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The mouse Shox2 gene codes for a homeodomain transcription factor that is required to form the proximal
bones of the limbs, the humerus and femur. Shox2 is the only gene known to be essential for the specific
development of these skeletal elements. Shox2 is also of special interest because it is closely related to the
human SHOX gene, deficiencies of which cause the short stature in Turner, Langer and Léri–Weill syndromes.
In order to understand in more detail the development of the proximal limb, we searched for Shox2-
dependent gene expression patterns using Affymetrix microarrays. We compared the mRNA of Shox2-mutant
and wild-type forelimb buds at 10.5 and 11.5 days of embryonic development (E10.5 and E11.5) and
successfully identified a set of genes whose wild-type expression pattern requires Shox2 function, as
confirmed by in situ hybridization for eleven of the candidates. Strikingly, several of the identified genes were
predicted to have functions in tissues other than the skeleton, including nerves and muscle precursors,
prompting us to analyze neural and muscular patterning in Shox2 mutants. We report here an axonal
migration defect in Shox2 mutants resulting in a profound innervation deficiency of the dorsal forelimb,
including the complete absence of the radial and axillary nerves. Muscular development was also altered as
early as E11.5. Specifically, the triceps muscles that develop along the posterior face of the humerus had
severe abnormalities. These data demonstrate that Shox2 is required for normal skeletal, neural and muscular
development in the forelimb at a similar early developmental stage in each tissue.
l rights reserved.
© 2010 Elsevier Inc. All rights reserved.
Introduction

During embryonic development, the mouse forelimb is trans-
formed from a bud of undifferentiated mesenchyme and overlying
ectoderm into a structure with patterned skeletal, muscular and
neural tissues. The patterning process happens in a proximal to distal
sequence with the cells in the region of the humerus differentiating
first followed by the radius/ulna domains and eventually the digits
(Martin, 1990). The development of the skeleton has been the
primary focus of studies that have established the tetrapod limb as a
classical system for studying morphogenesis (Zeller et al., 2009).
Mesenchymal cells of the bud condense and differentiate into
chondrocytes that secrete the cartilage matrix to form the models of
the mature bones. Simultaneously, muscle precursor cells that have
migrated into the limb from the dermomyotome of the somites begin
to differentiate and coalesce into muscle bundles (Duprez, 2002). The
patterning of the somitic derivatives to form particular muscles is
determined after their arrival in the limb bud as they are exposed to
extrinsic signals in the mesenchyme (Hutcheson et al., 2009; Kardon
et al., 2002). Meanwhile axons from motor and sensory neurons
innervate the limb in a stereotyped pattern from their point of
convergence near the base of the forelimb at the site of the future
brachial plexus. Extrinsic signals guide the axons as they enter the
limb bud; including the ephrins of the limbmesenchyme that interact
with axonal Eph receptors (Luria et al., 2008). The axons that
innervate the limb and the progenitors that form the muscles must
pass through the proximal limb on their way to more distal domains.
Despite its importance, the development of the proximal limb has
been relatively understudied compared to the more distal elements.
We understand little about how skeletal, muscular and neural
patterning is coordinated, even though their coupling is required for
the development of a functional limb.

Transcription factors are expected to be involved in integrating the
diverse patterning processes in the limb since they simultaneously
control the localized expression patterns of a variety of downstream
genes (Cobb and Duboule, 2005; Salsi et al., 2008). However, with few
exceptions (e.g. Hasson et al., 2010), functional studies of transcrip-
tion factors during limb development have focused on the skeleton.
The clustered Hox genes are the most studied transcription factors
that pattern the limbs, although other homeobox genes have
prominent roles (Tickle, 2003; Zakany and Duboule, 2007). The
patterning of the proximal limb has been attributed to the HOX
proteins of the 9 and 10 paralogous groups (Davis et al., 1995; Wellik
and Capecchi, 2003) and to the MEIS1 and MEIS2 homeodomain
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proteins (Mercader et al., 1999; Tickle, 2003; Zeller et al., 2009).
Simultaneous inactivation of all three Hox10 paralogs resulted in mice
with no femur but the corresponding element in the forelimb, the
humerus, was still present (Wellik and Capecchi, 2003). Since Hoxa9/
Hoxd9-mutant mice develop with a shortened humerus it was
suggested that both Hox10 and Hox9 paralogs are required to pattern
the proximal forelimb, thus accounting for the presence of a humerus
in the Hox10 triple knockout animals. Nonetheless, no combination of
Hox mutations has yet been described that completely eliminates the
humerus. Indeed, a portion of the humerus still developed when all
HoxA and HoxD function was removed from the forelimbs of mice by
deleting both of these complexes (Kmita et al., 2005).

The function of theMeis genes in the proximal limb is supported by
experiments in which Meis1 misexpression in chick embryos caused
distal-to-proximal transformations (Mercader et al., 1999). Similarly,
misexpression of Meis1 in the distal domains of developing mouse
limbs disrupted patterning, although it was unclear if this constituted
proximalization (Mercader et al., 2009). A definitive determination of
the role of Meis genes in mouse limb development will likely require
the generation of Meis1/Meis2 double mutants, since Meis1-null mice
have no obvious limb defects (Hisa et al., 2004). Therefore, Hox and
Meis mutants have not provided a specific model for studying the
development of the proximal limb to date.

In contrast, mutation of the Short-stature homeobox 2 gene
(Shox2) caused a limb phenotype remarkably similar to that predicted
for inactivation of the Meis and Hox9/10 genes, perhaps reflecting a
function for Shox2 downstream of these genes. Conditional deletion of
Shox2 in limbs resulted in the virtual absence of a humerus and femur
in mutant animals, while the distal limb was relatively unaffected
(Cobb et al., 2006). Therefore the Shox2 mutant is currently the best
model for specific study of proximal limb development. We linked the
Shox2-mutant skeletal phenotype to a lack of Runx2 expression and a
corresponding delay of chondrocyte maturation in the developing
humerus. Before the current study, the downregulation of Runx2 at
E11.5 was the earliest known differentially expressed gene in Shox2-
mutant limbs (Cobb et al., 2006).

The limb defects are probably so severe in Shox2-mutants
because mice have lost the second Short-stature homeobox paralog,
Shox, found in other vertebrates. Mice lack the Shox gene because a
segment of the pseudoautosomal region of the sex chromosomes,
which includes the Shox locus, was lost during evolution (Graves et
al., 1998). Haploinsufficiency of SHOX causes short stature in
humans with Turner and Léri–Weill syndromes, and homozygous
deficiency causes the more severe limb deformities of Langer
syndrome (Rao et al., 1997; Shears et al., 1998; Zinn et al., 2002).
In all of these conditions, the forearms and lower legs (the zeugopod
elements) are shortened and often misshapen; therefore, the
phenotype of human SHOX patients is similar to Shox2-mutant
mice except that a different proximodistal segment is affected.
Humans also have a SHOX2 gene but no mutations of this gene have
yet been reported (Blaschke et al., 1998; Semina et al., 1998). The
mouse SHOX2 protein is 79% identical to human SHOX and 99%
identical to human SHOX2; the DNA-binding homeodomains of all
three proteins are 100% identical (Clement-Jones et al., 2000).
Therefore, because of the similarity of the proteins and mutant
phenotypes, the study of mouse Shox2 will likely help elucidate the
function of human SHOX and SHOX2.

In the current study we used microarrays to compare the
transcriptomes of control and Shox2-mutant embryonic forelimb
buds to gain further insight into the developmental processes
controlled by Shox2. We identified differential gene expression
patterns that indicated altered neural and muscular development in
Shox2 mutants, and we report axonal pathfinding and muscle
developmental defects in limbs lacking Shox2 function. These data
demonstrate a Shox2-dependent coupling of skeletal, neural and
muscular development in the proximal forelimb. To our knowledge
this is the first time one transcription factor has been shown to
mediate the patterning of three tissue types during the early stages of
limb development.

Materials and methods

Mice, tissue samples and RNA extraction

As previously described (Cobb et al., 2006), we generated embryos
in which Shox2 was deleted either in all tissues (Shox2−/−) or
conditionally deleted in developing limbs (Prx1–Cre;Shox2floxed/−

hereafter referred to as Shox2c/−). Mice were maintained on a
mixed C57BL/6–129/Sv background. Wild type and heterozygote
embryos were used interchangeably as controls since we have never
detected any abnormalities in heterozygote (Shox2+/−) animals,
which are viable, fertile and have limbs that are indistinguishable
from wild type (Cobb et al., 2006). Mutant embryos at E10.5 were
either Shox2c/− or Shox2−/−. All E11.5 embryos used were conditional
Shox2c/− mutants, since at that stage Shox2−/− embryos die from a
heart defect (Blaschke et al., 2007; Cobb et al., 2006). Noon on the day
of plugging was assumed to be E0.5. We counted somites for more
precise staging: 34–37 somite embryos were used for E10.5 tissue
samples and 45–50 somites for E11.5. Forelimb buds were dissected
with a tungsten needle at the bodywall. For E10.5 microarray samples
the entire limb bud was used. For E11.5 samples, the most distal
portion of the limb bud was removed with fine forceps, as indicated in
Fig. 1C. Tissue samples were stored in RNAlater (Qiagen) at −20 °C
during genotyping.

Forelimb buds from two to three embryos of the same genotype
were pooled and homogenized with a Polytron device using the
Qiagen RLT solution. RNA was purified using an RNeasy mini kit
(Qiagen). 3–14 μg of RNA was isolated from each of three biological
replicate samples for each stage and genotype. RNA quality was
confirmed with a 2100 Bioanalyzer (Agilent).

U. Drescher provided Epha7−/− embryos. This mutant line was
described previously (Rashid et al., 2005).

Microarray hybridization and analysis

For each of twelve samples, 1 μg of RNA was used to synthesize
biotinylated cRNA with the MessageAmp II-Biotin Enhanced Kit
(Ambion). cRNA was then hybridized to a total of 12 Affymetrix
Mouse Genome 430 2.0 oligonucleotide arrays according to the
manufacturer's protocol. Data from scanned microarrays was ana-
lyzed with Affymetrix GCOS 1.2 software to identify differentially
expressed transcripts by pairwise comparisons as described (Le
Martelot et al., 2009). For both the E10.5 and E11.5 time points,
each of three control samples was compared to each of three mutant
samples for a total of nine pairwise comparisons per time point. This
method is based on the Mann–Whitney pairwise comparison test and
allows the ranking of results by concordance, as well as the calculation
of significance (p-value) for each identified change in gene expression
(Hubbell et al., 2002; Liu et al., 2002). Genes for which the
concordance in the pairwise comparisons exceeded the imposed
threshold of seven out of nine comparisons were considered
statistically significant. In addition, we only considered transcripts
whose accumulation had an average change of at least 1.4-fold. In a
previous study we found that many genes with six of nine significant
pairwise comparisons could also be confirmed as differentially
expressed, although with a higher number of false positives (Cobb
and Duboule, 2005). Therefore, selected genes in this category (e.g.
Epha7) were selected for further analysis and verification. The
microarray data were deposited in the ArrayExpress database with
accession number E-MTAB-411.

We removed 5 genes from the list of E11.5 differentially expressed
genes that are known to be sexually dimorphic: Xistwas higher in the



Fig. 1. Shox2 and Col2a1 expression in developing forelimb buds and samples taken for microarray analysis. (A–D) Shox2 expression as revealed by WISH of wild-type and Prx1-Cre;
Shox2 conditional mutant embryos (Shox2c/−) at E10.5 and E11.5. Dotted lines indicate the cut points for microdissection of samples used in the microarray experiment.
DRG=dorsal root ganglia, FL=forelimb. (E–F) WISH for Col2a1 indicates the location of immature chondrocytes of the forming limb elements: sc=scapula, h=humerus,
r=radius, u=ulna, d=digits. The patterning is relatively normal in the mutant, which has only a slightly smaller humerus anlagen (arrow). Scale bars represent 1 mm.
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control samples and four genes from the Y chromosome (Ddx3y,
Jarid1d, Uty, and Eif2s3y) were higher in mutant samples. The
detection of these genes indicates that more female embryos were
present in the control samples at this time point, but all of these genes
are known to be expressed in gonads before gonadal determination
(Nef et al., 2005) so they presumably represent constitutive
expression from the sex chromosomes before the appearance of
sexually dimorphic characteristics.
In situ hybridization

All probes were generated by RT-PCR from cDNA produced from
E10.5 or E11.5 limb bud RNA using Superscript II reverse transcriptase
(Invitrogen) using primers listed in Supplementary Table 3. The cDNA
fragments were cloned into the pGEMT vector (Promega) and their
identity confirmed by restriction enzyme analysis. DIG labeled
riboprobes were produced as described (Cobb et al., 2006). Whole-
mount in situ hybridization (WISH) of embryos fixed overnight in 4%
paraformaldehyde was performed according to standard procedures.
Images show one representative staining of at least three replicates
for each condition. When more than three replicates were performed
that is indicated in the text. All pairs of images presented are from
mutant and control embryos that were stained in the same well to
assure identical experimental conditions.

Immunohistochemistry

Antibodies recognizing neurofilaments (2H3) and muscle myosin
(MF20) were used to visualize embryonic nerves and muscles. An
identical protocol was used for each antibody. Embryos were fixed at
least 4 h in Dent's fixative (4:1, Methanol:DMSO). Embryos were
bleached overnight in 5:1 Dent's fixative: 30% H2O2, then rehydrated
with successive 30-minute washes in 50%/30%/0% Methanol in PBS–
0.5% Tween (PBST). Embryos were blocked two times for 1 h in PBST/
1% DMSO/2% skim milk powder (PBSTMD) then incubated overnight
at 4 °C with primary antibody diluted 1:50–1:150 in PBSTMD.
Embryos were then washed four times for 1 h with PBST, reblocked
with PBSTMD, and incubated overnight with peroxidase-conjugated
goat anti-mouse IgG (Sigma A-9169) diluted 1:300 in PBSTMD, then
washed as before, stained with DAB (diaminobenzidine) and 0.003%
H2O2, dehydrated to 100% Methanol and cleared in BABB (1:2, benzyl
alcohol:benzyl benzoate).

The 2H3 and MF20 antibodies were developed by T. Jessell/J. Dodd
(Dodd et al., 1988) and D. Fischman (Bader et al., 1982), respectively
and were obtained from the Developmental Studies Hybridoma Bank



Table 2
Genes with higher expression in Shox2-mutant forelimbs at E11.5.

Gene
symbol

Function and/or cellular
location as indicated by
selected GO terms

Affymetrix
probe set ID

Fold
change

Significant
pairwise
comparisons, N/9a

Mup1 Pheromone binding;
transport activity

1420465_s_at 14.61 9

Mup1 1430893_at 8.99 9
Mup1 1426154_s_at 8.58 9
Lmo1 Metal-ion binding; nucleus 1418478_at 1.89 9
Rspo3 Canonical Wnt receptor

signaling pathway; frizzled
binding

1455607_s_at 1.59 9

Dmd Actin binding; skeletal
muscle tissue
development; plasma
membrane

1448665_at 1.53 9

Dmd 1417307_at 1.48 9
Mlf1 DNA-binding; myeloid

progenitor cell
differentiation

1418589_a_at 1.52 9

Prrx1 Sequence-specific DNA
binding transcription
factor activity

1425527_at 1.51 9

Rsrc1 Alternative nuclear mRNA
splicing

1448584_at 1.40 9

Gria2 Ionotropic glutamate
receptor activity; integral
to membrane

1421970_a_at 1.69 8

Osr2 Transcription factor
activity; bone
morphogenesis

1426155_a_at 1.49 8

C1QL3 Protein binding;
intracellular region

1451620_at 2.05 7

Rarres1 Proteinase inhibitor,
latexin domain

1438055_at 1.78 7

Epha7b Ephrin receptor activity;
branching morphogenesis
of a nerve

1452380_at 1.71 6

a Number of 9 pairwise comparisons showing significant increase or decrease
(pb0.0025) by Wilcoxon's Signed Rank Test.

b Although Epha7 and Runx2 showed significant differential expression in only 6
pairwise comparisons, they are included here because their differential expression was
conclusively demonstrated by in situ hybridization.
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developed under the auspices of the NICHD and maintained by The
University of Iowa, Department of Biology, Iowa City, IA 52242.

Results

Our goal was to identify developmental pathways regulated by
Shox2 in embryonic limbs. Toward this end, we used Affymetrix
microarrays to compare gene expression in control and Shox2-mutant
forelimb buds at E10.5 and E11.5. We focused on these stages because
this is when differentiation is commencing in the limb bud and
pattern emerges. We chose the E10.5 time point to maximize chances
of identifying the earliest expression changes dependent on Shox2
since this is when the gene is first robustly expressed (Meijlink et al.,
1999), as shown by WISH in Fig. 1A. At E10.5, Shox2 transcripts were
detected throughout the limb bud mesenchyme except for a small
anterior domain (Fig. 1A). A second time point at E11.5 was included
to determine which expression changes persisted and which new
ones appear at this later stage. At E11.5 Shox2 expression became
restricted to the proximal limb in a domain corresponding to the
developing stylopod (humerus) and zeugopod (radius and ulna)
elements, as can be seen by comparing Shox2 and Col2a1 expression in
Figs. 1C and E respectively. Tissue samples were dissected to
approximate these domains as indicated by the dashed lines in
Figs. 1A and C. Importantly, both stages used in this study are before
morphological changes are readily visible; thus any changes in gene
expression should reflect early patterning processes before drastically
altered structures are present and many secondary gene expression
differences would be expected. Abnormalities in the mutant skeleton
are only apparent at E11.5 if chondrocyte markers are analyzed to
reveal a slightly smaller humerus condensation of Col2a1-expressing
chondrocytes (Fig. 1F). Severe abnormalities appear in the skeleton
after E11.5 because of a defect in chondrocyte maturation as revealed
by a lack of Runx2 (runt related transcription factor 2) expression
(Cobb et al., 2006).

Expression profiling identifies genes with Shox2-dependent expression

RNA samples from Shox2-mutant and control forelimb buds were
compared using whole genome Affymetrix oligonucleotide micro-
Table 1
Differentially expressed genes at E10.5.

Gene
symbol

Function and/or cellular
location as indicated by
selected GO termsa

Affymetrix
probe set ID

Fold
change

Significant pairwise
comparisons, N/9b

A. Genes with higher expression in Shox2-mutant forelimbs
Mup1 Pheromone binding;

transport activity
1426154_s_at 6.10 9

Mup1 1430893_at 4.49 9
Mup1 1420465_s_at 4.39 9
Rspo3 Canonical Wnt receptor

signaling pathway;
frizzled binding

1455607_at 1.43 9

B. Genes with lower expression in Shox2-mutant forelimbs
Tiparp NAD+ADP-

ribosyltransferase activity
1452161_at −1.56 9

H2-D1 Antigen processing and
presentation

1425545_x_at −1.63 7

Igf1 Insulin-like growth factor
receptor binding; positive
regulation of cell growth

1434413_at −1.61 7

Cxcr7 G-protein coupled
receptor activity; integral
to membrane

1417625_s_at −1.42 7

a Gene ontology (GO) terms from the Mouse Genome Informatics Database (http://
www.informatics.jax.org/; Bult et al., 2010).

b Number of 9 pairwise comparisons showing significant increase or decrease
(pb0.0025) by Wilcoxon's Signed Rank Test.
arrays with probesets representing more than 39,000 transcripts. We
analyzed triplicate samples to give a total of nine pairwise
comparisons for each time point. Tables 1–3 show all genes that
met the stringent requirement of at least seven significantly different
pairwise comparisons and a greater than 1.4-fold change in
expression. As expected Shox2 showed the largest fold-changes (85
to 240-fold) and is not included in the tables. Using these criteria, six
differentially expressed genes were found at E10.5 and seventeen at
E11.5 with fold changes from 1.4 to 14 fold. Among these candidates
only three genes, Mup1 (major urinary protein 1), Rspo3 (R-spondin
3) and Igf1 (insulin-like growth factor 1), were significantly different
at both developmental stages. This list is likely an underestimate of
differentially expressed genes, particularly since Runx2, which we
previously identified as downstream of Shox2 by a candidate gene
approach (Cobb et al., 2006), was only included if the criteria were
relaxed to include genes with six significant pairwise comparisons
(Supplementary Tables 1 and 2). Therefore, Tables 1–3 show the
genes for which the changes have the most statistical significance but
are not expected to be comprehensive.

As a first step in understanding the significance of the genes
identified by the microarray analysis, we validated differential
expression by WISH. As shown previously for Runx2 (Cobb et al.,
2006), the spatial expression pattern revealed by WISH can be more
informative than a numeric fold-change value, particularly when the
expression change is confined to a small, but morphologically
significant domain. We selected fifteen genes (shown in bold in
Tables 1–3) for in situ analysis with a particular emphasis on the three

http://www.informatics.jax.org/
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Table 3
Genes with lower expression in Shox2-mutant forelimbs at E11.5.

Gene
symbol

Function and/or cellular
location as indicated by
selected GO terms

Affymetrix
probe set ID

Fold
change

Significant pairwise
comparisons, N/9a

Lect1 Negative regulation of
angiogenesis; cartilage
development; integral to
membrane

1460258_at −1.91 8

Matn4 Extracellular region; EGF-
like region

1418464_at −2.47 7

Ednrb Endothelin receptor
activity; peripheral
nervous system
development

1437347_at −1.81 7

Meox1 Sequence-specific DNA-
binding transcription
factor activity; somite
specification

1417595_at −1.78 7

Postn Cell adhesion; extracellular
region

1423606_at −1.64 7

Igf1 Insulin-like growth factor
receptor binding; positive
regulation of cell growth

1437401_at −1.47 7

Igf1 1434413_at −1.45 7
Runx2b Sequence-specific DNA-

binding transcription
factor activity; positive
regulation of chondrocyte
and osteoblast
differentiation

1424704_at −1.62 6

a Number of 9 pairwise comparisons showing significant increase or decrease
(pb0.0025) by Wilcoxon's Signed Rank Test.

b Although Epha7 and Runx2 showed significant differential expression in only 6
pairwise comparisons, they are included here because their differential expression was
conclusively demonstrated by in situ hybridization.
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genes differentially expressed at both time points. Eleven of these
fifteen showed clear expression differences by WISH (Figs. 2–5). The
four genes for which differential expressionwas not confirmed by this
methodwere either expressed at particularly low (Mlf1 and Tiparp) or
high (Prrx1 and Lmo1) levels, perhaps indicating that their differential
expression is outside of the dynamic range for detection by WISH
(Supplementary Fig. 1).

Candidate genes with differential expression at both time points

At both E10.5 and E11.5, Mup1 showed the largest differential
expression by microarray analysis with three different probesets, and
this was clearly confirmed by WISH (Figs. 2A–B, E–F). Interestingly,
Mup1 transcripts were detected in wild-type limbs, but only in a very
small domain in the anterior limb at E10.5 (Fig. 2A, arrow) that
corresponds to the area where Shox2 transcripts were excluded
(compare to arrow in Fig. 1A). In the Shox2 mutant, this expression
domain expanded dramatically (Fig. 2B), suggesting that Shox2 is
necessary to restrict Mup1 expression to the anterior proximal limb.
At E11.5, the gain of Mup1 expression was confined to the area of the
mesenchyme around the humerus anlagen (Fig. 2F, compare to
Figs. 1E–F). We also detected Mup1 transcripts in other tissues in
control and mutant embryos, including the somites and otic vesicle
(data not shown). Although the gain inMup1 expression was obvious
at the mRNA level we were unable to detect MUP1 protein expression
in limb buds by immunoblot analysis (data not shown).

As forMup1, differential expression of Rspo3 and Igf1was detected
by microarray at both E10.5 and E11.5. Despite a lower fold-change
than Mup1, an upregulation of Rspo3 was also clearly validated by
WISH at E10.5 and E11.5 (Figs. 2C–D, G–H). Rspo3 expression was
gained in the mutant in a domain along the posterior extent of the
limb bud in a region where Shox2 was expressed in the controls,
suggesting that SHOX2 could be involved in limiting Rspo3 expression
in wild-type limbs. At E11.5, Rspo3 remained upregulated in a central
region of the limb bud also where Shox2 was normally expressed
(Figs. 2G–H, arrows). The downregulation of Igf1 detected by
microarray could only be confirmed at E11.5 (Figs. 2I–J), but was
consistent in four of four E11.5 embryos tested. The loss of Igf1
expression was seen in the proximal and posterior regions of the bud
(arrow and arrowhead in Figs. 2I–J). We could not detect Igf1
transcripts in limb buds at E10.5 (Supplementary Figs. 1A–B).

Extracellular matrix, neural and myogenic candidate genes

Matn4 (matrilin 4) had the second highest fold change (2.47-fold
decrease in mutants) and was the only gene among all candidates
coding for an extracellular matrix (ECM) protein (Tables 1–3). The
general lack of ECM genes among the misexpressed transcripts was
not surprising given that Col2a1 expression is intact in the mutant
humerus at this early stage (Fig. 1F). Therefore the effect on Matn4
expression appears to be specific rather than reflecting a general
failure to express components of the cartilage matrix. Matn4
expression clearly marked the skeletal elements in control limbs
(Fig. 3A). In the mutant, the humerus condensation lacked Matn4
transcripts although the other limb elements showed normal Matn4
expression (Fig. 3B).

Similarly, a deficiency of Ednrb (endothelin receptor type B)
expression was noted in the region of the humerus of mutant
embryos, but in this case the signal labeled axons of nerves
innervating the limb. In the control limbs the radial and axillary
nerves were visualized due to the presence of Ednrb transcripts
(Fig. 3C). This staining could presumably be due the detection of
axonal mRNA or expression in cells closely associated with the axons.
This staining is consistent with the known expression of this gene in
the neural tube and sensory neurons (Lee et al., 2003). In the mutant
limbs there was a conspicuous lack of Ednrb-labeled axons in the
dorsal limb (Fig. 3D). Instead, Ednrb expression appeared truncated at
the base of the mutant limb where the radial and axillary nerves
normally bifurcate (arrowhead in Figs. 3C–D). This staining was later
found to indicate a lack of axons projecting into the dorsal limb, as
discussed below. Gria2 (glutamate receptor, ionotropic, AMPA2
(alpha 2), also known as GluR-B), another gene known to be
expressed in neurons (Kask et al., 1998), was upregulated in the
mesenchyme of the mutant proximal limb (Figs. 3E–F), but unlike
Ednrb, the expression does not appear to correspond to axons.

The two candidate genes expressed in cells derived from somites
had opposite responses to the lack of Shox2: Dmd was upregulated
(Figs. 4A–B) and Meox1 was downregulated in mutant limbs
(Figs. 4C–D), both within the Shox2 expression domain (compare to
Fig. 1C). Dmd, which codes for the dystrophin protein, is expressed in
somitic cells that have differentiated into skeletal muscle myocytes
(Houzelstein et al., 1992). Therefore, its upregulation suggests a
possible increase in myocytes in the stylopod region. In contrast,
Meox1 (mesenchyme homeobox 1) is expressed broadly in undiffer-
entiated, epithelialized somites and appears in the limb bud at E11.5
in the region of the dorsal and ventral muscle masses (Reijntjes et al.,
2007). This limb bud expression domain was largely absent in E11.5
mutant limbs (Figs. 4C–D). A similar decrease in Lect1 (leukocyte cell
derived chemotaxin 1) expression was seen in the proximal limb
(Figs. 4E–F). Lect1 codes for the chondromodulin protein that inhibits
angiogenesis in the avascular zone of differentiating cartilage
(Shukunami et al., 1999), suggesting that vascular patterning could
also be altered in mutant limbs.

Interestingly, the two genes located nearest to Shox2 on chromo-
some 3 were among those for which an expression increase was
detected. The start site for Rsrc1 (arginine/serine-rich coiled-coil 1), a
gene of unknown function, is only about 4 kb upstream of Shox2, and
this gene was clearly upregulated in the mutant limb in a Shox2-like



Fig. 2. Genes for which microarrays detected differential expression at both E10.5 and E11.5. (A–D) Images are dorsal views of either control or Shox2−/− E10.5 embryos hybridized
with Mup1 (A–B) or Rspo3 (C–D) riboprobes. Arrows indicate the regions of the forelimb where expression is gained in the mutants. The control in A is Shox2+/+ to confirm that
Mup1 is expressed in wild-type limbs; heterozygote expression appears identical (not shown). (E–J) All images are dorsal views of right forelimb buds of control or Shox2c/− E11.5
embryos at the same magnification, hybridized with the indicated riboprobes. Arrows indicate regions where staining is higher (Mup1 and Rspo3) or lower (Igf1) in the mutants.
Arrowheads in I–J indicate an additional region where Igf1 expression is downregulated in the mutant. Scale bar represents 1 mm.
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pattern (Figs. 4G–H). The next gene beyond Rsrc1 is Mlf1 (myeloid
leukemia factor 1), 400 kb upstream of Shox2. An upregulation of this
gene was also detected by the microarray analysis (Table 2), although
this increase was not detected by WISH (Supplementary Figs. 1G–H).
We speculate that the increase in Rsrc1 and Mlf1may be attributed to
cis-regulatory elements gaining access to other nearby promoters
upon deletion of Shox2. While we cannot rule out that their
misexpression contributes to the mutant phenotypes, the change in
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Fig. 3. Differentially expressed genes at E11.5 that are predicted to code for extracellular matrix or neural proteins. All images depict dorsal views of right forelimb buds at the same
magnification, hybridized with the indicated riboprobes. Arrows indicate regions where staining is lower forMatn4 and Ednrb (B, D) or higher for Gria2 (F) in mutants. Arrowhead in
C–D indicates where the neural staining is truncated in the mutant. rn=radial nerve. an=axillary nerve. Skeletal elements in A are labeled as in Fig. 1E. Scale bar represents 1 mm.
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expression of Rsrc1 and Mlf1 most likely reflects an artifact of Shox2
deletion.

Taken together, the expression patterns described here reveal
substantial gene regulation defects in Shox2 mutants. All of the
expression differences are localized to the proximal region of the limb
that includes both the humerus and radius/ulna domains, establishing
this part of the limb bud as a center for Shox2-dependent gene
expression.

Limb innervation defects in Shox2 mutants

We next wanted to determine if the loss of Ednrb-labeled axons in
the dorsal limb of Shox2 mutants was due to the selective loss of a
subset of axons, or whether it reflected a more substantial innervation
deficit. Therefore, we stained control and Shox2 mutants with the 2H3
antibody that detects neurofilaments to visualize all nerves in the
developing embryo (Fig. 5). In E11.5 control limbs, nerves could be seen
extending into both the dorsal and ventral limb: the median and ulnar
nerves innervated the ventral limb and the axillary and radial nerves
innervated the dorsal domains (Figs. 5A and E). (Rodent embryonic
neural anatomy is from Shearer (1933).) In themutant limb themedian
and ulnar nerves appeared normal, but the brachialis superior was
truncated as it failed to branch to produce the radial and axillary nerves
(Figs. 5B and F). At later stages, the radial nerve in control limbs
extended distally at E12.5 (Fig. 5I) and reached the digits by E13.5
(Fig. 5M). (Because of the limb defects of older Shox2c/− embryos, the
limbs extend straighter from the body than in the controls, causing an
unavoidable difference in perspective in mice of the two genotypes.) In
mutants, the radial and axillary nerves remained absent at these later
stages, leaving the dorsal limb almost completely devoid of innervation
(Figs. 5J and N). The ventral limb was innervated normally in mutants,
as can be seen by the median and ulnar nerves reaching the digits, out
of focus in Fig. 5N. WISH with an Ednrb probe at E12.5 confirmed that
the lack of Ednrb expression in the dorsal limbs of mutants correlated
with the complete lack of the radial and axillary nerves in these regions
(Figs. 5K–L). To further confirm the persistent lack of the radial nerve,
we dissected the brachial plexus region of mutant and control
weanlings. In five of five mutants there was no radial nerve present,
while the radial nerve was obvious in control littermates (data not
shown). Although this study focused on the forelimb, we noticed that
the innervation of the hindlimb had no major abnormalities (see
Discussion and Figs. 7C–D).

Next we sought to identify candidate molecules that might produce
the axonal migration defect we identified in Shox2 mutants. We
examined our list for genes known to code for proteins involved in
axonal pathfinding, such as ephrins and their receptors (Eph proteins).
While no such geneswere in ourmost stringent list, themore expanded
gene set (Supplementary Tables 1 and 2), included an upregulation of
the Epha7 gene in mutant limbs at E11.5. WISH of E11.5 embryos
confirmed the upregulation of Epha7 in a dorsal domain of the proximal
limbs of Shox2 mutants (Figs. 5G–H). A posterior (side) view showed
that the gain in expression was limited to the dorsal limb in the region
where axonal migration was blocked (Figs. 5C–D). Epha7 was
expressed in this region in control limbs, but in a more restricted
domain (Figs. 5C and G). Therefore Shox2 could function to repress
Epha7 expression in the dorsal limb.

Mice null for Epha7 have been generated previously and a
disruption of the retinocollicular map was reported (Rashid et al.,
2005). However, the limb innervation pattern in these mutants has
not been described. Therefore we stained Epha7−/− embryos at E12.5

image of Fig.�3


Fig. 4. Candidate genes expressed in somitic derivatives or other tissues. Images are as in Fig. 3. Arrows indicate regions where staining is higher (Dmd and Rsrc1) or lower (Meox1
and Lect1) in mutant forelimbs.
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with the 2H3 antibody. At this stage the radial and axillary nerves
had similar patterns in mutant and wild type embryos (Supplemen-
tary Fig. 2). These results indicate that there is no absolute
requirement for Epha7 in limb innervation; however, they do not
rule out possible effects of Epha7 overexpression on limb innerva-
tion. Furthermore, the closely related Epha4 gene has a similar
expression pattern as compared to Epha7 in the dorsal limbs, and an
innervation defect limited to the hindlimbs (Helmbacher et al.,
2000) suggesting the possibility of redundant function of Epha4/
Epha7 in the forelimb.
Fig. 5. The radial and axillary nerves are missing in Shox2-mutant forelimbs and their loss c
forelimb buds stained with the 2H3 anti-neurofilament antibody. Dorsal is above and ventr
(arrowhead). This results in a complete absence of the radial (r) and axillary (a) nerve found
genotypes. (C–D) E11.5 WISH with an Epha7 riboprobe. Limb buds are oriented as in A–B. T
same region where the dorsal axons are truncated. (E–F) Dorsal view of the same limb bud
dorsal limb branch is truncated at the level of the arrowhead. (G–H) Epha7WISH, dorsal view
corresponds to where the dorsal nerves are truncated in F. (I–J) E12.5 neurofilament stain
truncated in the mutant (arrowhead). Arrow in J indicates expected location of radial nerve.
clearly detected by this riboprobe in the control limbs (compare to I–J), but are missing in th
the digits of the control limb (arrowhead). In contrast, the radial nerve (expected location in
appear normal.
Proximal muscle patterning is perturbed in Shox2 mutants

Above, we used WISH to validate the differential expression of
Dmd and Meox1 (Figs. 4A–D), two genes known to be involved in
myogenesis. Therefore we wanted to determine if Shox2 deficiency
resulted in muscle defects in developing forelimbs. We visualized
muscle patterning with the MF20 antibody that recognizes myosin
heavy chain in differentiating myocytes, which we first detected in
forelimbs at E11.5 (Fig. 6A and Martin, 1990). In controls the first
obvious muscle bundle formed in the proximal limb (Fig. 6A, arrow).
orrelates with a gain in Epha7 expression. (A–B) Side view, from the posterior, of E11.5
al below. The dorsal nerve (bs—brachialis superior) is truncated abruptly in the mutant
in the control. In contrast the ulnar (u) andmedian nerves (m) develop similarly in both
he gain in mutant Epha7 expression (arrow in D) compared to the control (C) is in the
s from A–B. The radial nerve visible in the wildtype (r) is missing in the mutant as the
of the limb buds from C–D. Arrows indicate where Epha7 is gained in themutant, which
ing. Axons from the radial nerve (r) are extending distally into the limb, but remain
(K–L) E12.5 WISH detecting Ednrb transcripts. The radial (r) and axillary (a) nerves are
e mutant (L, arrow). (M–N) By E13.5 the axons of the radial nerve (arrow) are reaching
dicated by the arrow) is missing from the mutant, but median (m) and ulnar (u) nerves
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Positive cells could also be seen more distally in the zeugopod region,
but the region of the humerus wasmostly devoid of myocytes (Fig. 6A,
open arrow). In contrast, at E11.5 the limbs of Shox2c/− embryos
showed no proximal muscle bundle (Fig. 6B, arrow) and had
disorganized myocytes in the region of the humerus condensation
(Fig. 6B, open arrow). This defect was observed in six of six mutant
embryos stained.

At E12.5 muscle bundles were evident in the stylopod and zeugopod
regions of the developing limb (Figs. 6C–D). Although all muscles were
not yet distinct, many could be identified even at this early stage.

image of Fig.�5


Fig. 6. Muscle patterning is abnormal in the proximal limbs of Shox2 mutants. All images are of whole-mount immunohistochemistry with the MF20 antibody recognizing myosin
heavy chain. (A–B) The proximal muscle bundle visible in control forelimbs at E11.5 is missing in the mutants (arrows). Instead muscle progenitors in the mutant are found in the
region of the forming humerus where they are not found in wild-type forelimbs (open arrows). (C–D) Themuscle filaments of the T.b. lateralismuscle (boxed) are roughly parallel to
the humerus in the control limb (C), but are approximately orthogonal to this orientation in the mutant (D). The T.b. longusmuscle is visible in the control limb (open arrow), but not
in the mutant. The boxed regions are shownmagnified in (E–F) with arrows indicating the orientation of the muscle fibers. (G–H) At E13.5 the T.b. lateralismuscle fibers are oriented
abnormally in mutant forelimbs (arrows), and the T.b. longus is not visible in the mutant as it is in the control (open arrows). (I–J) In the hindlimbs at E13.5, the fibers of the muscle
bundles forming the quadriceps muscles (boxed) are arranged approximately at right angles in the control (I) as compared to the mutant (J). Insets are magnified views of the boxed
areas with arrows representing the orientation of muscle fibers. Scale bar represents 1 mm.
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(Muscle anatomy was taken from the mouse limb anatomy atlas
described in Delaurier et al. (2008).) We noted obvious abnormalities
just posterior to the humerus in the forming triceps muscles. Specifically
the fibers of the Triceps brachii (T.b.) lateralis (boxed in Figs. 6C–D) were
arranged approximately orthogonally in the mutant compared to
controls (Figs. 6E–F, arrows). This defect was also visible at E13.5
when the muscle bundles were more clearly defined (arrows in
Figs. 6G–H). In controls, the T.b. lateralis muscle fibers were parallel to
the humerus, which allows the fibers to function later in extending the
forelimb at the elbow. Also at E13.5, the T.b. longus muscle formed
parallel and posterior to the T.b. lateralis in controls but was not present
in the mutant (Figs. 6G–H, open arrows). The absence of the T.b. longus
muscle was apparent in Shox2c/− embryos as early as E12.5 (Figs. 6C–D,
open arrows). Although it is not apparent until E13.5, the analogous
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muscle bundles in the hindlimbs have a similar abnormality in Shox2
mutants (Figs. 6I–J). The muscle fibers of the forming quadriceps
muscles (Vastus intermedius/lateralis/medialis) are oriented at approxi-
mately right angles in mutants as compared to wild type hindlimbs at
E13.5, similar to the triceps phenotype in forelimbs.

These data demonstrate that Shox2 mutants have a failure in
normal muscle formation from its earliest steps at E11.5. Skeletal
defects are just beginning to appear at this same early stage; therefore
it is unlikely that the muscle abnormalities are a secondary effect of
the skeletal phenotype. A perturbed muscle pattern is already well
established by E13.5, when a substantial humerus is still present in
mutant fetuses (Cobb et al., 2006). The tissue phenotypes are reflected
in the walking difficulties observed in Shox2c/− mice. These animals
are not paralyzed, but their limbs move in a stiff, inefficient, “paddle-
like” motion (see the Supplementary movie).

Discussion

The dissection of the transcriptional regulatory networks required
for limb development is complicated by the underlying redundancy of
many of the proteins involved. Shox2-mutant mice have proven a
useful tool in this context since mutation of this single gene causes a
severe phenotype. We have shown that specific gene expression
patterns in the forelimb are dependent on Shox2 as early as E10.5. By
E11.5, muscle, skeletal and neural defects appear in the proximal
forelimbs of Shox2 mutants, suggesting a coupling of the develop-
mental processes in the three tissues through the function of Shox2.
The defects reported here could be linked to the gene expression
changes described or other undetected downstream targets. Alterna-
tively, the SHOX2 protein might have functions in addition to its
predicted role as a DNA-binding transcription factor.

Shox2 is required to pattern the triceps muscles

The loss of Meox1 expression provided an important clue that
muscle patterning may be altered in Shox2 mutants. Mice with null
mutations for both Meox1 and Meox2 have a severe depletion of
skeletal muscles including those in the limbs, demonstrating the
necessity of these genes for myogenesis (Mankoo et al., 2003). Muscle
precursors from the somites have been shown to arrive in the limb
bud during the ninth day of development, but they do not activate the
myogenic program until E11.5, as shown by MyoD expression
(Sassoon et al., 1989). Evidence from the chick indicates that the
subset of muscle precursors that express Meox1 stop expressing this
gene when they activate MyoD expression (Reijntjes et al., 2007). In
Shox2 mutants, these cells either fail to arrive in the region of the
humerus or do not activate or maintain Meox1 expression. These
results, together with our detection of ectopic myogenic differenti-
ation by an upregulation of Dmd (Fig. 4B) and an increase in myosin-
positive cells (Fig. 6B) indicated an abnormal distribution of muscle
precursors from an early stage in mutant limbs.

There is considerable evidence that the limbmusculature develops
by a non-autonomous mechanism in response to extrinsic cues in the
mesenchyme that instruct the muscle precursor cells arriving from
the somites to form the patterns of specific muscles (Chevallier et al.,
1977; Kardon et al., 2002; Li et al., 2010). Nonetheless, we have not yet
determined if this is the case for the Shox2 patterning function.
Although it is not expressed in the myotome or elsewhere in the
somites, Shox2 is expressed in embryonic and adult skeletal muscles
of the proximal limb (Rovescalli et al., 1996; Blaschke et al., 1998).
Therefore, Shox2 could potentially function in a cell autonomous
manner to pattern the triceps muscles. This can be tested in future
experiments by deleting Shox2 specifically in all muscle precursors
using the Pax3Cre transgenic line (Engleka et al., 2005).

Wnt/β-catenin signaling is known to be one of themolecular signals
in the mesenchyme required to pattern myogenic cells. Specifically, the
transcription factor TCF4, a binding partner and cofactor forβ-catenin, is
expressed in domains that form a prepattern for the limb musculature
(Kardon et al., 2003). Furthermore, conditional deletion of β-catenin in
limb mesenchyme disrupts muscle patterning and causes ectopic
muscle splitting (Hasson et al., 2010). β-Catenin's function as a cell
adhesion molecule downstream of the TBX4/5 transcription factors is
also required for muscle patterning (Hasson et al., 2010). Interestingly,
the orientation of the T.b. lateralis in Shox2c/− limbs (Figs. 6D,F, and H) is
similar to the same muscle in Tbx5-null limbs except in this latter case
more muscles are affected (Hasson et al., 2010).

Because of the known role for β-catenin in muscle patterning, the
increase in Rspo3 expression we observed could be involved in
disrupting muscle patterning in Shox2c/− forelimbs. Rspo3 codes for
one of four members of the R-spondin protein family that are secreted
ligands for the Frizzled 8 and LRP6 receptors that activate Wnt/β-
catenin signaling (Nam et al., 2006). Rspo3 is required for angiogen-
esis in the early embryo in the placenta and yolk sac (Kazanskaya et
al., 2008). Because of the early embryonic lethality of a null Rspo3
mutation, a role in limb development has not been described.
Although we observed a gain in Rspo3 expression where ectopic
myocytes were seen (Fig. 2H, compare with 6B), we have been unable
to detect an increase in β-catenin signaling in Shox2c/− embryonic
limbs using a TCF-LacZ reporter line (Mohamed et al., 2004) (data not
shown). Interestingly Rspo2 is required for Xenopus muscle develop-
ment, thus establishing an intriguing link between R-spondins and
myogenesis (Kazanskaya et al., 2004). Furthermore, the known role of
Wnt-signaling in skeletal development (Hill et al., 2005) indicates the
potential importance of modulating Rspo3 during skeletal
development.

Failure of dorsal innervation of the forelimb in the absence of Shox2

Our detection of a deficiency of Ednrb expression in Shox2c/−

forelimbs led to the identification of an axonal pathfinding defect in
these animals. Since the loss of Ednrb expression was presumably
detected because its transcripts are found in axons or closely
associated cells, Ednrbwas likely a fortuitous indicator of the presence
of axons. Since neural expression of Shox2 is not affected in our
conditional mutant (Fig. 1B), the axonal pathfinding defect implicates
a function for SHOX2 in controlling the expression of extrinsic cues in
the limb mesenchyme rather than intrinsic cues on axons. We
correlated the loss of the radial and axillary nerves in Shox2 mutants
with a gain of Epha7 expression in the limb bud. Interestingly,
HOXD13 and HOXA13 have been shown to directly activate
transcription of Epha7 in developing limbs (Salsi and Zappavigna,
2006). Since SHOX2 has a repressive effect on Epha7 expression, Shox2
and Hox genes could antagonistically regulate Epha7 expression in the
limb mesenchyme. This is potentially significant since EphA receptors
and their ephrin-A ligands are known to have critical roles in limb
innervation. Furthermore, retinal axons have been shown to be
repulsed by the EPHA7 protein (Rashid et al., 2005). EphA proteins are
expressed on axons innervating the dorsal limb where they are
repelled by ephrin-A5 in the ventral mesenchyme (Kania and Jessell,
2003). Therefore repulsion of Eph-bearing axons by ephrins in the
limb mesenchyme mediates a key step in limb innervation. However,
this binary choice ismade near the beginning of an axon's journey into
the limb bud. In the defect we describe the initial pathways were not
affected since the brachialis superior forms dorsally as in controls
(Figs. 5A–B). Only after this did axons in Shox2c/− mutants become
truncated at amore dorsal position (Fig. 5B). Regardless of the specific
molecules involved, the phenotype described here is an important
tool for understanding later steps in limb innervation, after the dorsal/
ventral choice mediated by mesenchymal ephrins and axonal Eph
proteins.

In addition to repulsive and attractive cues, permissive interac-
tions between the migrating axons and the ECM are likely to be
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involved in the ultimate paths of the limb axons (Gundersen, 1987).
The axons of the developing axillary and radial nerve develop in
particularly close association with the humerus condensation as can
be seen by comparing Matn4 to Ednrb expression in Figs. 3A and C.
These nerves curl over the dorsal aspect of the humerus and therefore
presumably make close contact with the underlying ECM. Matn4
codes for one of four matrilin proteins of mostly unknown function
that are non-cartilage components of the ECM (Wagener et al., 2005).
One matrilin family member, MATN2 has recently been shown to
promote outgrowth of dorsal root ganglia axons and to be permissive
for axon extension (Malin et al., 2009). If MATN4 has a similar
function for limb axons, the lack of Matn4 expression in the
developing humerus (Fig. 3B) could leave migrating axons without
a pathway to reach the distal limb, thus leaving them truncated.

Our data are consistent with a model in which projection of axons
into the dorsal forelimb is dependent on extrinsic cues in the region of
the developing humerus. To test if the candidates we have identified
are important for this process, we will need to determine the role of
Matn4 in axonal pathfinding in the limb, and the effects of Epha7
overexpression. Furthermore we cannot exclude that the muscle and
nerve phenotypes are somehow causally linked, or that one
phenotype is secondary to the other. To summarize the muscle and
neural phenotypes of Shox2mutants, Figs. 7A–B show double staining
of muscles and nerves at E12.5, illustrating the relative position of
each tissue defect.

Differences in Shox2 patterning in forelimbs and hindlimbs, stylopod
and zeugopod

The patterning function of Shox2 in muscles and skeletal elements
is very similar in the fore and hindlimbs. However this is not true for
neural patterning since the dorsal innervation deficit is limited to the
Fig. 7. The geometry of innervation andmuscle development in forelimbs and hindlimbs. Neu
relative positions of the patterning defects in the different tissues. In the control forelimb (A
nerve is not visible in themutant (B) (expected position above the humerus (h)). (The positio
shown). The double-headed arrows in A–B indicate the orientation of the triceps muscle fibe
nerves respectively. u=ulnar nerve, a=axillary nerve. The shoulder muscles innervated by
absence of the axillary nerve at this position. In hindlimbs (C–D) innervation appears similar
into the posterior/dorsal hindlimb and the dorsal branch from the lumbar plexus (dL) extend
developing femur (f).
forelimb of Shox2 mutants (Fig. 7). If one assumes that the skeletal
condensations can influence axonal pathfinding, comparison of the
geometry of fore and hindlimb innervation may explain this
difference. Axons innervating the forelimb extend from a single
plexus. To reach the anterior of the dorsal forelimb, axons from the
brachial plexus must pass over the humerus condensation from the
posterior and then curve anteriorly (Fig. 7A and Shearer, 1933). In
contrast axons innervating the hindlimb extend from both an anterior
(lumbar) and a posterior (sacral) plexus, and can therefore extend
radially to innervate the anterior and posterior limb respectively
without passing over the territory of the developing femur (Figs. 7C–D
and Tarchini et al., 2005). Therefore, hindlimb innervation would not
be expected to utilize permissive or attractive/repulsive cues from the
developing femur, as the axons in question do not make close contact
with this condensation. A similar mechanism could explain the lack of
a ventral innervation phenotype in the forelimb since the median and
ulnar nerves make minimal contact with the humerus condensation
during their extension. Instead, during their early development these
nerves extend posterior to the humerus and then adjacent to the
radius and ulna condensations (Shearer, 1933), which are normal in
Shox2 mutants.

Another striking result is that the Shox2-mutant phenotype in the
skeleton and muscles is restricted to the stylopod region even though
Shox2 is also expressed in the zeugopod (Fig. 1C). Likewise the
expression differences of some of the candidate genes identified in
this study also include the zeugopod domain (particularly Rspo3,Dmd,
Rsrc1 and Epha7). At this point we cannot explain the lack of an
abnormal phenotype in this region. However, if we draw parallels to
Hox genes, which have similar functions in patterning specific
segments during limb development, it is not surprising that Shox2
function is most important in the most proximal portion of its
expression domain. Hoxd11 for example is expressed in the zeugopod
rofilament (2H3) andmuscle (MF20) staining of dorsal limbs at E12.5 demonstrates the
) the radial nerve can be seen extending over the position of the humerus (h), but this
n of skeletal elements can be inferred from comparison to Alcian blue-stained limbs, not
rs that are located more proximally and posteriorly than the affected radial and axillary
the axillary nerve (a) in the control appear normal in the mutant (arrow) despite the
in controls and mutants. The peroneal nerve (p) extends radially from the sacral plexus
s into the anterior/dorsal domain. These nerves do not extend through the region of the
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and autopod, but its patterning function is limited to the zeugopod
(Davis et al., 1995). Similarly Shox2 may have redundant function
with other genes in the zeugopod that mask its function in that
domain.

Pheromones in limbs?

Undoubtedly the most surprising gene expression change we
detected was that for Mup1. MUPs are known to function as
pheromones/kairomones and as pheromone-binding proteins in
both intra- and inter-specific communication (Chamero et al., 2007;
Papes et al., 2010). Although it has no obvious connection to the
patterning defects of Shox2 mutants, the upregulation of Mup1 is
nonetheless striking for its precise location at the position of the
humerus condensation. TheMup genes of the C57BL/6 genome consist
of a cluster of 19 predicted genes and 18 pseudogenes on
chromosome 4, but are represented by only a single pseudogene in
humans (Mudge et al., 2008). The Mup complex is capable of
prodigious transcription comprising an estimated 5% of mRNA in
the adult male mouse liver (Shahan et al., 1987), which is reflected in
the large amounts of MUP proteins in mouse urine. Embryonic
expression for this gene complex has not been described previously.
We suggest that the increase in Mup transcription may have no
functional significance but could be detecting the signaling processes
that are perturbed in the Shox2-mutant limb. As such, Mup
transcription could serve as a tool for unraveling the processes
involved in generating the Shox2-mutant phenotype.

Conclusion

Recent studies have demonstrated that muscle and skeletal
patterning can be experimentally uncoupled (Hasson et al., 2010; Li
et al., 2010), indicating that independent signaling mechanisms
control each process. Similarly, nerves can innervate the limb in their
normal pattern in the absence of muscles (Phelan and Hollyday,
1990). Nonetheless, these separate developmental processes must be
coordinated to generate a functional limb with interacting axons,
muscles and skeletal elements. Transcription factor proteins are
obvious candidates for mediating the required synchronization of the
development of the diverse tissues of the limb. To accomplish this, the
spatiotemporally defined expression of different combinations of
transcription factors, including Shox2, Meis, Hox, and Tbx genes, in
different domains of the limbs must generate the precise expression
patterns of downstream genes. As a step toward understanding these
processes, we have demonstrated that Shox2 is critical for coordinat-
ing the diverse processes of muscular, neural, and skeletal patterning
in the proximal forelimb. The challenge nowwill be to determine how
gene expression differences contribute to the tissue phenotypes
described, and whether other transcription factors demonstrate a
similar coupling of patterning processes. Also, the role of Shox2 in the
development of other tissues of the limb such as the vasculature and
tendons should be investigated.

Supplementarymaterials related to this article can be found online
at doi:10.1016/j.ydbio.2010.11.031.
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