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The emergence of Vertebrata was accompanied by two rounds of
whole-genome duplications. This enabled paralogous genes to
acquire novel functions with high evolutionary potential, a process
suggested to occur mostly by changes in gene regulation, rather
than in protein sequences. In the case of Hox gene clusters, such
duplications favored the appearance of distinct global regulations.
To assess the impact of such “regulatory evolution” upon neo-
functionalization, we developed PANTHERE (PAN-genomic Trans-
location for Heterologous Enhancer RE-shuffling) to bring the en-
tire megabase-scale HoxD regulatory landscape in front of the
HoxC gene cluster via a targeted translocation in vivo. At this chi-
meric locus, Hoxc genes could both interpret this foreign regulation
and functionally substitute for their Hoxd counterparts. Our results
emphasize the importance of evolving regulatory modules rather
than their target genes in the process of neo-functionalization and
offer a genetic tool to study the complexity of the vertebrate reg-
ulatory genome.
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he transition from early chordates to vertebrates was asso-

ciated with two rounds of whole-genome duplications (2R
hypothesis) (1, 2). Duplicated genes could thus acquire novel
functions distinct from their ancestral roles during vertebrate
evolution (3). This process could have involved modifications of
coding sequences, albeit constrained by the original protein
structure. Alternatively, the duplication of genomic loci provided
an increased flexibility to generate new expression patterns,
critical for the emergence of morphological novelties (4, 5). In-
terestingly, such “regulatory evolution” in vertebrates often in-
volved enhancer elements located at considerable distances from
their target promoters, where potential interferences with an-
cestral control modules are minimized (6-8) (Fig. 14). There-
fore, in contrast to invertebrate systems, megabase-scale genomic
contexts have to be considered when attempting to understand
the evolution of the vertebrate regulatory genome.

Such extended regulatory landscapes have been found to be
associated with the expression of many genes essential for de-
velopmental processes. Among these are the four Hox gene
clusters, which, after duplications, acquired novel and specific
expression patterns due to the recruitment of distinct global
enhancer elements (9, 10). For example, the HoxC and HoxD
loci, which originated from the same ancestral complex via the
second duplication event (11), diversified their functional terri-
tories rather significantly such that murine Hoxc genes are now
required for tegument development (12), whereas Hoxd genes
are involved in patterning of hands and feet (13). Accordingly,
deletions of posterior Hoxd, but not Hoxc, genes cause severe
digit malformations (14, 15). In the case of Hoxd genes, their
transcription in the distal limb bud, the future digits, is controlled
by multiple enhancer sequences located far upstream of the
HoxD cluster (16, 17) (GCR and Prox in Fig. 1C). These en-
hancer sequences can act on several Hox genes, as well as on
Evx2 and Lnp, two non-Hox transcription units located within
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this genomic context. As a result, these latter genes show similar
expression in the developing hands and feet by means of a by-
stander effect, with only minor functional relevance for these
structures (16, 18).

Recently, we reported that these enhancer sequences located
centromeric to HoxD and driving these distal limb expression
patterns, are absolutely necessary, as shown by an inversion tak-
ing these elements away from an otherwise intact HoxD cluster.
This inverted allele phenocopied the digit defects observed after
a deletion of all posterior Hoxd genes (19). However, it remained
unclear as to whether such a regulatory landscape in itself would
be sufficient to fully support the specific Hoxd gene expression in
digits, or whether it also required additional structural changes
either in the general topology of the cluster or in the gene coding
regions. To address this question, we swapped the HoxD and
HoxC regulatory landscapes, first to study whether the architec-
ture of the HoxC cluster would be permissive for the HoxD global
digit enhancers to take control of Hoxc genes and, second, to see
if the resulting ectopic Hoxc expression could functionally sub-
stitute for Hoxd genes during digit development.

Results

Reshuffling Genomic Landscapes. Because of the size and com-
plexity of these regulatory landscapes, we exchanged the entire
upstream chromosomal regions of the HoxC and HoxD gene
clusters by engineering a targeted translocation (20) (Fig. 1 D
and E). To this end, we developed PANTHERE (PAN-genomic
Translocation for Heterologous Enhancer RE-shuffling) that
enabled us to reshuffle the entire HoxD digit regulatory land-
scape in vivo by simple means of mouse breeding and genotyping
procedures. As parental alleles, we used two stocks of mice
harboring single loxP sites at the 5’ extremities of both gene
clusters. Because the introduction of the loxP site at the Hoxc13
locus concomitantly inactivated the gene with an in-frame GFP
reporter (21), we balanced the posterior Hoxd gene dose by using
an allele where the Hoxd13 locus was deleted. This deletion al-
lele induces an important up-regulation of Hoxd12 in the distal
limb bud, which in turn is able to rescue to a large extent the digit
defects normally associated with the inactivation of Hoxd13 (22).
This particular setup would allow us to place the HoxC cluster
under the HoxD centromeric regulatory landscape and thus to
comparatively evaluate the effect of similar gene doses ema-
nating either from the HoxD or the HoxC locus upon digit pat-
terning. Mice double-heterozygous for both loxP sites were
crossed with HprtCre transgenic animals, and F3 offspring were
screened for the desired recombination event, giving rise to a
balanced translocation in vivo. Animals who had not retained the
Cre transgene were selected for further analysis (Fig. 1 E and F).
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Functional diversification of vertebrate paralogous gene clusters via the evolution of specific global regulations. (A) After duplication of a gene

cluster, which was structurally constrained by an ancestral regulatory module (circles), functional specializations of twin clusters occurred through the
emergence of remote global regulatory controls (red and green arrows). (B) The conservative exchange of such regulatory landscapes in vivo reveals the
respective importance of regulatory versus structural evolution of the gene clusters in the acquisition of vertebrate-related innovations. (C) On chromosome 2
(Chr. 2), multiple global enhancer sequences (e.g., GCR and Prox) drive the expression of several posterior Hoxd genes in the distal limb bud. This large region,
located centromeric to the HoxD cluster, is referred to as a regulatory landscape (16). (D) Our PANTHERE (PAN-Genomic Translocation for Heterologous
Enhancer RE-shuffling) strategy whereby any regulatory landscape containing a /oxP site can be associated to a heterologous target locus. Here, a balanced
translocation between chromosomes 2 (Chr. 2) and 15 (Chr. 15) exchanges the centromeric landscapes between the murine HoxD and HoxC loci, bringing the
latter under control of the HoxD digit-regulatory landscape. (E) Crossing scheme of the PANTHERE approach. Transgenic Cre-expression induces re-
combination events between nonhomologous chromosomes harboring single loxP sites at the 5’ extremities of the HoxD and HoxC clusters. (F) Metaphase-
spread nuclei of cells obtained from a mouse carrying the translocation, stained for chromosomes 2 (Chr. 2, red) and 15 (Chr. 15, green), showing the presence
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of both translocated chromosomes t(2;15) and t(15;2).

Hoxc Genes Under the Control of the HoxD Digit Regulatory Landscape
Can Substantially Rescue the Distal Limb Skeleton. As male founder
animals were sterile, we crossed females heterozygous for the
translocation with males carrying a balancer chromosome that
lacks the three posterior-most Hoxd genes (15). In this manner,
a full loss of posterior Hoxd gene function occurred in digits.
However, Hoxc genes could potentially rescue this deficiency,
should they be able to respond to the translocated regulatory
landscape and be functional to support digit development.

X-ray images of adult specimens confirmed that, whereas mice
lacking one dose of posterior Hoxd genes had a wild-type limb
skeleton, the deletion of both alleles of HoxdI3 resulted in ab-
normal distal limb development with shortening and loss of
phalanges, a malformed digit I, and metatarsal truncations (Fig.
2 A and B). This phenotype was not further aggravated when, in
addition, Hoxc13 was inactivated along with the introduction of
the GFP (Fig. 2: compare B and C). The deletion of all posterior
Hoxd genes caused severe reductions and malformations of
digits, metacarpals, and metatarsals, as well as synpolydactyly in
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forelimbs and hind limbs (15) (Fig. 2D). Mice trans-heterozygous
for both the deletion and the translocation also lacked all Hoxd
gene function in distal limbs because one set of Hoxd genes was
deleted, whereas the other had been disconnected from its reg-
ulatory landscape by the translocation. However, animals of this
genotype displayed a clearly improved phenotype. In the forelimb,
only digits III and IV were partially rescued (Fig. 2E), whereas the
entire foot skeleton was restored to close-to-normal morphology
although some phalanges were still missing (Fig. 2F).

Hoxc Genes Respond to HoxD Digit Enhancers and Can Functionally
Substitute for Hoxd Gene Functions During Digit Development. We
concluded that one copy of the HoxC cluster placed under the 5’
regulatory landscape of HoxD was sufficient to compensate, to a
large extent, for the absence of Hoxd gene function during digit
development. To see more precisely which Hoxc genes were in-
strumental in this functional rescue, we monitored gene ex-
pression in vivo using balancer alleles removing the entire set of
either Hoxc or Hoxd genes, such that transcription was scored
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Phenotypic rescue of Hoxd loss of function in limbs by Hoxc genes under the control of the HoxD regulatory landscape. X-ray images of distal

forelimbs (hand, Top) and hind limbs (foot, Bottom) with a schematic of the genotypes (Middle) are shown. Whereas mice heterozygous for a deletion of
Hoxd11 to Hoxd13 display an almost wild-type limb (A), removing the second dose of Hoxd13 leads to distal malformations (B). (C) The additional inactivation
of one allele of Hoxc13 has no effect. (D) Mice homozygous for a deletion of the three posterior Hoxd genes display a severe distal limb phenotype. (E)
Exchanging the 5’ regulatory landscapes of the HoxC and HoxD clusters leads to a significant rescue of the hand skeleton. Digits Ill and IV of the forelimb are
markedly increased in size, with their metacarpals now close to normal in size and morphology. A spectacular rescue is observed for the foot, in particular in
the overall aspect of metatarsals and in the number of phalanges. However, the big toe is not equally rescued and still shows the same mutant aspect as in D.

ph, phalanges; mc, metacarpals; ca, carpals; mt, metatarsals; ta, tarsals.

either from a single wild-type or from a single translocated
chromosome. In wild-type animals, Hoxd genes were expressed
in both proximal and distal parts of the forelimb, with Hoxd12
being stronger distally than Hoxd11 or Hoxd10 (23) (Fig. 34). In
contrast, Hoxc genes were not transcribed at all (Fig. 34). From
the translocated chromosome, expression of Hoxd genes was com-
pletely abolished distally, whereas Hoxd11 and Hoxd10 remained
expressed in their proximal domain (Fig. 3C), as expected from
the telomeric location of this particular enhancer (24). However,
Hoxc12 was now expressed in the distal limb bud, although re-
stricted to the areas of presumptive digits III and IV (Fig. 3C).

In hind-limb buds, the situation was comparable, yet the ex-
pression of Hoxc12 from the translocated chromosome was much
stronger and more widespread than in forelimb buds. Moreover,
weak ectopic distal signals were scored for Hoxcl1 and Hoxc10
(Fig. 3F), thus following the collinear expression strategy ob-
served at the Hoxd locus under normal conditions. Therefore,
from these redistributed expression patterns, it appeared that the
rescue in digit morphology mostly originated from the ectopic
expression of Hoxc12. The direct morphological effects of these
transcriptional reallocations were best demonstrated in newborn
postnatal day 0 (PO) skeletons. Although the loss of Hoxd gene
expression led to an important delay in primary ossification in
digits (Fig. 3 B and E), bone patterns were restored at the exact
positions of ectopic HoxcI2 expression. In the forelimb, expres-
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sion was largely restricted to the areas of presumptive digit I1I
and, to some extent, digit IV. Accordingly, digit III was largely
rescued in its length and ossification process, whereas digit
IV was moderately rescued (Fig. 3C, asterisk). In the hind limb,
Hoxc12 was expressed similarly to Hoxd12 in wild-type limb buds,
i.e., in all developing digits with the exception of the thumb.
Consequently, digits II-IV were significantly restored, whereas
digit I conserved its mutant morphology (Fig. 3 E and F,
arrowheads).

Discussion

The rise of the vertebrate lineage was likely facilitated by two
genome duplications, which took place early on during chordate
evolution (1). They endowed vertebrates with a particular genetic
flexibility, in particular for paralogous genes to diverge in func-
tions via sub- or neo-functionalization processes (25). A sub-
stantial part of this flexibility was achieved through the evolution
of regulatory modules, rather than of the proteins themselves
(regulatory evolution). In this view, the functional territories of
genes were enlarged and/or modified by changing their associ-
ated expression patterns in space and time, whereas the original
protein structures were largely preserved. However, the re-
spective contributions of regulatory evolution versus structural
modifications of coding regions in vertebrate evolution are con-
troversial, due in part to the difficulty of assessing these various

Tschopp et al.
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Fig. 3. Hoxc genes can functionally substitute for Hoxd genes during digit development. (A) In E12.5 wild-type embryos, posterior Hoxd genes are expressed
in both the proximal and the distal part of the growing forelimb. No transcript is detected for Hoxc12, Hoxc11, or Hoxc10. (B) In newborns, the absence of
Hoxd gene function in digits leads to a reduction in size and malformation of the cartilage rods, as well as a delay in their ossification. (C) After translocation,
Hoxd gene expression is lost distally, whereas Hoxc12 becomes expressed in digits Ill and 1V, i.e., precisely where a rescue in both the size and the ossification
pattern is observed (asterisk). (D) As for the forelimb, only Hoxd genes are expressed in the distal domain of the developing hind limb. Proximally, however,
transcripts for Hoxc11 are detected (arrow). (E) The loss of distal Hoxd function induces similar effects on foot development, as observed in forelimbs. (F) In
distal hind limbs at E12.5, Hoxc12, Hoxc11, and Hoxc10 are expressed in a quantitative collinear manner when controlled by the HoxD regulatory landscape,
much like Hoxd genes in their wild-type context. These Hoxc transcripts substantially rescue the cortical ossification pattern in the foot, which is now almost

identical to wild type. The big toe is not rescued, as explained by the lack of transcription of Hoxc genes in this presumptive digit (arrowheads).

parameters in physiological conditions in vivo. Hox gene clus-
ters, with their associated dense transcriptional landscapes and
their global neo-functionalizations, are of particular interest in
this respect.

Hox Cluster Architecture and Global Transcriptional Regulations. In
the bilaterian lineage, various degrees of Hox gene clustering are
observed (26). Although this structural diversity in itself has
important implications for the transcriptional regulation of the
resident genes, the topology of the gene cluster may in turn be
modified and consolidated through the appearance of novel reg-
ulatory controls. The recurrent deployment of global regulatory
elements at vertebrate Hox loci might thus have contributed to
their exceptionally tight organization (11).

Interestingly, the posterior half of the murine HoxD complex,
which is the target of several global regulations involved either in
limb or in external genitalia development (10), is more com-
pacted than its HoxC counterpart (Fig. 1D). This may account
for the differences in the quantitative collinear responses of
posterior Hoxc genes to the HoxD centromeric regulatory land-
scape, as evidenced by the sharper decrease in transcriptional
efficiencies in the translocated chromosome, compared with
Hoxd genes in the control condition (Fig. 3F). Moreover, the
striking difference in the distal expression between forelimb and
hind-limb buds of posterior Hoxc genes when controlled by the
HoxD landscape likely reflects the wild-type patterns of Hoxc
gene expression, which are indeed normally restricted to a prox-
imal region of hind-limb buds only (27, 28) (Fig. 3). As such, it
suggests that the control of Hoxc genes by global enhancers in
the translocated chromosome is modulated by cluster-specific

Tschopp et al.

regulatory modalities that may be different in forelimb and hind-
limb buds.

Hox Genes and the Evolution of Digit Morphologies. The phenotypic
rescue indicates that the HOXCI12 protein can substitute for
HOXD12, even though the former is not required for digit de-
velopment under normal circumstances. In fact, the restoration
of cortical ossification matches the exact places where ectopic
HOXC12 is detected, which illustrates the functional potency of
a single dose of a posterior Hox gene product. The spatially re-
stricted restoration functionally demonstrates the local and di-
rect effect of HOX protein levels on the morphogenesis of
individual digits via their impact upon the stimulation of primary
ossification (29). This, added to the dose-dependent effects of
various paralogous Hox groups on digit morphologies (30), may
provide part of the explanation of the amazing range of varia-
tions observed in tetrapod distal limb skeletons.

In this context, slight modifications in transcriptional regula-
tion, for example, through alterations in cluster architecture or
enhancer activities, could have modulated the phenotype and
thus participated in the morphological diversification of digits. In
particular, we show here that a very localized dosage effect can
impact upon a single digit independently from the neighboring
digits, a phenomenon that may underlie the development of those
autopods where the shape and/or the length of digits are noto-
riously heterogeneous within the same handplate, as seen, e.g., in
bat wings (31, 32). Our work also suggests that any group 12 or 13
HOX protein may contribute to these processes, thus increasing
the realm of possibilities for morphological variation to occur.
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Evolution at Two Levels. Our engineered translocation shows that
posterior Hoxc genes can in part interpret the HoxD regulatory
landscape and adopt the associated transcriptional responses.
This indicates that the recruitment of Hoxd gene function during
limb development primarily involved the evolution of a complex
cis-regulatory landscape located centromeric to the cluster,
rather than changes in the protein structure. Therefore, HOX
proteins appear rather generic with respect to their functions
(33), perhaps due to the functional constraints imposed by the
ancestral collinear mechanism acting on all four Hox clusters
during axial elongation. Although the regulatory subfunction-
alization of their ancestral patterning functions had been dem-
onstrated previously for a pair of paralogous Hox genes (34), we
provide evidence that this potential also exists at the level of
entire Hox gene clusters, which seem to be equally responsive to
emergent global regulations. Clearly, Hoxc genes could theo-
retically have been recruited during the emergence of tetrapod
digits, instead of the HoxD cluster. Nevertheless, following the
initial duplication, the HoxC cluster underwent its own neo-
functionalization and acquired a different set of regulations, for
example, driving gene expression in hair follicles.

The presence of gene-poor regions flanking all four Hox loci
(35), a feature generally associated with complex regulatory
landscapes, suggests that all Hox gene clusters were equally co-
opted by new global regulations, leading to a division of labor in
terms of neo-functionalization. It is nevertheless likely that these
novel regulatory modalities subsequently led to minor adapta-
tions in protein structure to optimize any new task, while being
constrained by the ancestral collinear mechanism occurring
earlier in development. Such a scenario may explain why we do
not see a complete rescue in the hind-limb digit skeleton after
ectopic expression of Hoxc genes.

Studying Regulatory Evolution. Understanding the vertebrate reg-
ulatory genome will require the analysis of very large and com-
plex genomic segments and their interactions in time and space
with one or several target genes. Although the genome-wide
analyses of potential enhancer regions, chromatin domains, or
chromosomal architectures will be essential in this challenge
(36-38), the PANTHERE strategy described here to engineer
chimeric loci adds a unique genetic tool to these studies. Using
this approach, entire cis-regulatory landscapes can be shuffled
around using targeted translocations to assess the respective
importance of “regulatory” versus “structural” evolutionary mech-
anisms under physiological conditions in vivo.

Methods

Mouse Strains and PANTHERE. The translocation allele was generated using
the PANTHERE approach (Fig.1 D and E). For parental strains, we used /oxP
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sites from a Hoxc13%" allele (21) and a deletion of the Hoxd13 locus that
also removes the regulatory region RXI (22). Trans-heterozygous animals
were bred to HprtCre mice to induce a targeted translocation between
nonhomologous chromosomes (20, 39). The allele was maintained on a B6/
CBA F1/CD1 hybrid background. The different balancer alleles were de-
scribed before: Del(11-13)d77lac (15), Del(11-13) (22), Del(1-13)d77lac (6),
and HoxC™"" (16). For embryo crosses, noon on the day of the vaginal plug
was considered as embryonic day 0.5 (E0.5). Embryos were dissected in ice-
cold PBS and fixed overnight in 4% paraformaldehyde.

Genotyping. Genotyping was performed on isolated ear punch or yolk sac
DNA using standard PCR protocols. Oligonucleotide sequences used to
genotype both breakpoints were as follows: HoxD-fw: 5'-AGGCATTTTCC-
TACCCTTCA-3" and HoxC-rv: 5-GAATGACTGGGCTCTCCAGGC-3’ and GFP-fw:
5-GTCCTGCTGGAGTTCGTGAC-3' and HoxD-rv: 5-TGGGCAAAACAGGCAA-
CGCTCC-3'. Both resulting PCR products were sequenced to check for
breakpoint integrity.

Metaphase Fluorescent in Situ hybridization. Fluorescent in situ hybridization
(FISH) on metaphase spreads of ear fibroblasts from translocation-hetero-
zygous mice was performed as modified from ref. 40. Whole-chromosome
paint FISH probes for chromosomes 2 and 15 (StarFISH; Cambio) were used
according to the manufacturer’s instructions. Additionally, to detect the
distal 500 kb of chromosome 15, 1 ug of DNA of BAC RP23-220E23 (CHORI
BACPAC Resources) was labeled by nick-translation with Spectrum Green
(Vysis Inc.) according to the manufacturer’s protocol and cohybridized.

X-Ray Imaging, Skeletal Preparations, and In Situ Hybridization. Two-month-
old males were killed and X-ray images of hands and feet were collected. For
analyses of newborn skeletons, PO animals were killed, eviscerated, and
stained for cartilage and bone using standard alcian blue/alizarin red pro-
tocols (41). For X-rays and skeletal preparations, a minimum of five speci-
mens per genotype was analyzed, with an indistinguishable degree of
rescue in the hind limb and only minor fluctuations in the forelimb. Whole-
mount in situ hybridization was performed according to standard protocols,
with both mutant and control embryos processed in the same well to
maintain identical conditions throughout the procedure. All stainings were
reproduced in at least two independent experiments. Hoxd probes were as
described elsewhere: Hoxd10 and Hoxd11 (42) and Hoxd12 (43). For Hoxc
genes, probe templates were PCR-cloned into pGEM-T easy (Promega) from
embryonic ¢DNA pools following the designs outlined in ref. 28. To assess
the expression of Hoxd genes from the translocated chromosome, t(2;15)/
HoxD* embryos were used. Conversely, Hoxc expression from the trans-
located counterpart chromosome was assessed in (2;15)/HoxC™" embryos.
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