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ABSTRACT
Development of the musculoskeletal system requires precise
integration of muscles, tendons and bones. The molecular
mechanisms involved in the differentiation of each of these tissues
have been the focus of significant research; however, much less is
known about how these tissues are integrated into a functional unit
appropriate for each body position and role. Previous reports have
demonstrated crucial roles for Hox genes in patterning the axial and
limb skeleton. Loss of Hox11 paralogous gene function results in
dramatic malformation of limb zeugopod skeletal elements, the
radius/ulna and tibia/fibula, as well as transformation of the sacral
region to a lumbar phenotype. Utilizing a Hoxa11eGFP knock-in
allele, we show that Hox11 genes are expressed in the connective
tissue fibroblasts of the outer perichondrium, tendons and muscle
connective tissue of the zeugopod region throughout all stages of
development. Hox11 genes are not expressed in differentiated
cartilage or bone, or in vascular or muscle cells in these regions. Loss
of Hox11 genes disrupts regional muscle and tendon patterning of the
limb in addition to affecting skeletal patterning. The tendon and
muscle defects in Hox11 mutants are independent of skeletal
patterning events as disruption of tendon and muscle patterning is
observed in Hox11 compound mutants that do not have a skeletal
phenotype. Thus, Hox genes are not simply regulators of skeletal
morphology as previously thought, but are key factors that regulate
regional patterning and integration of the musculoskeletal system.

KEY WORDS: Hox genes, Limb development, Stromal cells,
Musculoskeletal integration, Connective tissue, Mouse

INTRODUCTION
The vertebrate limb provides a powerful system for the study of
tissue patterning and morphogenesis. The vertebrate limb
musculoskeletal system is a highly complex structure with >40
distinct muscles connected through tendons to skeletal elements.
The morphology of each individual muscle and bone is designed to
perform a specific function in order to generate a large range of
movement and fine motor control of the limb. These tissues must be
precisely patterned and integrated during development to perform
properly. Considerable knowledge has been accumulated regarding
the molecular pathways involved in the differentiation of each of the
tissue types: muscle, tendon and bone (Buckingham et al., 2003;
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Karsenty et al., 2009; Tozer and Duprez, 2005). However, much less
is known about how the tissues are properly integrated with one
another to produce functional units for locomotion. 

Hox genes have been long appreciated to provide important
patterning cues along the anterior-posterior axis of the vertebral
skeleton and the proximal-distal axis of the limb skeleton (Izpisúa-
Belmonte and Duboule, 1992; Mallo et al., 2010; Wellik, 2007).
There is a high degree of sequence similarity and functional
redundancy between members within a Hox paralogous group
(Mallo et al., 2009; Wellik, 2007). Loss of function of Abdominal-
B class Hox genes from paralogous groups 9-13 results in disrupted
patterning of limb skeletal elements within specific proximal-distal
regions whereas other regions of the limb are largely unaffected.
Hox9 and Hox10 paralogous genes pattern the stylopod skeleton
(femur or humerus) (Fromental-Ramain et al., 1996a; Wellik and
Capecchi, 2003), Hox11 genes function in the zeugopod
(radius/ulna, tibia/fibula) (Boulet and Capecchi, 2004; Davis et al.,
1995; Wellik and Capecchi, 2003) and Hox13 genes are required for
autopod development (Fromental-Ramain et al., 1996b). During
limb morphogenesis, dynamic expression patterns are observed for
Hox genes. They are first expressed broadly in the distal
mesenchyme of the early limb bud and later become restricted along
the proximal-distal axis to the regions they pattern, with Hox9 and
Hox10 genes most proximal and Hox13 genes most distal (Izpisúa-
Belmonte and Duboule, 1992; Nelson et al., 2008; Zakany and
Duboule, 2007).

Using a Hoxa11eGFP knock-in/loss-of-function allele to visualize
Hox11 gene expression and inform possible mechanisms of Hox
patterning of limb skeletal elements, we found the surprising result
that Hox11 gene expression is largely excluded from condensing
cartilage from the earliest stages. Hox11 genes are expressed strongly
in the outer perichondrial layer of the developing zeugopod,
throughout the tendons, and also in the muscle connective tissue of
the forelimb zeugopod. In the absence of Hoxa11 and Hoxd11, muscle
and tendon patterning in the forelimb zeugopod is severely disrupted,
in addition to the previously reported skeletal defects, whereas
musculoskeletal patterning in the stylopod and autopod region is
largely unaffected. In Hox11 mutants, numerous muscles and tendons
are absent and others fail to separate into properly patterned muscle
bundles. In compound mutants with a single wild-type allele of either
Hoxa11 or Hoxd11, the limb skeleton develops normally through
embryonic stages; however, muscle and tendon patterning is
disrupted, demonstrating that the tendon and muscle patterning defects
are not secondary to perturbation of skeletal morphology. Our finding
shifts the paradigm of Hox function in musculoskeletal patterning
from one in which Hox genes are crucial skeletal patterning factors to
one that recognizes their key role in the patterning and integration of
all three tissue types of the musculoskeletal system; the bone, tendon
and muscle. The expression of Hox11 genes in the zeugopod suggests
that Hox genes function regionally in connective tissues to control
these events during development.

Hox11 genes are required for regional patterning and integration
of muscle, tendon and bone
Ilea T. Swinehart1, Aleesa J. Schlientz2, Christopher A. Quintanilla2, Douglas P. Mortlock3 and Deneen M. Wellik2,*
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RESULTS
Expression of Hox11 genes during zeugopod development
Hox11 genes are crucial for the morphogenesis of the zeugopod
skeletal elements. Loss of function of all three members of the
Hox11 paralogous group (Hoxa11, Hoxc11 and Hoxd11) results in
dramatic mispatterning of forelimb and hindlimb zeugopod (Wellik
and Capecchi, 2003). Because Hoxc11 is not expressed in the
forelimb, inactivation of only two members of the Hox11 paralogous
group, Hoxa11 and Hoxd11, is required to disrupt the formation of
the forelimb zeugopod (Fig. 1A,B) (Boulet and Capecchi, 2004;
Davis et al., 1995).

We examined the forelimb expression pattern of Hoxa11 utilizing
a previously described Hoxa11eGFP targeted knock-in allele, which
closely recapitulates the reported mRNA expression patterns of
Hoxa11 (Haack and Gruss, 1993; Hsieh-Li et al., 1995; Nelson et
al., 2008; Small and Potter, 1993). Hoxa11 and Hoxd11 display
similar expression patterns during forelimb development and
Hoxd11 duplication can compensate for the loss of Hoxa11 gene
function in the zeugopod, further demonstrating that spatial,
temporal and functional aspects of Hoxa11 and Hoxd11 activity
correspond closely in this aspect of limb patterning (Boulet and
Capecchi, 2002; Hostikka and Capecchi, 1998). At embryonic day
(E) 10.5, whole-mount analysis shows that Hoxa11eGFP expression
is strongest at the distal end of the limb bud with expression
extending into the central limb mesenchyme (Fig. 1C).
Hoxa11eGFP fluorescence remains relatively ubiquitous in the distal
limb bud at E11.5, although a more intense band of expression can
be observed in the developing distal zeugopod region (Fig. 1D). As
development proceeds, Hoxa11eGFP expression becomes strongest
in the zeugopod and is reduced in the autopod (Fig. 1E,I-K).

Examination of longitudinal sections through E10.5 limb bud
reveals that Hoxa11eGFP is expressed ubiquitously and uniformly
throughout the distal limb bud mesenchyme (Fig. 1F). Additionally,
a subset of cells proximal to the proliferative zone is GFP positive
(Fig. 1F). Co-staining these sections with an antibody for the pre-
chondrocyte marker Sox9 demonstrates that Sox9 and Hoxa11eGFP

expression are largely exclusive. Only a few cells at the distal end
of the Sox9 expression domain appear to co-express Hoxa11eGFP.
Most Hoxa11eGFP-positive cells at this stage are interspersed with
the Sox9-expressing cells but are non-overlapping (Fig. 1F).
Hoxa11eGFP expression remains exclusive from the Sox9-
expressing cells after condensation of pre-cartilage into the skeletal
elements of the zeugopod (Fig. 1G,H).

By E12.5, the stage at which the two zeugopod skeletal elements
are forming distinct anlage, Hoxa11eGFP expression is largely
restricted to the distal zeugopod region. Within the next 24 hours of
development, Hoxa11eGFP expression is observed surrounding the
zeugopod elements (Fig. 1H,L). Hoxa11eGFP expression is
maintained through the remaining stages of embryonic development,
surrounding the radius and ulna with strongest expression distally in
these elements (Fig. 1M,N).

Hoxa11eGFP is expressed in the outer perichondrium,
tendons and muscle connective tissue
The perichondrium/periosteum functions as a signaling center for
the underlying chondrocytes (Colnot et al., 2004; Kronenberg,
2007). The periosteum is composed of two layers. The first is an
outer layer composed of stromal fibroblasts, the roles of which are
not fully understood, but it is known that they provide the immediate
attachment site for tendons and ligaments. The second layer is the
inner periosteal, osteoblast-containing layer that contributes directly
to appositional growth (Bandyopadhyay et al., 2008; Pathi et al.,
1999). Runx2 and osterix (Osx; also known as Sp7) are essential
transcription factors expressed at early osteoblast differentiation
stages in the inner periosteal layer (Komori et al., 1997; Nakashima
et al., 2002; Otto et al., 1997). By E13.5, Hoxa11eGFP is expressed
strongly in the cells of the outer periosteum of the zeugopod but is
excluded from chondrocytes as well as the Runx2- and Osx-
expressing inner periosteal/osteoblast layer (Fig. 2A,B). Close
examination of Osx and Hoxa11eGFP shows that Hoxa11 is
expressed in the cells immediately adjacent to the Runx2/Osx-
expressing inner periosteal layer (Fig. 2B′). Hoxa11eGFP is not co-

Fig.1. Forelimb zeugopod skeletal
elements are mispatterned in Hoxa11/d11
double mutants and Hoxa11eGFP
expression is maintained in the zeugopod
throughout forelimb development.
(A,B)Alcian Blue- and Alizarin Red-stained
skeletal preparations of E18.5 control (A) and
Hoxa11/d11 double mutant (B) mouse
forelimbs. (C-E,I-K) Whole-mount view of
Hoxa11eGFP heterozygous embryo forelimb
at E10.5 (C), E11.5 (D), E12.5 (E), E13.5 (I),
E14.5 (J), and E18.5 (K). (F-H,L-N)
Transverse sections through Hoxa11eGFP
heterozygous forelimb co-stained with an
antibody for the pre-chondrogenic marker
Sox9 (red) at E10.5 (F), E11.5 (G), E12.5 (H),
E13.5 (L), E14.5 (M), E18.5 (N). The initially
broad and scattered expression of
Hoxa11eGFP (C,F) becomes localized by
E11.5 and is largely excluded from cartilage
condensations from the earliest stages. Scale
bars: 300 μm.
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expressed with Runx2 or osterix at any developmental stage
examined. Additionally, Hoxa11eGFP does not co-express with the
osteoblast reporter Bmp2 evolutionarily conserved region (ECR)
lacZ (Chandler et al., 2007), confirming exclusion of expression
from the inner periosteal, osteoblast population (Fig. 2C). These data
show that Hoxa11eGFP is strongly expressed in a population of
stromal cells immediately adjacent to the osteoblast layer in the
outer periosteum.

To investigate further the expression of Hoxa11eGFP in the soft-
tissue components of the musculoskeletal system, we examined
transverse sections through the zeugopod. The extracellular matrix
protein tenascin C (Tnc) marks anatomically distinct tendons and
tendon primordia of the limb (Chiquet and Fambrough, 1984;
Kardon, 1998). Hoxa11eGFP is co-expressed with Tnc in all tendons
of the zeugopod (Fig. 2D-F′). Using DAPI, a nuclear stain, in
conjunction with Hoxa11eGFP and the Tnc antibody, we
demonstrate that all of the cells within the Tnc-positive tendon
express Hoxa11eGFP (Fig. 2D-L).

Comparison of Hoxa11eGFP expression in the muscle cell
population using antibodies against myosin to stain differentiated
muscle cells reveals that Hoxa11 is not expressed within the
differentiated muscle cells but within the lateral plate-derived limb
stromal cells closely associated with the myotubes (Fig. 2M-O′).
Hoxa11eGFP-positive cells are distributed throughout and surround
each of the muscle masses of the zeugopod.

In addition to being excluded from differentiated muscle cells
(Fig. 3A-C), co-staining with platelet endothelial cell adhesion
molecule (PECAM) shows that Hoxa11eGFP is non-overlapping
with the differentiated endothelial compartment of the limb as well
(Fig. 3D-F). Co-staining with the muscle connective tissue marker
Tcf4 demonstrates that Hoxa11eGFP is expressed in the mesodermal
fibroblasts dispersed throughout the muscle masses (Fig. 3G-I,
arrows). The close association of Hoxa11eGFP-expressing cells with
myotubes is apparent as early as E12.5 when the process of muscle
splitting is initiated in the limb (supplementary material Fig. S1).
Thus, Hox11 genes are specifically expressed in the connective
tissue population of the muscle throughout patterning but not in the
muscle cells or the associated endothelial compartment.

Loss of Hox11 genes leads to defects in muscle patterning
of the zeugopod
The expression of Hox11 genes in muscle connective tissue during
limb development led us to examine whether there is a role for
Hox11 genes in muscle patterning. Section analysis through control
and Hoxa11/d11 double-mutant forelimbs stained with an antibody
for differentiated muscle (My32) show that the stylopod muscle
pattern of these animals are indistinguishable from controls (Fig.
4A,C). By contrast, the zeugopod muscle pattern in Hox11 double
mutants is severely perturbed compared with controls (Fig. 4B,D).
Three-dimensional reconstructions of serial sections of My32-

Fig.2. Hoxa11eGFP is expressed in the
outer perichondrium, tendons and muscle
connective tissue but excluded from
chondrocytes, osteoblasts, muscle and
endothelial cells. (A-C)Longitudinal sections
through E14.5 forelimbs of Hoxa11eGFP
heterozygous embryos co-labeled for
osteoblast markers by in situ hybridization for
Runx2 (brown; A), antibody staining for
osterix (red; B,B′), or β-galactosidase staining
for the Bmp2 ECR lacZ reporter (blue; C)
shows that Hoxa11eGFP is not expressed in
osteoblasts but in the adjacent cells of the
outer perichondrium. B′ shows a higher
magnification of the boxed region in B. GFP
fluorescence was converted to purple in
images A and C to allow color visualization.
(D-O′) Transverse sections along the
proximodistal axis of the limb in the zeugopod
of Hoxa11eGFP heterozygous embryos. (D-
F′) Co-staining with an antibody to the tendon
marker Tnc shows that Hox11 genes are
expressed in all zeugopod tendons. Some
tendons are marked by arrows. F′ shows a
higher magnification of the boxed region in F.
(G-L)Hoxa11eGFP expression is observed in
all cells of the tendon and surrounding cells of
the tendon sheath through E18.5. (M-O′)
Antibody staining for the muscle marker
MF20 demonstrates that Hoxa11eGFP is not
expressed in muscle cells but in the cells
closely associated with the muscle masses. r,
radius; t, tendon; u, ulna.
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stained Hox11 double-mutant forelimbs at E14.5 allows
visualization of the extent of muscle mispatterning in the zeugopod
and putative identification of the remaining muscle masses based on
their position within the limb as well as their origin and insertion
sites. Several dorsal muscle groups in the mutants cannot be
distinguished but appear as undivided muscle masses. These include
the extensors carpi radialis brevis and longus and the extensors
digitorum communis, digitorum lateralis and carpi ulnaris (Fig.
4D,G, numbers 10-14). Distal muscle groups of the dorsal
zeugopod, such as the extensors policis and indicis proprius are
absent in Hox11 mutants (Fig. 4E,G, numbers 15, 25). Additionally,
many ventral muscle groups, including the flexor digitorum
superficialis 2, flexor digitorum profundus and pronator quadratus
are missing in Hox11 double-mutant forelimbs (Fig. 4D,H, numbers
19, 20, 24). The skeletal-tendon connections for each of the absent
muscle groups originate, at least in part, from the radius or ulna.
Most of the remaining muscle groups in the Hoxa11/Hoxd11 mutant
have origin and insertion sites in the humerus and autopod, but
reconstructions of sections through mutant forelimb musculature
demonstrate that these muscle groups in mutants are dysmorphic
compared with controls (Fig. 4E-H).

Loss of Hox11 paralogous gene function similarly effects muscle
patterning within the zeugopod region of the hindlimb
(supplementary material Fig. S2). Several ventral muscle masses are
absent from Hox11 triple-mutant hindlimbs whereas dorsal muscles

appear as undivided muscle masses (supplementary material Fig.
S2B).

The muscle connective tissue of Hox11 double mutants maintains
expression of Tcf4 (supplementary material Fig. S3). The pattern of
Tcf4 expression in Hox11 mutants is indistinguishable from controls
at E13.5 as shown by whole-mount in situ hybridization (ISH)
(supplementary material Fig. S3A,B). Immunohistochemistry (IHC)
at E14.5 shows minor alterations in Tcf4 pattern by this stage;
however, the level of Tcf4 expression in the zeugopod control and
Hox11 double-mutant embryos is indistinguishable (supplementary
material Fig. S3C,D).

Loss of Hox11 genes leads to disrupted tendon structure
and pattern
Hoxa11/d11 mutant tendon progenitors arise normally and their
initial pattern, as detected by in situ hybridization for scleraxis (Scx),
is indistinguishable from controls at E13.5 (Fig. 5A,F). However, by
E14.5, severe defects in the tendon structure and pattern are apparent
in Hox11 mutants compared with controls (Fig. 5B-E,G-J). Staining
for Tnc, a component of the tendon extracellular matrix, shows that
the pattern of tendons in Hoxa11/d11 mutants at this stage
corresponds to the altered muscle pattern in these animals. In
instances in which muscles are absent, no associated tendon is
observed by E14.5 (Fig. 5G-I). In the dorsal zeugopod of
Hoxa11/d11 double mutants, the three tendons associated with the
extensors digitorum communis, digitorum lateralis and carpi ulnaris,
which are an undivided single muscle mass in mutant embryos, are
patterned correctly at their distal ends and make appropriate
insertions in the autopod (Fig. 5I). However, these tendons are
mispatterned at the myotendinous junction in the zeugopod region
(Fig. 5G-I, numbers 12-14). The only defects observed in tendonous
insertions in the stylopod or autopod are those from muscles that are
absent from the zeugopod of the Hox11 mutant. In addition to
disrupted patterning, the tendons formed in Hox11 mutants lack
proper organization and do not fasciculate as observed for controls
(Fig. 5E,J).

Remaining Hox11 mutant tendons are smaller than controls at
E18.5 and histological examination shows that it is difficult to
discern the tendon sheath in Hox11 mutant tendons (Fig. 6A-B′).
The tendon sheath is an elastic sleeve of connective tissue that
surrounds the tendon and functions to provide lubrication to
minimize friction between the tendon and surrounding tissues.
Tubulin polymerization-promoting protein family member 3
(Tppp3) has been identified as a molecular marker of the cells of
the tendon sheath (Staverosky et al., 2009). Hyaluronic acid (HA)
and lubricin (also known as proteoglycan 4) are main components
of the synovial fluid that surround the tendon and are important for
normal tendon function (Kohrs et al., 2011). Marker analysis with
Tppp3 shows that tendon sheath cells are present in the proper
location surrounding the tendons in Hox11 double mutants (Fig.
6C,D). However, HA and lubricin are dramatically reduced or
absent from zeugopod tendon synovium with loss of Hox11 genes
(Fig. 6E-H).

Tendons are composed of closely packed parallel collagen fiber
bundles that are essential for providing the tensile strength required
for transmitting loads (Wang et al., 2012). In the zeugopod tendons of
Hox11 double-mutant embryos at E18.5, Sirius Red staining for
collagen is reduced compared with controls, consistent with either a
reduction in collagen and/or an alteration in collagen organization
(Fig. 7A,B) (Puchtler et al., 1973; Sweat et al., 1964). To examine this
further, we performed transmission electron microscopy (TEM) on
transverse sections through zeugopod tendons of control and Hox11

Fig.3. Hoxa11eGFP is expressed in muscle connective tissue but not
endothelial cells or muscle cells. (A-I)Transverse sections through
forelimb zeugopod of Hoxa11eGFP heterozygous embryos at E14.5. 
(A-C)Antibody staining with the muscle marker My32 shows that
Hoxa11eGFP is not expressed in muscle cells. (D-F)Hoxa11eGFP is also
excluded from the endothelial compartment marked with an antibody for
PECAM. (G-I)Hoxa11eGFP displays significant co-expression with antibody
staining to the muscle connective tissue marker Tcf4. Some Hoxa11eGFP,
Tcf4 double-positive cells are marked by arrows. t, tendon.
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mutants. Although Hox11 mutant tendons are notably smaller, as
observed histologically, no gross differences are observed in the
amount of collagen (Fig. 7B,E; supplementary material Fig. S4).
However, the organization of the collagen fibers is markedly
disrupted. In control tendons, collagen fibers run uniformly
perpendicular to the plane of section resulting in round cross-sections
of even diameter (Fig. 7B). The collagen fibers in Hox11 mutant
tendons are disorganized and run in multiple directions, both
perpendicular and parallel to the plane of section (Fig. 7E, red
arrowheads mark misaligned fibers). Additionally, the synovial space
surrounding the tendon can be clearly observed in controls (Fig. 7C),
but this region is absent in Hox11 mutant tendons (Fig. 7F). In
mutants, the collagen and tendon fibroblasts that make up the body of

the tendon are observed directly adjacent to tendon sheath cells with
no extracellular matrix deposition between these layers.

Muscle and tendon patterning defects in Hox11 mutants are
independent of skeletal development
In addition to the previously appreciated role for Hox genes in
patterning the skeleton, we show here that muscle and tendon
formation are also severely disrupted in the forelimb zeugopod of
Hoxa11/d11 mutant embryos. Furthermore, we show that
Hoxa11eGFP expression can be observed in the tendon and muscle
connective tissue from the earliest stages in addition to the
perichondrium of the developing zeugopod skeleton. However, it is
not possible to distinguish whether the defects in muscle and tendon

Fig.4. Forelimb zeugopod muscles are
disrupted in Hoxa11/d11 double mutants
whereas stylopod muscles are
unaffected. (A-D)Transverse section
through the stylopod of E14.5 control (A) and
Hox11 double-mutant forelimbs (C) stained
for differentiated muscle (My32 antibody)
shows no difference in muscle pattern in this
region in the absence of Hox11 genes. The
zeugopod of the Hox11 mutant (D) displays
severe patterning defects compared with
control (B). (E-H)3D reconstruction of serial
sections stained with My32 antibody using
Amira software. Numbers denote specific
muscles listed in the table below. Many
dorsal muscle groups are merged (10/11,
12/13/14) or absent (15) and several ventral
muscle groups are absent (17, 19, 21). h,
humerus; r, radius; u, ulna.

Fig.5. Tendon patterning is disrupted in the forelimb zeugopod of Hox11 double mutants. (A,F)Whole-mount in situ hybridization for the tendon marker
scleraxis in control (A) and Hoxa11/d11 double mutant (F) forelimbs at E13.5 shows that tendon progenitors are normally specified in Hox11 mutants. (B-D,G-I)
Transverse sections through the zeugopod of control (B-D) and Hoxa11/d11 (G-I) forelimbs at E14.5 from proximal (left) to distal (right) stained with an antibody for
Tnc to detect tendons. The pattern of tendons in Hox11 mutants at this stage correlates with the altered muscle pattern in these animals. Numbers correspond to
those shown in Fig. 4. (E,J)High magnification of Tnc-stained tendon in control (E) and Hox11 double mutant (J) shows disorganization of remaining tendons. D
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are primary or secondary to the defects in skeletal patterning. In
Hoxa11/d11 mutant embryos, the disruption of muscle, tendon and
skeletal patterning becomes apparent at approximately the same
developmental stages. To separate potential effects of the skeletal
malformations from the function of Hox11 genes in soft tissue
patterning, we analyzed the muscle and tendon pattern in Hox11
compound mutants in which three of four Hox11 alleles are mutant.
Because of the high degree of functional redundancy among members
of a paralogous group in skeletal patterning, when a single allele of
Hoxa11 or Hoxd11 remains functional, the skeletal elements of the
zeugopod develop relatively normally through newborn stages (Fig.
8A) (Boulet and Capecchi, 2004; Davis et al., 1995). Despite the
relatively normal skeletal phenotype in Hox11 compound mutants,
significant disruption in muscle and tendon patterning is observed.
Section analyses at E14.5 shows abnormal splitting of dorsal muscle
groups in compound mutants. In Hoxa11+/−;Hoxd11−/− or
Hoxa11−/−;Hoxd11+/− animals, the extensor digitorum comunis and
lateralis fail to separate, but, unlike double mutants, the extensor carpi
ulnaris is patterned normally (Fig. 8B-D, red arrowheads). Some
compound mutant embryos also lack a separation between the
extensor carpi radialis brevis and longus muscles (Fig. 8C, blue

arrowhead). Sections at E14.5 reveal more severe disruptions in the
patterning of the ventral zeugopod muscle groups in Hox11 compound
mutants as well, with all mutant ventral muscle groups appearing less
organized (Fig. 8B-D). Tendon patterning is also disrupted in Hox11
compound mutants. Immunohistochemistry for Tnc at E14.5 shows
that Hox11 compound mutant tendons are smaller than controls, and
multiple tendons are missing from the ventral region by E14.5 (Fig.
8E-G). These results show the high degree of functional redundancy
among members of the Hox11 paralogous group. Removal of the final
Hoxa11 or Hoxd11 allele results in much more severe disruption in
muscle patterning with many additional muscle groups not formed
(Fig. 4). By contrast, Hox11 single mutant animals have very minor
muscle defects (supplementary material Fig. S5). This analysis of
Hox11 compound mutants demonstrates that the defects in tendon and
muscle patterning are redundant, albeit with increased sensitivity to
dosage compared with the skeleton, but independent of the skeletal
malformation phenotype.

DISCUSSION
Much of our current understanding of the role of Hox genes in
patterning has arisen from analyses of Hox loss-of-function skeletal

Fig.6. In the absence of Hox11 genes, tendon structure is abnormal and tendon sheath extracellular matrix is not present. (A-H)Transverse sections
through the zeugopod of control (A,A′,C,E,G) and Hoxa11/d11 mutant (B,B′,D,F,H) forelimbs at E18.5. Hematoxylin and Eosin (H&E) staining (A-B′) shows
abnormal tendon histology in Hox11 mutants. A′ and B′ show higher magnifications of the boxed regions in A and B, respectively. In situ hybridization for the
tendon sheath marker Tppp3 (C,D) demonstrates presence of tendon sheath cells. Staining for components of the tendon extracellular matrix hyaluronic acid
(HA) (red; E,F) and lubricin (green; G,H) is dramatically reduced surrounding the tendon of Hox11 mutants. In F and H, the tendon analogous to the one shown
in E and G is outlined.

Fig.7. Tendons of Hox11 mutants have
disorganized collagen fibers. (A,D)Sirius Red
staining for collagen is reduced in Hox11 double-
mutant (D) zeugopod tendons at E18.5 compared with
control (A). Black arrowheads indicate three dorsal
tendons. Insets show higher magnifications of boxed
regions. (B,C,E,F) Transmission electron microscopy
(TEM) images of collagen fibers in control (B) and
Hox11 mutant (E) forelimb zeugopod tendon show
disorganization of collagen in Hox11 mutant. Red
arrowheads point to collagen fibers running parallel to
the plane of section, opposite to the normal
orientation. Synovial fluid-filled space surrounding the
tendon in control sections (C) is not observed around
tendons in Hox11 mutants (F). Yellow arrowheads
indicate boundary of tendon fibroblasts. Blue
arrowheads indicate boundary of tendon sheath cells.
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phenotypes. Our results show that Hoxa11eGFP is expressed broadly
throughout the limb bud at early stages and becomes restricted to the
outer perichondrium, tendons, and muscle connective tissue
fibroblasts of the zeugopod region as the skeletal anlage condense.
Cells of the perichondrium secrete a variety of factors that profoundly
influence chondrogenic differentiation (Karsenty, 2008; Kronenberg,
2007). These data suggest that Hox genes may exert their influence
on skeletal development by regulating the expression of paracrine
factors within the perichondrium and thereby directing the growth of
the underlying cartilage.

With the loss of Hoxa11 and Hoxd11 function, tendon precursor
cells appear to be specified normally much like zeugopod cartilage
templates are specified appropriately; however, tendon patterning in
the zeugopod region is severely disrupted. Tendons are specialized
connective tissue cells that function to link muscle to bone and
modulate forces during movement. Tendon primordia arise from
within the limb mesenchyme in dorsal and ventral areas of the limb
and subsequently align between the muscle masses and skeletal
elements (Schweitzer et al., 2001). Later, tendon morphogenesis
requires the presence of muscles, as tendon progenitors are

progressively lost in the absence of muscle invasion (Bonnin et al.,
2005; Edom-Vovard et al., 2002; Kardon, 1998; Kieny and
Chevallier, 1979). Tendon ablation experiments suggest that tendons
contribute to muscle patterning by restricting muscle domains during
development (Kardon, 1998). In Hox11 mutants, tendon progenitors
are observed, but they do not differentiate normally; they display
poor fasciculation and some tendons in the zeugopod region fail to
form. The high expression levels of Hoxa11eGFP in all cells of the
tendons suggest a direct role for Hox genes in tendon
morphogenesis.

Our results also demonstrate a severe disruption in zeugopod
muscle patterning with loss of Hox11 genes whereas other limb
regions are unaffected. In contrast to the other components of the
limb musculoskeletal system, such as the bone, tendons and muscle
connective tissue that arise from cells within the lateral plate
mesoderm, muscle cells migrate from the axial somites into the limb
bud where they proliferate, aggregate and differentiate to form
dorsal and ventral muscle masses. These masses subsequently
segregate into individual, anatomically distinct muscle masses to
achieve the final muscle pattern (Chevallier et al., 1977; Christ et
al., 1977b; Ordahl and Le Douarin, 1992; Wachtler et al., 1981).
Embryological manipulation experiments have shown that muscle
cells do not possess intrinsic regulatory information for establishing
pattern; rather, this information is transmitted through cells in the
lateral plate mesoderm. In experiments in which somites from axial
levels outside the normal limb region were transplanted to replace
limb level somites, the muscle cells migrated into the limb and were
able to give rise to normal limb muscle (Chevallier et al., 1977;
Christ et al., 1977b). In addition, classic chick-quail graft
experiments and single-cell lineage analysis of muscle precursor
cells revealed that individual myogenic cells are not predetermined
to form any particular anatomical muscle (Chevallier et al., 1977;
Christ et al., 1977b; Christ et al., 1977a; Kardon et al., 2002). These
studies indicate that cells within the limb mesenchyme provide the
cues required for muscle pattern. Experiments with muscle-less
limbs have shown that muscle connective tissue organizes into
distinct morphological groups in the absence of muscle invasion,
suggesting that muscle connective tissue regulates the patterning of
migrating myoblasts (Chevallier and Kieny, 1982; Grim and
Wachtler, 1991). The factors responsible for patterning the muscle
are not well understood. The data we report here supports a role for
Hox genes in regional muscle patterning through their expression in
the connective tissue. The muscle masses that are absent in Hox11
double-mutant limbs have tendon origin sites, at least in part, at the
zeugopod skeletal elements. This is consistent with a role for Hox11
genes in the connective tissue to establish the appropriate muscle-
skeletal connections within the zeugopod region, eventually
resulting in the production of distinct muscle groups.

The zeugopod skeleton of Hox11 double mutants is dramatically
shortened, raising the question of whether muscle and tendon defects
observed in these animals might, in fact, be secondary to
perturbations in skeletal morphology. To address this, we analyzed
Hox11 compound-mutant limbs in which a single Hox11 allele
remains functional, allowing the skeleton to develop relatively
normally through embryonic stages. Muscle and tendon patterning
is disrupted in these animals, demonstrating that these defects are
not an indirect result of skeletal perturbation but represent an
independent patterning role for Hox genes in the soft-tissue
components of the musculoskeletal system. The significant
disruption in muscle and tendon patterning observed in Hox11
compound mutants demonstrates that muscles and tendons are more
sensitive to loss of Hox11 genes than are skeletal elements during

Fig.8. Hox11 compound mutants display normal skeletal patterning, but
muscle and tendon patterning is disrupted. (A)Alcian Blue- and Alizarin
Red-stained skeletal preparation of an E18.5 Hox11 compound mutant
(Hoxa11+/−; Hoxd11−/−) shows that the zeugopod skeletal elements are
patterned normally when only one of the four Hox11 alleles is wild type. 
(B-D)Immunohistochemistry for differentiated muscle (My32 antibody) in
transverse sections through the zeugopod of control (B) and Hox11
compound mutants (C,D). No separation is observed between the extensor
digitorum communis and lateralis in compound mutants (red arrowheads) or
between the extensor carpi radialis brevis and longus in Hoxa11−/−;d11–/+

(blue arrowheads). Ventral muscle groups are severely disorganized in
compound mutants (C,D). (E-G)Transverse sections through the distal
zeugopod of control (E) and Hox11 compound mutant (F,G) forelimbs at
E14.5 stained with an antibody for Tnc to detect tendons shows disrupted
tendon formation in Hox11 compound mutants compared with control.
Numbers correspond to those shown in Fig. 4. Muscles and tendons were
not numbered in compound mutants because precise identifications could
not be made; asterisks indicate structures that could not be assigned. r,
radius; u, ulna.
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development. The causes for these differences in dosage sensitivity
will be interesting to explore in future work.

Although Hox expression in early limb buds prior to the
differentiation of mesoderm into specific tissue cell types is broad,
this expression quickly becomes localized to the limb region where
its patterning function is observed. Expression is largely confined at
these stages to the connective tissues. This expression persists
throughout development in the connective tissue cells. Previous
studies of Hox expression and function within the limb have
primarily focused on the early, broad expression of Hox genes in the
limb mesenchyme and relied on whole-mount analyses of limb buds
rather than more detailed examination of tissue-specific expression
patterns. Our results suggest a possible continued role for Hox genes
throughout limb development.

During development, muscle, tendon and bone must be tightly
coordinated to produce a functional system. However, the formation
of each of these tissues is often studied separately. Thus, significant
knowledge on the mechanisms of differentiation of each of these
individual tissues has been attained; however, much less is known
regarding how these tissues are integrated. Our results demonstrate
that Hox genes are crucial not only for patterning the skeleton but
also for patterning muscle and tendon to produce a regionally
integrated, functional musculoskeletal system. This study illustrates
the essential role of Hox genes in patterning the vertebrate body plan
and shifts the paradigm of Hox function in musculoskeletal
development from one in which these genes are crucial factors for
skeletal morphogenesis to one that recognizes their role in the
patterning and integration of all musculoskeletal tissues.

MATERIALS AND METHODS
Animals
Male and female mice heterozygous for both the Hoxa11 and Hoxd11 null
alleles were mated to generate compound mutant and double mutant embryos
as previously described (Boulet and Capecchi, 2004). Embryos heterozygous
for the Hoxa11eGFP allele were generated by traditional breeding strategies
as previously described (Nelson et al., 2008). All animal experiments
described in this article were reviewed and approved by the University of
Michigan’s Committee on Use and Care of Animals, Protocol #08787.

In situ hybridization and immunohistochemistry
Whole-mount ISH was performed as previously described (Huppert et al.,
2005; Wellik et al., 2002). For section ISH, embryos were collected in PBS
and fixed overnight in 4% paraformaldehyde in PBS at 4°C. Embryos were
then rinsed in PBS and immersed in 30% sucrose at 4°C overnight prior to
embedding into OCT media. Section ISH was performed as previously
described (Di Giacomo et al., 2006; Mendelsohn et al., 1999). Prior to ISH
on sections of Hoxa11eGFP tissue, slides were rinsed in PBS and
fluorescent images were taken on an Olympus BX-51 upright light
microscope with an Olympus DP70 camera. Runx2, Scx, Tcf4 and Tppp3 in
situ probes were previously described (Cho and Dressler, 1998; Murchison
et al., 2007; Staverosky et al., 2009).

For IHC on sections, embryos were processed and sectioned as described
above for section ISH. For whole-mount IHC, embryos were collected in
PBS and the skin was removed from the limbs by careful dissection prior to
fixation overnight in 4% paraformaldehyde in PBS at 4°C prior to transfer
through a graded series of methanol. Immunohistochemical staining was
performed using antibodies for Sox9 (1:500, Millipore, AB5535), tenascin
C (1:400, Sigma, T3413), GFP (1:500, Invitrogen, A-11122), myosin [mouse
monoclonals MF20 (1:50, Developmental Studies Hybridoma Bank) and
My32 (alkaline phosphatase conjugated, 1:800, Sigma, A4335;
unconjugated, 1:200, Sigma, M4276)], lubricin (1:200, Thermo Scientific,
PA3-118) and PECAM (1:10, Developmental Studies Hybridoma Bank,
2H8-S). Antibody staining for Tcf4 (1:100, Cell Signaling, 2569 C48H11)
was performed on flash-frozen tissue without detergent. To visualize
hyaluronic acid, a biotinylated hyaluronic acid binding protein (HABP,

Calbiochem) was used as previously described (Calve et al., 2010). β-
Galactosidase staining was performed as described (Mortlock et al., 2003).

TEM
For TEM, embryos were collected at E18.5, the skin was removed and the
zeugopod region of the forelimb was dissected.  Dissected zeugopods were
fixed overnight in Karnovsky’s fixative and decalcified for 1 week with 7%
EDTA. Tissue was then rinsed in with Sorensen’s buffer and dehydrated in
ascending concentrations of ethanol, treated with propylene oxide, and
embedded in Epon epoxy resin.  Semi-thin sections were stained with
Toluidine Blue for tissue identification.  Selected regions of interest were
ultra-thin sectioned 70 nm in thickness and post stained with uranyl acetate
and lead citrate.  They were examined using a Philips CM100 electron
microscope at 60 kV.  Images were recorded digitally using a Hamamatsu
ORCA-HR digital camera system operated using AMT software (Advanced
Microscopy Techniques Corp.).

Three-dimensional reconstruction of serial sections
Embryos were collected at E14.5 and processed for IHC as described above.
Serial sections (20 μm) were stained for myosin using the mouse
monoclonal antibody My32. Serial section images were loaded into the
program Amira 4.1 (Visage Imaging) and automatically aligned using the
least-squares function of the Amira AlignSlices tool. Automatically aligned
stacks were manually corrected if necessary. My32-stained muscle masses
were selected using the LabelField tool and a 3D surface was generated
from the selected fields.
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