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Regulation of anterior/posterior patterning of the axial
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The bones that comprise the axial skeleton have distinct mor-
phological features characteristic of their positions along the
anterior/posterior axis. We previously described a novel TGF-β
family member, myostatin (encoded by the gene Mstn, formerly
Gdf8), that has an essential role in regulating skeletal muscle
mass1. We also identified a gene related to Mstn by low-strin-
gency screening1. While the work described here was being
completed, the cloning of this gene, designated Gdf11 (also
called Bmp11), was also reported by other groups2,3. Here we
show that Gdf11, a new transforming growth factor β (TGFβ)
superfamily member, has an important role in establishing this
skeletal pattern. During early mouse embryogenesis, Gdf11 is
expressed in the primitive streak and tail bud regions, which are
sites where new mesodermal cells are generated. Homozygous
mutant mice carrying a targeted deletion of Gdf11 exhibit ante-
riorly directed homeotic transformations throughout the axial
skeleton and posterior displacement of the hindlimbs. The effect
of the mutation is dose dependent, as Gdf11+/− mice have a
milder phenotype than Gdf11−/− mice. Mutant embryos show
alterations in patterns of Hox gene expression, suggesting that
Gdf11 acts upstream of the Hox genes. Our findings suggest
that Gdf11 is a secreted signal that acts globally to specify posi-
tional identity along the anterior/posterior axis.
By whole-mount in situ hybridization of early mouse embryos, we
detected very faint expression of Gdf11 at 7.5 days post-coitum
(dpc; late presomite stage) in the posterior half of the embryo (data
not shown). We observed expression of Gdf11 at 8.0−8.25 dpc in
the primitive streak region, where ingressing cells of the epiblast
form the mesoderm of the developing embryo (Fig. 1a). By
analysing horizontal sections prepared from these embryos, we
localized Gdf11 mRNA to the neural epithelium in more anterior
regions and to the neural epithelium and mesoderm in more pos-
terior regions (Fig. 1d−f). Gdf11 continued to be expressed in the
primitive streak region at 9.0 dpc (Fig. 1b), but by 9.5 dpc (approx-
imately the time when the tail bud replaces the primitive streak as
the source of new mesodermal cells4) Gdf11 was expressed pre-
dominantly in the tail bud (Fig. 1c). Hence at these early stages,
Gdf11 is transcribed in the region of the developing embryo where
new mesodermal cells arise, consistent with previous reports2,3.

To determine the biological function of Gdf11, we used
homologous targeting to generate Gdf11-null mice (Fig. 2a,b).
Among 807 adult mice derived from crosses of Gdf11+/− mice, we
found no Gdf11−/− offspring. Genotype analysis of 219 newborn
mice, however, revealed 51 (23%) Gdf11–/– mice, which are rec-
ognizable by their shortened or absent tails (Fig. 2c). All Gdf11–/–

mice died within 24 hours after birth. The precise cause of death
is unknown, but nearly all mutants had a range of palate and
renal anomalies (data not shown).

Mutant animals had skeletal abnormalities that appeared to
represent homeotic transformations of vertebral segments in

which particular vertebrae had a morphology typical of more
anterior segments (Table 1). Anterior transformations of the ver-
tebrae were most apparent in the thoracic region, where there was
an increase in the number of thoracic (T) segments (Fig. 3a). All
wild-type mice examined had 13 thoracic vertebrae, each with its
associated pair of ribs. In contrast, all Gdf11–/– mice examined had
4 or 5 extra pairs of ribs, for a total of 17 or 18 thoracic vertebrae.
Hence, segments normally corresponding to lumbar (L) vertebrae
L1 to L4 or L5 were transformed into thoracic segments in
Gdf11–/– animals. We also observed transformations within the
thoracic region in which one thoracic vertebra had a morphology
characteristic of another thoracic vertebra. For example, in
Gdf11+/+ mice, the first seven pairs of ribs are attached to the ster-
num, and the remaining six are unattached or free. In Gdf11–/–

mice, the number of attached pairs of ribs was increased to 10 or
11 (Fig. 3b), suggesting that segments T8 to T10 or T11 were
transformed into more anterior thoracic segments. Consistent
with this finding, the transitional spinous process and the transi-
tional articular processes, which are normally found on T10, were
instead found on T13 in Gdf11–/– mutants (Fig. 3c,d). Similarly,
the long spinous process normally present on T2 was shifted to T3
(Fig. 3f), and in several Gdf11–/– mutants the ribs derived from T2
appeared to have a morphology typical of T1, in that they
extended to touch the top of the sternum.

Fig. 1 Expression of Gdf11 in mouse embryos. Whole-mount in situ hybridiza-
tion analysis was carried out in 8.25 (a), 9.0 (b) and 9.5 (c) dpc mouse embryos.
Note the expression in the primitive streak region (a,b) and tail bud (c). No
hybridization was seen using sense probes (data not shown). At 9.5 dpc, we
also saw faint expression in limb buds, forebrain and midbrain. d−f, Sections
through the caudal region of an 8-dpc embryo after whole-mount hybridiza-
tion to Gdf11. The most posterior (d) and progressively more anterior (neural
plate; e,f) regions are shown. Note that expression of Gdf11 is mainly dorsal, in
the neural epithelium and mesoderm, and decreases anteriorly.
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The anterior transformations were not restricted to the thoracic
region. Although all mutant mice had the normal number of seven
cervical (C) vertebrae, we observed transformations in this region
in some mutants. The most anterior transformation found was at

the level of C6. In wild-type mice, C6 was identifiable by the pres-
ence of two anterior tuberculi on the ventral side. In some Gdf11–/–

mice, one or two anterior tuberculi were present on C7, usually in
addition to one or two on C6 (Fig. 3f). Hence, in these mice, C7 and

Fig. 2 Construction of Gdf11–/– mice by homologous targeting. a, Map of the Gdf11 locus (top) and targeting construct (bottom). Filled and stippled boxes repre-
sent coding sequences for the pro- and carboxy-terminal regions, respectively. By analogy with other family members, the C-terminal region is likely to contain
the biologically active portion of the protein16. The targeting construct deletes virtually the entire C-terminal region and contains 11 kb of homology with Gdf11.
A probe derived from the region upstream of the 5´ homology fragment and downstream of the second EcoRI site shown hybridizes to a 6.5-kb EcoRI fragment
in Gdf11 and a 4.8-kb fragment in a homologously targeted gene. X, XbaI; E, EcoRI. b, Genomic Southern analysis of DNA prepared from F1 Gdf11+/– mice (lanes
1,2) and offspring derived from a mating of these mice (lanes 3−12). c, Newborn pups with truncated (left three) and normal tails (right three).
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Fig. 3 Homeotic transformations in Gdf11–/– mice. a,b, Vertebral columns and vertebrosternal ribs, respectively. Note the increase in the number of both total
and attached ribs in Gdf11+/– and Gdf11–/– mice. c,d, Transitional spinous processes and transitional articular processes, respectively, of the thoracic vertebrae.
Note the shift of the transitional vertebrae (asterisks) from T10 in wild-type to T11 and T13 in Gdf11+/– and Gdf11–/– mice, respectively. e, Ventral view of the lum-
bar, sacral and caudal regions (vertebrae 26−34 are numbered). In the Gdf11+/– mouse, note the shift of these vertebrae posteriorly by one segment due to the
presence of an additional thoracic segment. In the Gdf11–/– mouse, note the posterior shift of the L1 vertebra by five segments and the increase in the number of
lumbar segments. f, Cervical and anterior thoracic regions (wild-type (left) and Gdf11–/– (right) mice are shown). Note the shift of the longest spinous process
(arrowhead) from T2 to T3 and the shift of an anterior tuberculus (arrow) from C6 to C7 in the mutant.
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C6 appeared to have been at least partially transformed to have a
morphology resembling that of C6 and C5, respectively. Transfor-
mations of the axial skeleton also extended into the lumbar region.
Whereas Gdf11+/+ animals normally have only 6 lumbar vertebrae,
Gdf11–/– mice had 7–9 (Fig. 3e), at least 6 of which must have
derived from segments that would normally correspond to sacral
and caudal vertebrae. Hence, Gdf11–/– mice had 6−8 additional pre-
sacral vertebrae, which was also evident from the posterior dis-
placement of the hindlimbs relative to the forelimbs (Fig. 4a). In the
sacral and caudal regions, the exact nature of the abnormalities was
not as readily identifiable, as the vertebrae were severely malformed
with extensive fusions of cartilage. The total number of vertebrae in
this region, however, was reduced from the normal number (∼ 34).

Gdf11+/− mice also showed abnormalities in the axial skeleton,
although the phenotype was milder than in Gdf11−/− mice.
Gdf11+/– mice showed the presence of an additional thoracic seg-
ment with an associated pair of ribs (Fig. 3a), which was almost
always attached to the sternum (Fig. 3b). Hence, T8 appeared to
have been transformed to a more anterior thoracic segment, and
L1 appeared to have been transformed to a posterior thoracic
segment. To varying degrees, we observed other abnormalities
indicative of anterior transformations in Gdf11+/– mice. These
included a shift of the long spinous process characteristic of T2
by one segment to T3, a shift of the transitional articular and
spinous processes from T10 to T11, an asymmetric shift of an
anterior tuberculus on C6 to C7, and transformation of T2 to T1,

Table 1 • Skeletal analysis of wild-type, Gdf11+/− and Gdf11−/− micea

Hybrid 129/SvJ

Gdf11+/+ Gdf11+/– Gdf11–/– Gdf11+/+ Gdf11+/– Gdf11–/–

Presacral vertebraeb

25 11 − − 4 − −
26 30 4 − 12 1 −
27 − 87 − − 23 −
32 − − 3 − − 2
33 − − 27 − − 7
34 − − 8 − − −
?c − − – 1 − 1

Vertebral patternbd

C7 T13 L5 11 − − 4 − −
C7 T13 L6 30 1 − 12 − −
C7 T13 L?c − − − 1 − −
C7 T14 L5 − 3 − − − −
C7 T14 L6 − 87 − − 24 −
C7 T17 L8 − − 2 − − 1
C7 T17 L9 − − 1 − − 3
C7 T18 L7 − − 1 − − 1
C7 T18 L8 − − 26 − − 4
C7 T18 L9 − − 8 − − −
C7 T18 L?c − − − − − 1

Anterior tuberculi on
No. vertebrae − − − 1 − −
C6 only 41 91 35 16 23 5
C6 and C7 − − 3 − 1 4
C7 only − − − − − 1

Attached/unattached ribs
7/6 41 1 − 17 − −
7/7 + 8/6 asymmetric − 1 − − 1 −
8/6 − 89 − − 23 −
10/7 − − 2 − − 4
9/9 − − − − − 1
10/8 − − 25 − − 4
10/8 + 11/7 asymmetric − − 5 – – –
11/6 – – 1 – – –
11/7 – – 5 – – 1

Most posterior rib touching top of sternum
T1 41 91 35 17 23 7
T1 + T2 asymmetric – – 1 – 1 2
T2 – – 2 – – 1

Longest spinous process on
T2 41 70 4 15 11 –
T2 + T3 equal – 9 4 1 – –
T3 – 8 26 – 9 7
T3 + T4 equal – – – – – 2

Transitional spinous process on
T10 40 4 – 15 1 –
T11 1 87 – 2 23 –
T12 – – 1 – – 1
T13 – – 37 – – 9

Transitional articular process on
T10 41 2 – 13 – –
T10 + T11 asymmetric – – – 2 – –
T11 – 88 – 2 24 –
T11 + T12 asymmetric – 1 – – – –
T12 – – – – – –

T13 – – 38 – – 10

aNumbers of mice in each category are shown. bVertebrae that had lumbar characteristics on one side and sacral characteristics on the other were scored as sacral.  cThe num-
ber of lumbar vertebrae was not determined due to extensive fusion of lumbar segments. dVertebrae with rudimentary ribs were scored as thoracic.
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in which the rib associated with T2 touched the top of the ster-
num (Fig. 3c,d and Table 1).

To understand the basis for these abnormalities in axial pattern-
ing, we examined mutant embryos isolated at various stages of
development. By 10.5−11.5 dpc, we could distinguish
Gdf11–/– and most Gdf11+/– embryos from wild type by
the posterior displacement of the developing hindlimb
(by 4 somites and 1 somite, respectively; Fig. 4b). To
determine whether the mutant phenotype was caused
by an effect on the rate of somite formation, we
counted the total number of somites in Gdf11+/+ and
Gdf11–/– embryos isolated between 9.5 and 10.5 dpc.
The number of somites at any given developmental
stage was approximately the same between Gdf11+/+

and Gdf11–/– embryos (Fig. 4c). These data suggest that
the abnormalities represent true transformations of
segment identities rather than the insertion of addi-
tional segments by an enhanced rate of somitogenesis.

There is considerable evidence that positional iden-
tity along the anterior/posterior axis is specified by the
spatially restricted expression patterns of Hox genes (for
review, see refs 5−7). To determine whether changes in
patterns of Hox gene expression could account for the
transformations seen in Gdf11−/− animals, we examined
the expression patterns of four representative Hox genes.
For both Hoxc6 and Hoxc8, the paraxial mesodermal
expression domains expanded posteriorly in Gdf11–/–

embryos. By in situ hybridization analysis at 12.5 dpc
using either embryo sections (Fig. 5c,d,g,h) or whole
mounts (data not shown), we determined that the pos-
terior boundaries of expression for both genes were dis-

placed caudally by approximately 2 or 3 prevertebrae in Gdf11–/–

embryos. At all stages examined between 9.5 and 12.5 dpc, however,
the anterior boundaries of Hoxc6 and Hoxc8 expression domains
were similar in Gdf11+/+ and Gdf11–/– embryos (Fig. 5a–h). For

Fig. 4 Hindlimb position and somite numbers. a, Whole skeleton preparations.
Note the posterior displacement of the hindlimb relative to the forelimb in the
mutant (arrowheads). b, Myostatin-hybridized 11.5-dpc embryos showing an
increase in the number of somites between limb buds (Gdf11+/+, 12 somites, 5/5
embryos; Gdf11+/–, 12 somites, 2/13, 13 somites, 11/13; Gdf11–/–, 16 somites,
4/4). Arrows mark anterior (somite 13) and posterior (the somite immediately
anterior to the hindlimb bud) boundaries of somites counted. c, Somite num-
ber of Gdf11–/– embryos compared with wild type within a litter. The average
numbers of somites in embryos of each genotype within a litter were plotted
relative to each other. Each square represents data obtained from a single lit-
ter. The solid line represents a 1:1 correspondence.
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Fig. 5 Expression of Hox genes in Gdf11+/+ (a,c,e,g,i,k,m) and
Gdf11–/– (b,d,f,h,j,l,n) embryos. Embryos analysed by the whole-
mount procedure are shown, except in (c,d,g,h), in which
hybridization was carried out on embryo sections. Note the poste-
rior expansion of the expression domains of Hoxc6 (c,d) and Hoxc8
(g,h) and the posterior displacement of the expression domains of
Hoxc10 (i,j) and Hoxc11 (k−n) in Gdf11–/– embryos. Embryos were
isolated at 9.5 (a,b,e,f), 10.5 (i,j), 11.5 (k,l), 12.5 (c,d,g,h) and 13.5
(m,n) dpc. Arrows point to the anterior boundaries of Hox gene
expression in somites and prevertebrae, except in (c,d,g,h), in
which both anterior and posterior boundaries are marked.
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Hoxc10 and Hoxc11, the Gdf11 mutation caused the entire expres-
sion domains to be shifted posteriorly. The anterior boundary of
the Hoxc10 expression domain appeared similar in Gdf11+/+ and
Gdf11–/– embryos relative to the hindlimbs (Fig. 5i,j), which were
displaced posteriorly in Gdf11–/– embryos (Fig. 4b). The analysis of
Hoxc11 was complicated by the fact that prevertebral expression
was delayed in mutants (note the faint signal in mutant (Fig. 5l) rel-
ative to wild-type (Fig. 5k) embryos at 11.5 dpc), consistent with
the observation that the hindlimbs developed later in Gdf11–/– than
Gdf11+/+ embryos (data not shown). Based on an examination of
embryos between 11.5 and 13.5 dpc, however, the prevertebral
expression of Hoxc11 appeared to be shifted posteriorly relative to
not only the forelimbs but also the hindlimbs (Fig. 5m,n). These
alterations in Hox gene expression provide further evidence that the
skeletal abnormalities seen in Gdf11–/– animals represent homeotic
transformations and that Gdf11 acts upstream of the Hox genes to
regulate axial patterning.

The expression pattern of Gdf11 and the phenotype of Gdf11–/–

mice suggest that Gdf11 acts either directly or indirectly on meso-
dermal precursor cells to specify positional identity along the ante-
rior/posterior axis. The intermediate phenotype observed in
Gdf11+/– mice also suggests that the ability of Gdf11 to influence
axial patterning is concentration dependent. This is consistent with
a variety of different models for Gdf11 action, including a mor-
phogen model. Whatever the mechanism of action of Gdf11, it is
tempting to speculate that either changing local concentrations of
Gdf11 or differences in the competence of target cells to respond to
Gdf11 may be partly responsible for progressively more posterior
identities being conferred on cells generated at progressively later
stages of development. An elucidation of the mechanism of action
of Gdf11 will require the identification of Gdf11 receptors and an
analysis of their distribution. In this regard, additional thoracic ver-
tebrae and a range of kidney defects have been observed to a milder
degree in mice lacking the activin type IIB receptor8 (ActRIIB). The
similarities in these phenotypes raise the possibility that ActRIIB
may be a receptor for Gdf11, although differences in the pheno-
types suggest that ActRIIB cannot be the sole receptor for Gdf11
and that Gdf11 cannot be the sole ligand for ActRIIB in vivo.

To our knowledge, Gdf11 is the first secreted protein factor that
has been shown to function globally to regulate anterior/posterior
axial patterning. In fact, the homeotic transformations observed in
Gdf11 mutant mice are more extensive than those seen thus far
either by genetic manipulation of presumed patterning genes (for
review, see refs 5−7) or by administration of retinoic acid (for
review, see ref. 9). It will be important to investigate whether Gdf11
and retinoic acid interact to regulate Hox gene expression and

anterior/posterior patterning and whether Gdf11 regulates the pat-
terning of tissues other than those described here.

Methods
Cloning of Gdf11 and construction of Gdf11–/– mice. Mouse 129/SvJ and
human genomic libraries were made in λ FIX II, and a human spleen
cDNA library was made in λ ZAP II (Stratagene) according to instructions
from the manufacturer. We obtained Gdf11 sequences by low-stringency
screening of these libraries using a Mstn probe. We carried out library
screening, RNA isolation and poly(A) selection as described10. We deduced
the structure of Gdf11 from restriction mapping and partial sequencing of
genomic phage clones. Vectors for preparing the targeting construct were
kindly provided by P. Soriano and K. Thomas. R1 ES cells from strain
129/SvJ (kindly provided by A. Nagy, R. Nagy and W. Abramow-Newerly)
were transfected with the targeting construct, selected with gancyclovir (2
µM) and G418 (250 µg/ml), and analysed by Southern-blot analysis as
described1. We injected homologously targeted clones into C57BL/6J blas-
tocysts and transferred them into pseudopregnant females.

Skeleton preparations. Newborn mice and 18.5-dpc fetuses were skinned
and eviscerated, fixed in 80% ethanol, dehydrated in 95% ethanol for 1 d
and acetone for 3 d. We then stained skeletons in 10% acetic acid in ethanol
containing 0.003% Alizarin red and 0.0045% Alcian blue for ∼ 36 h. After
staining, skeletons were cleared in 1% potassium hydroxide and trans-
ferred to 20%, 50%, 80% and 100% glycerol over several days.

Analysis of embryos. For somite counting, embryos were fixed in 4%
paraformaldehyde, dehydrated to methanol and cleared in 1:1 benzyl alco-
hol:benzyl benzoate. We carried out whole-mount in situ hybridization
analysis using digoxigenin-labelled probes as described11, except blocking
and antibody incubation steps were as in Knecht et al.12. For analysis of
Gdf11 expression patterns, we used probes corresponding to the pro-
region and 3´ UTR to avoid cross-hybridization to Mstn. After hybridiza-
tion some embryos were frozen in OCT, and cryostat sections (40 µm)
were taken. We carried out in situ hybridization using digoxigenin-labelled
Hoxc6 and Hoxc8 riboprobes on frozen sections (20 µm) of 12.5 dpc
embryos as described13. Antibody incubation was carried out at 4 oC
overnight as described14. Hoxc6, Hoxc8 and Hoxc11 probes were kindly
provided by M. Capecchi and A. Boulet. We cloned the Hoxc10 3´ UTR by
PCR using primers based on the published sequence15.
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