HoxD clusters are important
players during limb development and were proven to ex-
ert a growth-promoting role on the distal limb (Kmita et
al. 2005; Tarchini et al. 2006). 5� members of HoxA and

HoxD are expressed early on with the same posterior
restriction, but their late expression patterns differ.
While Hoxa13 is expressed across the whole digital
plate, the late phase of Hoxd expression maintains a pos-
terior expression preference (Fig. 1). Strong activation of
Hoxd13 elicited by the remote transcriptional enhancers
leads to a farther extension of its transcription domain as
compared with the other 5� Hoxd genes, such that only
the Hoxd13 domain encompasses presumptive digit 1,
the future thumb (Fig. 1; Nelson et al. 1996; Kmita et al.
2002). Consequently, the dosage of Hoxa and Hoxd
proteins is higher in digits 2–5 than in digit 1, resulting
in a distinct thumb morphology. Posterior skewing of
Hoxd expression domains and preferential activation of
the 5�-most Hoxd gene are therefore responsible for the
relative growth deficit in the anterior-most digit and the
unique morphology of the thumb (Montavon et al. 2008).
In agreement with this conclusion, ectopic expression of
mouse posterior Hoxd genes in anterior-most distal cells
leads to a digit 1 with an additional phalange, transform-
ing the thumb into a digit with a more posterior identity.
The fact that the relative posterior restriction of the late
expression domain of bat versus mouse Hoxd13 in the
forelimb bud is accompanied by a growth reduction of
digits I and II compared with the other digits (Chen et al.
2005) may as well be in line with the demonstrated im-
pact of the reverse collinearity of 5� Hoxd genes on digi-
tal morphologies in the mouse.

The molecular mechanism behind the growth-stimu-
lating activity of Hoxd genes in the digital plate remains
to be elucidated. It may involve growth-promoting sig-
naling pathways such as BMP, downstream from Shh
(Drossopoulou et al. 2000), and sustained Fgf signaling
(Sanz-Ezquerro and Tickle 2003) from the apical ectoder-
mal ridge.

Strict quantitative control of 5� Hoxd transcription

While the collinear 5�-to-3� decrease in transcription lev-
els of 5� Hoxd genes had been observed upon in situ
hybridization and challenged experimentally (Kmita et
al. 2002), the new approach of measuring the steady-state
RNA levels of the five 5�-most Hoxd genes (Montavon et
al. 2008) validates and quantifies the decrease in Hoxd
gene expression. In addition, it brings new features to
light that had escaped detection so far. First, this ap-
proach reveals that promoter specificity definitely plays
a role in the transcriptional output of a particular Hoxd
configuration, in addition to gene rank, and that 5� Hoxd
genes are not equivalent in their efficiency of interaction
with the global “digit” enhancers. This situation was not
anticipated since deletion of Hoxd13 led to such an in-
crease in Hoxd12 transcription that this gene acquired
an expression domain and a function resembling those of
Hoxd13 (Kmita et al. 2002). Importantly as well, it be-
came clear, after decreasing or augmenting the number
of Hoxd genes, that a quasilinear relationship exists be-
tween the gene number and the total mRNA transcribed
from the 5� part of the Hoxd cluster. This behavior, privi-
leging some mechanisms rather than others, proves that

Figure 1. Schematic representation (modified from Montavon
et al. 2008) of the quantified expression of the four 5�-most
members of the HoxD cluster, and of their expression domains
in an E12.5 mouse distal limb bud. The more proximal expres-
sion domain of these Hoxd genes is not shown for the sake of
simplicity, since it does not concern the digits. The thick black
line above represents the chromosome with its telomeric (TEL)
and centromeric (CEN) ends. The genomic region centromeric
to the HoxD cluster is shown to form a loop, allowing the pro-
tein complexes (in yellow), bound to the enhancers GCR and
Prox, to interact with the Evx2-Hoxd13 intergenic region.
Hoxd13 to Hoxd10 and their transcriptional output are shown
in green, with color intensity proportional to transcriptional
activity. The rank of the Hoxd genes relative to the enhancers is
indicated both above the expression bars on the left and flank-
ing the curved lines showing the digital extent of the expression
domains on the right. Presumptive digit 1 is singularized by its
nonexpression of genes with rank 2–4. The transcription level of
each Hoxd gene depends on both its rank and the specific affin-
ity of its promoter for the enhancer complexes (see the text for
more details). (A) Anterior; (P) posterior.
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the regulatory potential of the system is not saturated
in the normal situation but rather adjusts to the gene
number. An additional novel finding concerns the pre-
cise incidence of 5� Hoxd deletions, insertions, and mu-
tations on the transcription of Evx2 and Lunapark (Lnp).
These genes, the function of which is unrelated to limb
morphogenesis, are located between the GCR and 5�
Hoxd genes (Fig. 1). Quantification of the transcriptional
responses of the seven genes considered, to alterations in
and around the 5� Hoxd region, suggests that the “digit”
enhancers probably interact with the Hoxd13-Evx2 in-
tergenic region, and subsequently scan the nearby Hoxd
genes preferentially (Fig. 1).

A mathematical model able to account for the Hoxd
expression features

Because digit morphology was known to be very sensi-
tive to variations in the dosage and combination of 5�
Hox genes expressed during embryonic limb develop-
ment (Zakany et al. 1997), understanding the complex
regulatory control of these essential players in this pro-
cess was expected to help define the conditions for cor-
rect autopod patterning. In the elaboration of a math-
ematical model capable of accounting for appropriate
expression of each of the four 5� Hoxd genes driving
the late phase of distal limb outgrowth and patterning,
Montavon et al. (2008) defined a first set of parameters
utilizing elements from previous studies (Kmita et al.
2002) and from the novel outcome of their quantitative
assays. These parameters correspond to the affinities of
the enhancer complex for each of the individual promot-
ers and to the fact that total transcription linearly de-
pends on the number of promoters. A single class of
models appeared to fit the experimental data, involving a
first step of recognition of the topology of the complex by
the cis-acting elements and associated protein com-
plexes, followed by a second step of subsequent local
scanning and interaction with each promoter. An addi-
tional parameter was introduced for each gene to include
the probability that the complex did not stop at an up-
stream promoter already. Several rounds of parameter
refinement and validation followed, using the large col-
lection of Hoxd mutant alleles available in the labora-
tory. Montavon et al. (2008) finally came up with the
“best-fit” model, generating predicted expression values
for the individual genes matching very well the expres-
sion data in wild types and mutants. Interestingly, from
the final parameter values of the “best-fit” model, it ap-
pears that the affinity of the Hoxd9 promoter is as low as
that of Evx2, suggesting that only the four most 5� Hoxd
genes have evolved more robust affinities for the en-
hancer complex.

Hoxd expression in the genital bud fits the limb model

Montavon et al. (2008) set out to verify the adequacy of
their model to account for the tightly controlled expres-
sion of 5� Hoxd genes in the genital bud. “Quantitative”

collinearity of 5� Hoxd gene expression was observed in
that precursor structure for the external genitalia at the
same time as it was found in the distal limbs (Dollé and
Duboule 1989; Dollé et al. 1991). Remarkably, 5�-nested
Hoxd deletions and duplications induced comparable
regulatory reallocations in the genital bud as in digits.
With the exception of a few mutants with internal dele-
tions, the mathematical model designed on the basis of
parameters for the limbs was found to correctly predict
transcriptional activity of the seven genes assayed during
genital bud development, both in wild-type and mutant
contexts. This suggests that both structures not only uti-
lize the same patterning genes (Cobb and Duboule 2005),
but do so by using the same regulatory strategy. This
demonstrates the similarity in ontogenic principles and
phylogenetic history of both structures, as proposed ear-
lier (Dollé et al. 1991; Kondo et al. 1997; Cohn 2004;
Suzuki et al. 2004).

Untangling multiple control strategies of the clustered
Hox genes

Montavon et al. (2008) found that the transcriptional
output in the genital buds of some internal HoxD dele-
tion mutants could not be accommodated by the limb
model. They mention the possibility that the deletions
impaired an additional regulatory circuit by removing
gene proximal sequences involved in genital bud but not
in limb development. The use of a mathematical model
of transcriptional behavior therefore may help to recog-
nize the occurrence, in some instances, of an additional
controlling circuit superimposed on the regulatory
mechanism under study.

The quantitative expression assays of 5� Hoxd genes
and the successful modeling of their complex transcrip-
tional output during limb bud development definitely
establishes the role of the regulatory constraints of the
Hox linear topology, and of promoter-specific affini-
ties in the generation of a main distinction in digital
morphologies. This strategy may help to further under-
stand the determinants of the various digital features
in mammals and other species. Given the likely impact
of more numerous parameters in the process, such as the
exact timing of expression of the Hox genes in all
presumptive digital territories, and the influence of sig-
naling factors involved in differential digit outgrowth,
it is too early to say whether integrating the different
genetic systems, each with their own time and space
constraints, will not be too complex to be usefully mod-
eled.
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