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INTRODUCTION
T-box genes encode a family of transcription factors that have
been identified in all metazoans and which play diverse roles
during embryonic development (Minguillon and Logan, 2003;
Naiche et al., 2005; Papaioannou, 2001). From this extensive
gene family, the paralogues Tbx4 and Tbx5 have received
particular attention due to the striking, mutually exclusive
expression domains that they exhibit in various territories of the
developing embryo, such as the heart and the limbs (Chapman et
al., 1996; Gibson-Brown et al., 1996; Krause et al., 2004). Tbx5
is expressed in the prospective forelimb territory and subsequent
forelimb bud, whereas Tbx4 is expressed in the prospective
hindlimb territory and hindlimb bud (reviewed by Logan, 2003).
Initial misexpression experiments in the chick suggested that
these genes play a role in the specification of limb type-specific
morphologies (Rodriguez-Esteban et al., 1999; Takeuchi et al.,
1999). However, subsequent gene deletion experiments in the
mouse confirmed that Tbx5 and Tbx4 play essential roles in the
initiation of limb outgrowth (Agarwal et al., 2003; Naiche and
Papaioannou, 2003; Rallis et al., 2003). Furthermore, we have
shown that neither Tbx5 nor Tbx4 is required for the acquisition
of limb type-specific morphologies, but that they play equivalent
roles in the initiation of forelimb and hindlimb outgrowth,
respectively (Minguillon et al., 2005). We used a combination of
transgenic and gene deletion approaches in mice to show that
forelimb outgrowth can be induced by Tbx4 in the absence of
Tbx5. We concluded that although Tbx5 and Tbx4 normally

induce, and are markers of, forelimb and hindlimb outgrowth,
respectively, they do not play a role in the specification of limb
type-specific morphologies. We hypothesized that the limb type-
specific morphologies that ultimately develop are instead
dictated by the axial identity of the pre-patterned lateral plate
mesoderm (LPM) in which Tbx-mediated limb induction occurs.
This is concordant with classical embryological experiments in
the chick that show that limb type specification is determined at
very early stages of limb development, prior to overt limb
outgrowth and the expression of Tbx4 and Tbx5 (Saito et al.,
2002; Stephens et al., 1989).

Hox genes encode a family of transcription factors that are found
in all eumetazoans and are frequently arranged in chromosomal
clusters (reviewed by Duboule, 2007; Lemons and McGinnis,
2006). Hox genes have been implicated in the morphological
diversification of many embryonic structures, including the neural
tube, somites and gut (Zacchetti et al., 2007) (for a review, see
Wellik, 2007). Although the detailed expression of these genes in
the LPM has been less well characterised than in other axial tissues,
it has been shown that combinations of Hox genes expressed in the
LPM correlate well with the type of limb that subsequently
develops (Cohn et al., 1997). In a previous study, we hypothesized
that limb type identity, and ultimately limb type-specific
morphology, are specified by different combinatorial codes of
factors in the LPM at different rostrocaudal positions, and that one
of these factors could include a particular combination of Hox
proteins. We suggested that Tbx5 expression in the LPM is
activated as a result of a combinatorial code of ‘rostral’ Hox genes,
whereas Tbx4 expression is initiated by a combinatorial ‘caudal’
Hox code. The activation of Tbx5 and Tbx4 at the prospective
forelimb and hindlimb level, respectively, is ultimately necessary
for the initiation of limb bud outgrowth (Gibson-Brown et al.,
1998; Minguillon et al., 2005).

To determine whether Hox genes expressed in the LPM
control the limb type-restricted expression of Tbx genes, we
have isolated the minimal regulatory element sufficient to drive
the earliest forelimb-restricted expression of the mouse Tbx5
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SUMMARY
Tbx4 and Tbx5 are two closely related T-box genes that encode transcription factors expressed in the prospective hindlimb and
forelimb territories, respectively, of all jawed vertebrates. Despite their striking limb type-restricted expression pattern, we have
shown that these genes do not participate in the acquisition of limb type-specific morphologies. Instead, Tbx4 and Tbx5 play similar
roles in the initiation of hindlimb and forelimb outgrowth, respectively. We hypothesized that different combinations of Hox
proteins expressed in different rostral and caudal domains of the lateral plate mesoderm, where limb induction occurs, might be
involved in regulating the limb type-restricted expression of Tbx4 and Tbx5 and in the later determination of limb type-specific
morphologies. Here, we identify the minimal regulatory element sufficient for the earliest forelimb-restricted expression of the
mouse Tbx5 gene and show that this sequence is Hox responsive. Our results support a mechanism in which Hox genes act upstream
of Tbx5 to control the axial position of forelimb formation.
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gene. We find that a 361 bp sequence located in the second
intron is able to recapitulate the earliest forelimb-restricted
expression of the mouse Tbx5 gene when linked to a lacZ
reporter. This region contains six predicted Hox binding sites
that are required for the regulatory properties of this region. We
use co-electroporation studies in the chick and site-directed
mutagenesis of mouse transgenic constructs to show that, via this
regulatory element, Hox proteins regulate the onset of forelimb-
restricted expression of Tbx5 in vivo. Furthermore, we show that
Hox proteins bind directly to these putative Hox binding sites in
vitro. These data provide the first evidence that rostral Hox
genes expressed in the LPM directly regulate the forelimb-
restricted expression of Tbx5 and thereby control the axial
position at which forelimb outgrowth is initiated.

MATERIALS AND METHODS
DNA constructs and analysis of regulatory regions
For reporter gene analyses in both mouse and chick embryos we used the
BGZA reporter vector (Summerbell et al., 2000). For chick electroporation
experiments, cDNAs coding for murine Hox genes were cloned upstream
of the IRES-eGFP element in the pCIG expression vector (Megason and
McMahon, 2002). For site-directed mutagenesis, the Stratagene
QuikChange XL Site-Directed Mutagenesis Kit was used following the
manufacturer’s instructions. Constructs are summarised in supplementary
material Fig. S1.

Conserved regulatory regions were scanned using the VISTA genome
browser (Bray et al., 2003; Couronne et al., 2003). MatInspector
(Genomatix) was used to search for putative binding sites, which were also
searched for by eye following published binding sites (Manzanares et al.,
2001; Pearson et al., 2005; and references therein).

Generation of transgenic lines
Transgenic mouse embryos were generated by the Procedural Services
section, NIMR, by standard pronuclear microinjection techniques.

Embryos
Mouse embryos were staged according to Kaufman (Kaufman, 2001).
Noon on the day a vaginal plug was observed was taken to be 0.5 days of
development (E0.5). Fertilised chicken eggs (Needle’s Farms, Winter’s
Farms) were incubated at 37°C and staged according to Hamburger and
Hamilton (HH) (Hamburger and Hamilton, 1992). Mice carrying the lacZ
transgene were identified by PCR using primers LacZfwd (5�-
GGTCGGCTTACGGCGGTGATTT-3�) and LacZrev (5�-
AGCGGCGTCAGCAGTTGTTTTT-3�).

Chick electroporation
In ovo hindbrain electroporation was performed as described (Itasaki et al.,
1999). Briefly, the m5-5 promoter fragment (250 ng/l) was co-injected
with Fast Green and the expression vector pCIG (1 g/l) into the neural
tube of HH10 chicken embryos. This DNA mixture was then
electroporated into the right side of the neural tube. Embryos were allowed
to develop for a further 22 hours before harvesting. Only those embryos
showing robust GFP expression were subsequently processed for -
galactosidase activity.

Whole-mount in situ hybridisation and histochemistry
Whole-mount in situ hybridisations were carried out essentially as
described (Riddle et al., 1993). IMAGE clones #40044111 and #3985274
were used as templates to prepare mouse Hoxa4 and Hoxa5 probes,
respectively. The full-length cDNAs for mouse Hoxb5, Hoxc4 and Hoxc5
were cloned by RT-PCR into pGEM (Promega) using standard techniques
and used as templates to prepare the corresponding probes. The 3� region
of the Tbx5 cDNA was used to create an in situ probe that lacked the
conserved T-box domain. A monoclonal antibody against mouse Hoxb4 (a
gift from Alex Gould) was used for immunostaining as previously
described (Gould et al., 1997).

Electrophoretic mobility shift assay
cDNAs encoding selected Hox genes were cloned into pBluescript pKS
(Stratagene) using standard techniques. These constructs were in vitro
translated using the Coupled TnT Transcription/Translation System
(Promega) in the presence of [35S]methionine (Amersham) following the
manufacturer’s instructions. Proteins were visualised by SDS-PAGE
followed by autoradiography to check correct translation.

For electrophoretic mobility shift assays (EMSAs), 2 l lysate
containing the desired Hox protein was mixed with 40,000 cpm 32P-
labelled double-stranded oligonucleotide in binding buffer [10 mM Tris-
HCl pH 7.5, 75 mM NaCl, 1 mM EDTA, 1 mM DTT, 2 g BSA, 6%
glycerol and 1 g poly(dI-dC)] in a total volume of 20 l. After 30 minutes
incubation in ice, the reactions were separated by 5% PAGE in 0.5�TBE.
For supershift, 2 l anti-flag antibody was incubated with the binding
reaction for 30 minutes in ice.

Nuclear extracts were prepared from rostral regions of ten early E9
embryos using the NE-PER Nuclear and Cytoplasmic Extraction Kit
(Pierce) following the manufacturer’s instructions (final volume of 50 l).
For EMSA, this nuclear extract was diluted 1:4 in binding buffer and 20 l
incubated with 40,000 cpm 32P-labelled double-stranded oligonucleotide.
When used for competition analyses, unlabelled oligonucleotide was added
to the binding reactions. After 30 minutes incubation in ice, the reactions
were separated by 5% PAGE in 0.5�TBE.

RESULTS
Analysis of the mouse Tbx5 regulatory region
To address whether a particular combination of Hox proteins lies
upstream of the forelimb-restricted expression of Tbx5, we first
decided to identify the region of the Tbx5 locus in which the
regulatory element responsible for driving this rostral LPM
expression domain is located. A series of constructs containing
fragments of the genomic region of the mouse Tbx5 gene were
cloned upstream of a minimal promoter linked to the lacZ reporter
gene in the BGZA vector (Summerbell et al., 2000) and assayed by
transgenesis for their ability to regulate forelimb-restricted
expression (Fig. 1, supplementary material Fig. S1).

An 11.5 kb genomic fragment upstream of Tbx5 intron 2
spanning –7634 to +3914 (m5-10; Chr5:120,277,038-120,288,589,
Ensembl NCBIM37) was able to drive forelimb-restricted
expression of the lacZ reporter (Fig. 1B) similar to the endogenous
expression of the Tbx5 gene in the developing forelimb (Fig. 1G).
We then generated a series of shorter constructs to better define the
location of this forelimb-regulatory region. As assessed by -
galactosidase activity, a fragment containing the most proximal 6.4
kb of this genomic region (Chr5:120,282,130-120,288,589,
Ensembl NCBIM37), as represented by the m5-5 construct, was
still able to regulate forelimb expression (Fig. 1C).

We then used phylogenetic footprinting to search for conserved
non-coding elements within this 6.4 kb region among species with
genome sequence available using the VISTA browser (Bray et al.,
2003; Couronne et al., 2003). We found a 180 bp DNA fragment
(Chr5:120,282,622-120,282,807, Ensembl NCBIM37; green
rectangle in Fig. 1A) conserved in both chicken and mammals,
which prompted us to test its regulatory abilities in our reporter
assay system. We constructed two complementary constructs: an
800 bp construct containing the conserved sequence (0.8RV) and a
5.6 kb construct lacking this conserved region (RV). Despite the
conservation of this sequence element, it was not sufficient to drive
forelimb expression of the reporter gene (Fig. 1A), nor was it
necessary, as the RV construct was still able to drive expression
of the lacZ reporter in the forelimb region (Fig. 1D). However,
deletion of this conserved sequence resulted in more robust limb
staining, suggesting that inhibitory inputs might reside in this
element. D
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We then divided the RV construct into three smaller fragments:
one containing the upstream non-coding region (m5-5#1), a second
containing Tbx5 exon 1 (5�UTR) and intron 1 (m5-5#2), and a third
containing exon 2 (5�UTR+ORF) and intron 2 (m5-5#3). As
assayed by -galactosidase activity, the forelimb-specific regulatory
region of Tbx5 resides in m5-5#3 (Fig. 1E). Injection of a construct
containing either the 5�UTR of exon 2 (5�UTR) or the whole of
exon 2 (exon2) did not produce any forelimb-specific -
galactosidase staining in transgenic embryos (Fig. 1A). Injection of
a 1.5 kb construct containing most of Tbx5 intron 2 (intron2;
Chr5:120,287,070-120,288,589, Ensembl NCBIM37) revealed that
the rostral LPM enhancer resides in intron 2 (Fig. 1F).

We then asked whether the regulatory region contained within
intron 2 represents the earliest enhancer required for the onset of
Tbx5 expression in the LPM. We performed -galactosidase
staining on early E8.5 mouse transgenic embryos for the Tbx5
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intron2 construct. The blue signal in the rostral LPM of these early
embryos (arrows in Fig. 1H) demonstrated that this enhancer is
sufficient for the onset of Tbx5 expression in the presumptive
forelimb area. Sectioning of a stained E9.5 transgenic embryo
demonstrated that expression of the Tbx5 intron2 reporter was
limited to the forelimb bud mesenchyme (Fig. 1I).

A combination of Hox4 and Hox5 genes is
expressed in the rostral LPM of early mouse
embryos
Hox genes are expressed in nested domains in various embryonic
tissues including the central nervous system, the somites and the
gut, where they confer positional (axial) identity to cells in these
tissues (Deschamps, 2007; Wellik, 2007; Zacchetti et al., 2007).
Hox genes have also been reported to be differentially expressed in
the LPM, where they have been implicated in the specification of

Fig. 1. Localisation of the forelimb
enhancer of the mouse Tbx5 gene.
(A)Tbx5 transgenic constructs. Putative
regulatory sequences (thin lines) were cloned
into the BGZA reporter vector, which contains
a chick -globin minimal promoter (light-blue
box), the lacZ gene (dark-blue box) and an
SV40 polyadenylation signal (grey box). Black
boxes represent exons (e1, e2) and the green
box represents a conserved non-coding
element (CNE) shared between amniotes. i1,
intron 1; i2, intron 2. The numbers denote size
in kb. To the right is shown the number of
embryos showing forelimb-restricted
expression out of the total number of
transgenic embryos recovered. 
(B-F,H,I) Representative -galactosidase
staining for the m5-10 (B), m5-5 (C), RV (D),
m5-5#3 (E) and intron2 (F,H,I) constructs.
(G)E9.5 mouse embryo showing endogenous
Tbx5 expression assayed by whole-mount in
situ hybridisation. (I)Transverse section at the
forelimb level of an E9.5 intron2 transgenic
embryo showing -galactosidase staining in
LPM-derived limb mesenchyme. Lateral views
from the right side are shown for E9.5
embryos (B-G), whereas a ventral view with
anterior to the left is shown for the E8.5
embryo (H). AER, apical ectodermal ridge; lm,
limb mesoderm; LPM, lateral plate mesoderm;
NT, neural tube; so, somites.
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limb type identity (Cohn et al., 1997). The Hox co-factors Pbx and
Meis are also expressed very early in the LPM prior to overt limb
bud outgrowth (Capellini et al., 2006; Mercader et al., 2000).

To determine which Hox genes may be regulating the
expression of Tbx5 in the presumptive forelimb territory, we first
analysed which Hox genes are expressed in the appropriate
rostral LPM domain of E8.5 mouse embryos, where Tbx5
expression is first detected. We generated a series of Hox
antisense RNA probes to analyse their expression pattern by
whole-mount in situ hybridisation (Fig. 2; data not shown). All
Hox4 and Hox5 paralogous group (PG) genes, with the
exception of Hoxd4 (not shown), are expressed in rostral
domains of the LPM of 7- to 9-somite (Fig. 2B-G) and 13- to 14-
somite (Fig. 2I-N) mouse embryos, overlapping the first
detectable expression of Tbx5 (Fig. 2A,H). This initial domain
of expression resolves to a domain lateral to somites 4-10 in a
14-somite embryo (Fig. 2H). Similarly, the domains of PG4 and
PG5 Hox genes tend to be initially broad and then become more
clearly spatially defined (compare Fig. 2B-G,I-N). In the 14-
somite embryo, Hoxa4 expression is detected lateral to somites
3 to 7 (Fig. 2I), whereas Hoxa5 is lateral to somites 4 to 10 (Fig.
2L) and Hoxb4 lateral to somites 3 to 6 (Fig. 2J). Transcripts of
Hoxb5 and Hoxc5 can be detected in a 13-somite embryo in the
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LPM between somites 3 to 8 (Fig. 2M,N). Hoxc4 is expressed in
a broader domain of the LPM, between somite 3 and the last
formed somite in a 14-somite embryo (Fig. 2K).

Thus, six Hox genes (Hoxa4, Hoxa5, Hoxb4, Hoxb5, Hoxc4 and
Hoxc5; Fig. 2B-G,I-N) are expressed in restricted regions of the
rostral LPM that overlap with the area where Tbx5 transcripts are
first detected (Fig. 2A,H). These Hox genes are therefore
candidates (acting in a combinatorial, semi-redundant manner) to
regulate the onset of Tbx5 expression in the presumptive forelimb-
forming region.

PG4 and PG5 Hox genes can activate the
expression of lacZ in a chick co-electroporation
assay
To test whether our candidate Hox genes could activate expression
from the Tbx5 locus present in the m5-5 lacZ reporter vector (Fig.
1A), we co-electroporated this construct with an expression vector
containing the open reading frames of selected Hox genes upstream
of an IRES-GFP cassette in the pCIG vector (Megason and
McMahon, 2002) into HH10 chick hindbrains.

As a negative control, we first co-electroporated the m5-5 reporter
construct with the empty expression vector pCIG. After a 22-hour
incubation and although the presence of GFP demonstrated the

Fig. 2. Hox4 and Hox5 paralogous group (PG) genes
are expressed in the presumptive forelimb region of
the LPM. (A-G)Tbx5 is expressed in the LPM of the E8 (7-
to 9-somite) mouse embryo (A). PG4 and PG5 Hox genes
are co-expressed in this domain: Hoxa4 (B), Hoxb4 (C),
Hoxc4 (D), Hoxa5 (E), Hoxb5 (F) and Hoxc5 (G). The
arrowhead marks the level of somite 3 in each embryo.
(H)Fifteen-somite embryo showing endogenous
expression of Tbx5. (I-N)Expression of Hoxa4 (I), Hoxb4 (J),
Hoxc4 (K) and Hoxa5 (L) at the 14-somite stage and of
Hoxb5 (M) and Hoxc5 (N) at the 13-somite stage. Embryos
in A-G are dorsal views, anterior to the top, whereas H-N
are lateral views of the right side with anterior to the top.
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occurrence of electroporated cells, these cells were negative for -
galactosidase activity (Fig. 3G; 0/17), thus validating this assay as a
useful tool for assessing the ability of Hox proteins to activate
expression of the lacZ reporter. We then co-electroporated the reporter
construct with particular Hox-containing pCIG expression vectors. As
revealed by -galactosidase activity, all six Hox candidate genes (i.e.
Hoxa4, Hoxa5, Hoxb4, Hoxb5, Hoxc4 and Hoxc5) were able to drive
expression of the reporter gene in the chick hindbrain (Fig. 3A-F).
Finally, as an additional negative control, and to investigate whether
the DNA-binding homeodomain was necessary for the activation of
the reporter gene, we engineered a Hoxc5 deletion construct (Hoxc5
delHD) in which a premature STOP codon was produced in the
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homeobox, similar to that in a previously published Hoxd4 construct
(Hasty et al., 1991). Co-electroporation of this construct with the
reporter vector and subsequent analysis of -galactosidase staining
did not reveal any lacZ-positive cells, demonstrating that the DNA-
binding domain of Hoxc5 is required for this factor to activate this
reporter (Fig. 3G; 0/18).

Hox binding sites are required to direct forelimb-
restricted expression of Tbx5 in vivo
Hox genes encode transcription factors that can regulate target gene
expression as monomers or through cooperative interactions on
DNA with Pbx and Meis co-factors (reviewed by Pearson et al.,

Fig. 3. Hox genes can activate m5-5-driven lacZ expression in a chick co-electroporation assay. (A-F�) Co-expression of mouse (m) Hoxa4,
Hoxa5, Hoxb4, Hoxb5, Hoxc4 and Hoxc5 pCIG expression plasmids (identified by expression of GFP, green in A-F) with the m5-5 BGZA reporter
vector in chick hindbrain results in activation of the lacZ reporter gene (A�-F�, blue). (G)The number of -galactosidase-positive embryos among the
total number of GFP-positive embryos as a reflection of lacZ activation. This activation does not occur with the expression plasmid alone (pCIG) and
is homeodomain dependent (Hoxc5 delHD). o.v., otic vesicle.

Fig. 4. Analysis of Hox/Pbx/Meis binding sites in
the intron 2 regulatory region of Tbx5. (A)Tbx5
reporter constructs in the BGZA vector used in mouse
transgenesis. Blue squares, putative Hox binding sites;
green squares, Hox/Meis binding sites; red squares,
Pbx/Meis binding sites; yellow squares, Hox/Pbx
binding sites; and grey square, a putative Tbx5 binding
site. To the right is shown the number of embryos
showing forelimb expression out of the total number
of transgenic embryos recovered. (B-D)Dorsal views of
E9.5 forelimb regions showing representative -
galactosidase staining for the intron2 MscI (B), MscI(b)
(C) and Hbs3-6 (Hox3-6) (D) constructs.
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2005). Using MatInspector and visual inspection of published Hox
binding sites (Jeong et al., 2006; Manzanares et al., 2001) we found
multiple clustered Hox, Hox/Pbx and Pbx/Meis binding sites, and
a Hox/Meis site, within the intron 2 sequence. To narrow our
search for critical binding sites, we engineered further deletion
constructs and cloned them into the BGZA reporter vector to
determine their regulatory potential (Fig. 4A, supplementary
material Fig. S1). A 865 bp fragment (intron2 MfeI;
Chr5:120,287,724-120,288,589, Ensembl NCBIM37; Fig. 4A)
containing multiple putative Hox/Pbx/Meis binding sites failed to
direct forelimb expression of the lacZ reporter gene in any of the
transgenic embryos examined at E9.5. This demonstrated that this
fragment is not sufficient for the rostral LPM expression of Tbx5
in vivo. Conversely, a 562 bp fragment containing eleven putative
Hox binding sites (intron2 MscI; Chr5:120,287,070-120,287,631,
Ensembl NCBIM37; Fig. 4A) was sufficient to drive forelimb
expression of our reporter gene (Fig. 4B), demonstrating that the
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canonical Hox/Pbx/Meis sites in the intron2 MfeI construct are
neither sufficient nor necessary to activate expression of Tbx5 in
the presumptive forelimb area.

To determine which of the eleven predicted Hox binding sites
present in the intron2 MscI construct are required for the onset of
Tbx5 expression in rostral LPM, we generated deletion constructs
and carried out site-directed mutagenesis of specific sites. We first
subdivided the intron2 MscI construct into two partially
overlapping constructs: MscI(a) and MscI(b) (Fig. 4A;
Chr5:120,287,070-120,287,311 and Chr5:120,287,271-
120,287,631, respectively; Ensembl NCBIM37). The MscI(a)
construct contains the first seven Hox sites and the MscI(b)
construct contains the last six; two sites are common between these
two constructs. Generation of transgenic embryos showed that the
last six putative Hox binding sites are sufficient to drive forelimb
expression of the lacZ reporter in the forelimb area (Fig. 4C), but
that the first five sites are not required for the regulatory properties
of the region. For clarity, we hereafter refer to the six putative Hox
binding sites in the MscI(b) construct as Hbs1 (Hox binding site
#1) to Hbs6, representing their 5�-3� order in the construct (see Fig.
4A). We then constructed two additional overlapping constructs:
one containing the first four sites (Hbs1-4) and a second containing
the last four sites (Hbs3-6). Neither of these was able to
recapitulate the endogenous pan-forelimb expression of Tbx5 as
judged by -galactosidase activity. Hbs1-4 failed to drive forelimb
expression at all, whereas Hbs3-6 was only able to drive expression
in the anterior part of the developing E9.5 forelimb (Fig. 4D).

We next used site-directed mutagenesis to selectively mutate
specific Hox sites or a combination of these four sites (Hbs3-6)
contained in the MscI(b) construct. Similarly to Hbs3-6, constructs
containing mutations of individual Hox binding sites (Hbs3, 4, 5 or
6) in the background of the MscI(b) construct (i.e. containing wild-
type Hbs1 and 2) were not able to drive pan-forelimb expression,
producing reporter expression similar to that seen with Hbs3-6,
suggesting that these sites can operate cumulatively (data not
shown). Mutation of all four binding sites in the background of the
MscI(b) construct completely abolished the partial anterior forelimb
expression of the lacZ reporter (mutHbs3-6; Fig. 4A). From these
results, we concluded that all the Hox binding sites (Hbs1-6) are
required for the pan-forelimb expression of Tbx5, as different
combinations of mutations and/or deletions abolished the early
forelimb enhancer function of this construct.

To further demonstrate the requirement of this core region
containing Hbs1-6 for forelimb-restricted expression, we produced
versions of the original m5-10 and m5-5 constructs (Fig. 1A) with
this core sequence deleted. Neither deletion construct was able to
drive expression in the forelimbs (supplementary material Fig.
S1B,C).

Hox proteins can directly bind to these putative
Hox binding sites in vitro
To test whether Hox proteins directly bind to the Hox sites
identified in silico and demonstrated to be required for Tbx5 limb
expression in vivo (Hbs1-6), we performed EMSAs using labelled
double-stranded oligonucleotide probes identical to Hbs2 (not
shown) and Hbs5 in the MscI(b) construct (Fig. 5).

We first used these oligonucleotides to test the direct binding of
specific in vitro translated Hox proteins. As shown in Fig. 5A,
murine Hoxb1, Hoxc4, Hoxc5 and Hoxb9 (lanes 2-5) can bind to
the oligonucleotide sequence that contains Hbs5. As a control, we
used in vitro translated Hoxc5 delHD construct to show that this
binding was dependent on the Hoxc5 homeodomain, as this

Fig. 5. Direct binding of Hox proteins to the in-silico-predicted
Hox binding sites. (A)Binding of in vitro translated mouse Hox
proteins to the predicted Hox binding site 5 (Hbs5). Hoxc5 delHD
provides a control. (B)Binding assay to mutant oligonucleotides and
supershift assays for the predicted Hbs5. Lane 1, lysate control; lane 2,
flag-tagged mouse Hoxc4 binding to labelled wild-type double-
stranded oligonucleotide; lane 3, flag-tagged Hoxc4 fails to bind to
labelled mutant double-stranded oligonucleotide; lane 4, supershift of
the Hoxc4-Hbs5 complex with anti-flag antibody (asterisk). (C)Nuclear
extracts obtained from prospective E9 forelimb regions were subjected
to EMSA with labelled double-stranded oligonucleotide containing
Hbs5. To test for the specificity of the shifted bands we performed
competition analyses with excess unlabelled wild-type or mutant
double-stranded oligonucleotide (100� molar excess, lanes 3, 6; 200�,
lanes 4, 7; 500�, lanes 5, 8). (D)Double-stranded oligonucleotides
used for EMSA contained mutated (mut Hox5, bold text) or wild-type
(WT 5) Hbs5 (red).
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truncated protein did not produce a slower migrating band (Fig.
5A, lane 1). To test the specificity of these DNA-protein
complexes, we assayed whether binding could be abolished when
labelled double-stranded oligonucleotides with mutations in
putative Hox binding sites were included. In addition, we carried
out supershift experiments by adding an antibody against a flag
epitope present at the C-terminus of our in vitro translated Hoxc4
protein. As shown in Fig. 5B, in vitro translated Hoxc4 is not able
to bind to the mutant version of the Hbs5 oligonucleotide (lane 3),
and addition of an anti-flag antibody that recognises the epitope in
the Hoxc4-flag chimaeric protein supershifts the product of Hoxc4
binding to the wild-type oligonucleotide (lane 4, asterisk),
indicating that this binding is specific.

Finally, we investigated whether this specific DNA-protein
association occurs in vivo using nuclear extracts from the tissue
where this interaction should occur, namely the rostral region of
early E9 embryos. We performed EMSAs in which a radiolabelled
double-stranded oligonucleotide containing Hbs5 was mixed with
nuclear extracts obtained from dissected rostral tissues. As shown
in Fig. 5C, we detected bands corresponding to DNA-protein
complexes that can be specifically competed by addition of
unlabelled wild-type (lanes 3-5) but not mutant (lanes 6-8) double-
stranded oligonucleotide.

DISCUSSION
Hox genes regulate forelimb expression of the
mouse Tbx5 gene
Our results demonstrate that a 361 bp region located in intron 2 of
the mouse Tbx5 gene (+2600 to +2960) is sufficient to initiate the
early forelimb-restricted expression of Tbx5. We further show that
deletion of this core element from a fragment spanning 10 kb of
Tbx5 5�UTR abolishes its ability to drive forelimb expression.
Previously, we have shown that this initial pulse of Tbx5 expression
is crucial for forelimb initiation and that expression at later stages
is dispensable for continued limb outgrowth (Hasson et al., 2007).
Using (1) site-directed mutagenesis linked to in vivo reporter
analyses in transgenic mice, (2) in vivo chick electroporation and
(3) in vitro DNA-protein binding assays, we demonstrate that Hox
genes are direct upstream regulators of Tbx5 and that they provide
a crucial input that determines the forelimb-restricted expression of
the mouse Tbx5 gene, as we previously hypothesized (Gibson-
Brown et al., 1998; Minguillon et al., 2005; Ruvinsky and Gibson-
Brown, 2000). Following careful analysis of Hox gene expression
patterns in the LPM at pre-limb bud stages, we propose that Hox
genes belonging to PG4 and PG5, with the exception of Hoxd4,
represent good candidates for upstream regulators of Tbx5
expression owing to their expression domains in the rostral LPM
that overlap with the region where Tbx5 expression is first detected.

We used our chick transactivation assays and the in vitro
binding assays to show that PG4 and PG5 Hox genes can
specifically bind to, and activate the expression of, our lacZ
reporter construct. As shown in Fig. 3, PG4 and PG5 Hox genes
can activate the expression of the reporter when co-
electroporated into the developing chick hindbrain. However,
murine Hoxb9 was also able to transactivate lacZ expression in
this system (data not shown). Similarly, not only PG4 and PG5
Hox proteins but also PG1 and PG9 were able to bind to labelled
double-stranded oligonucleotides containing specific binding
sites in EMSA experiments (Fig. 5A). This is most likely due to
promiscuity in binding of Hox proteins to Hox binding sites.
Several Hox binding sites are present in the m5-5 construct used
for co-electroporations. Nevertheless, PG4 and PG5 genes are
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the only Hox genes expressed in the appropriate rostral LPM
domain at the relevant time, consistent with them having a role
in activating Tbx5 expression in this tissue.

Conservation of the Tbx5 forelimb regulatory
element
The forelimb/pectoral fin-specific expression pattern of Tbx5 is
conserved in all vertebrate species analysed and one would
therefore expect this regulatory element to be conserved.
Phylogenetic footprinting has proven very useful for the
identification of many essential regulatory regions (reviewed by
Boffelli et al., 2004); however, this type of analysis failed to detect
any conserved non-coding elements (CNEs) within Tbx5 intron 2.
Although we found a CNE among amniotes (i.e. chicken and
mammals) in silico, this was distinct from the forelimb-expression
regulatory element we have characterised in vivo and in vitro, and
this CNE was not able to drive reporter expression when assayed
in our system (Fig. 1A, construct 0.8 RV). When we looked for and
analysed CNEs more closely within the intron 2 sequence, we
found various stretches of DNA that were conserved only between
mammals. The most distant phylogenetic conservation detected lay
within the opossum genome and the region of conservation
contained only one of the six Hox binding sites (Hbs4) that we
have shown here to be required for forelimb expression in the
mouse.

There are a number of reasons why phylogenetic footprinting
analyses failed to identify the forelimb regulatory element
identified in vivo. The Hox binding sites we demonstrate here to
be necessary to drive forelimb expression are spread over a 361 bp
sequence that current predictive programs were unable to identify.
Moreover, few direct Hox protein target sequences have been
identified (Svingen and Tonissen, 2006) and the specific sequences
that these proteins bind to can vary. This study identifies Tbx5 as a
direct target of Hox genes. When more direct target sequences of
Hox genes are known, it might be possible to align the regions that
they bind to and potentially define longer DNA sequence motifs
required for Hox responsiveness.

A novel role for Hox genes in limb development
It is well known that Hox genes are required for normal limb
development. Loss- and gain-of-function experiments, largely
including members of the HoxA and D clusters, have demonstrated
the various roles that these genes play in anteroposterior and
proximodistal patterning of the developing limb, both upstream and
downstream of the sonic hedgehog morphogen (reviewed by
Zakany and Duboule, 2007). Genes belonging to the HoxB and C
clusters have received less attention because the entire deletion of
each of these clusters does not generate any abnormal limb
phenotypes (Medina-Martínez et al., 2000; Suemori and Noguchi,
2000). Study of the phenotypes of Hox mutants has been greatly
hampered by the high degree of redundancy between Hox genes
belonging to the same PG (i.e. Hox genes that occupy the same
position in the different clusters). Several single and compound PG
Hox mutants have been generated. Mice that are individually null
for each of our candidate Hox genes (i.e. Hoxa4, Hoxa5, Hoxb4,
Hoxb5, Hoxc4 and Hoxc5) have been generated (Boulet and
Capecchi, 1996; Horan et al., 1994; Jeannotte et al., 1993;
Ramírez-Solis et al., 1993; Rancourt et al., 1995) and none display
any unusual forelimb phenotypes. Compound mutants have been
generated for three of the four PG4 genes (Hoxa4, Hoxb4 and
Hoxd4) (Horan et al., 1995) as well as for all the PG5 genes
(McIntyre et al., 2007). Still, no abnormal forelimb phenotypes D
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were observed. In light of our results, the lack of a limb phenotype
in Hoxb1 to Hoxb9 null mice (Medina-Martínez et al., 2000) can
simply be explained by redundant function of other PG4 and PG5
Hox genes, such as those from the HoxA and C clusters. Similarly,
the wild-type forelimb phenotype of mice carrying a deleted HoxC
cluster (Suemori and Noguchi, 2000) can be explained by the
redundant action of PG4 and/or PG5 genes in the HoxA and B
clusters. Our results predict that only the deletion of at least all Hox
genes belonging to PG4 and PG5 would lead to a complete lack of
forelimbs, a phenocopy of the forelimbless Tbx5 knockout
(Agarwal et al., 2003; Rallis et al., 2003).

Our work and that of others suggests that Hox genes pattern the
LPM during early, pre-limb bud stages. Specific combinations of
Hox genes expressed in the embryonic LPM correlate well with the
type of limb that will subsequently develop (Cohn et al., 1997), and
changes in Hox gene expression domains correlate with the
absence of forelimbs in snakes (Cohn and Tickle, 1999). We show
here that Hox genes belonging to PG4 and PG5 are specifically
expressed in rostral LPM and are required to regulate forelimb-
restricted expression of the mouse Tbx5 gene. Our data
demonstrate that Hox genes act upstream of Tbx5, the earliest
factor required for initiation of forelimb outgrowth, and identify
Tbx5 as their direct transcriptional target (Fig. 6). These data show
Hox gene expression in the LPM as the earliest step in the genetic
cascade that leads to the initiation of forelimb outgrowth.

The elements required to drive hindlimb expression of the mouse
Tbx4 gene have been described (Menke et al., 2008). Tbx4 is the
paralogue of Tbx5 and both genes are thought to play equivalent
roles in hindlimb and forelimb initiation, respectively. Two main
differences are observed in the regulation of expression of this
cognate pair of genes that suggest each has evolved a distinct mode
of regulation. First, although a single enhancer is sufficient to drive
expression of the Tbx5 gene in the forelimb field, two distinct
regulatory regions are required to recapitulate the expression of
Tbx4 in the hindlimb. Second, whereas the single Tbx5 forelimb
enhancer identified here is present within the gene (+2600 to
+2960), the two elements required to drive expression of Tbx4 in
the hindlimb are located upstream (–10 kb) and downstream (+78
kb) of the Tbx4 gene. We and others have hypothesized that Hox
genes might control the forelimb- and hindlimb-specific expression
of Tbx5 and Tbx4, respectively. In this report we demonstrate that
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PG4 and PG5 Hox genes are indeed required to drive Tbx5-
mediated forelimb outgrowth. Menke et al. (Menke et al., 2008)
describe Pitx1 as an upstream regulator of the hindlimb expression
of Tbx4. However, mutations in conserved Pitx1 binding sites in
the hindlimb regulatory region do not abolish lacZ expression in
mouse embryo reporter assays, indicating that other factors are
required to drive robust Tbx4 expression in this territory (Menke et
al., 2008). By analogy to our observations of Hox regulation of
Tbx5 in the rostral LPM, it is tempting to speculate that such
factors are posterior Hox genes, such as those of PG10 and PG11,
that are specifically expressed in caudal regions of the LPM before
overt hindlimb outgrowth.
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