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Elongation of the digit rays resulting in the formation of a defined
number of phalanges is a process poorly understood in mammals,
whereas in the chicken distal mesenchymal bone morphogenetic
protein (BMP) signaling in the so-called phalanx-forming region
(PFR) or digit crescent (DC) seems to be involved. The human bra-
chydactylies (BDs) are inheritable conditions characterized by vari-
able degrees of digit shortening, thus providing an ideal model to
analyze the development and elongation of phalanges. We used
a mouse model for BDB1 (Ror2W749X/W749X) lacking middle phalan-
ges and show that a signaling center corresponding to the chick PFR
exists in themouse,which isdiminished inBDB1mice. This resulted in
a strongly impaired elongation of the digit condensations due to
reduced chondrogenic commitment of undifferentiated distal mes-
enchymal cells. We further show that a similar BMP-based mecha-
nism accounts for digit shortening in a mouse model for the closely
related condition BDA1 (IhhE95K/E95K), altogether indicating the func-
tional significanceof thePFR inmammals.Genetic interactionexperi-
ments as well as pathway analysis in BDB1 mice suggest that Indian
hedgehog andWNT/β-catenin signaling,whichwe show is inhibited
by receptor tyrosine kinase-like orphan receptor 2 (ROR2) in distal
limb mesenchyme, are acting upstream of BMP signaling in the PFR.
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The appendicular skeleton arises as a continuous cartilaginous
condensation in the center of the limb bud that develops in

a proximal to distal sequence. Distal outgrowth is under the con-
trol of fibroblast growth factor (FGF) signaling from the apical
ectodermal ridge (AER), which accounts for proliferation in the
subridge mesenchyme and prevents premature differentiation
of mesenchymal cells, thus maintaining a progenitor pool. Cells
leaving the range of AER-FGF signaling undergo differentiation
into the mesenchymal cell lineages of the limb bud (1, 2).
Evidence from the chick indicates that bone morphogenetic

protein (BMP)/pSMAD1/5/8 signaling in a population of cells in
front of the growing condensation, referred to as the phalanx-
forming region (PFR) or digit crescent (3, 4), is involved in the
elongation of the digital rays. This work suggests that the PFR acts
as a signaling center to drive distal elongation of the digit and thus
determines the number of phalanges via commitment of distal
mesenchymal cells to the cartilage condensation. However, evi-
dence for such a mechanism in the mouse or human is missing.
If a PFR-like structure exists in mammals, its failure is expected

to cause digit malformation phenotypes such as digit shortening
and loss of phalanges. This phenotypic spectrum is typical for a
family of human inheritable malformations, the brachydactylies
(BDs), which are characterized by the absence or reduction of in-
dividual phalanges and/or metacarpals (5). Intriguingly, several
mutations causing human BDs (BDA2, BDB2, and BDC) affect
the BMP pathway (5), which suggests the involvement of a PFR-
like structure in digit growth.

BD types A1 and B1 are of particular interest, because they
show a generalized reduction defect in specific phalanges. BDA1
is characterized by shortening/absence of all middle phalanges.
BDB1 is characterized by an amputation-like phenotype with
shortening/absence of distal and often middle phalanges. Human
BDA1 and BDB1 are caused by mutations in Indian hedgehog
(IHH) or receptor tyrosine kinase-like orphan receptor 2 (ROR2),
respectively (5). IHH is a factor required for endochondral ossi-
fication. BDA1mutations change the signaling capacity and range
of IHH, thereby altering distal chondrogenesis (6).ROR2 encodes
a receptor tyrosine kinase, which is truncated by BDB1mutations.
The function of ROR2 is not fully understood, and there is evi-
dence suggesting thatROR2 functions as aWNT (co)receptor (7).
For example, it was shown that WNT5A via ROR2 can inhibit
canonical WNT/β-catenin signaling (8).
Mouse models for BDA1 and BDB1 generated by targeted in-

sertion of human mutations into the mouse Ihh and Ror2 loci par-
tially recapitulate these phenotypes. BDA1 mice with a p.E95K
mutation in Ihh (6) show shortened middle phalanges, whereas
BDB1 mice with a p.W749X mutation in Ror2 (9) exhibit absent
middle phalanges; thus theBDB1 andBDA1mice present a graded
digit reduction phenotype.
To address the mechanism controlling the outgrowth of the

digital rays in mammals, we first analyzed the BDB1 mouse, dem-
onstrating that a mesenchymal cell population corresponding to
the chick PFRexists in themouse, contributing tomammalian digit
elongation. Consistent with the overlapping but milder phenotype
of the BDA1 mice, a milder disruption of the PFR was observed,
indicating that a gradeddecrease inBMP/pSMAD1/5/8 signaling in
the PFRmight account for different BD phenotypes. From further
genetic studies, we propose a model in which IHH, ROR2, and
WNT signaling regulate PFR activity.

Results
Brachydactyly in Ror2W749X/W749X Mutants Corresponds to Decreased
BMP/pSMAD1/5/8 Signaling in the PFR. First, we used the
Ror2W749X/W749X mice (BDB1 model) to test for the existence and
function of a PFR in mammals. The avian PFR has been charac-
terized by the expression of BmpR1b, Sox9, and a high activity of
the BMP signal mediators phospho-SMAD1/5/8 (pSMAD1/5/8)
(3, 4). Analysis of BmpR1b expression in Ror2W749X/W749X mice by
whole-mount in situ hybridization (ISH) showed a reduced distal
signal and an increased distance between the most distal BmpR1b
expression and the ectoderm (Fig. 1A). Immunostaining for SOX9
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colabeled for TCF7L2, which stains the nascent condensation,
revealed a population of cells expressing SOX9 distal to the car-
tilaginous condensation at embryonic day 13.5 (E13.5) inWTmice
(Fig. 1B). In Ror2W749X/W749X mice, this population of SOX9
positive cells was absent, and the distance between the distal SOX9
expression region and the ectoderm was increased (Fig. 1B).
Furthermore, immunostaining for pSMAD1/5/8 revealed a pop-
ulation of mesenchymal cells distal to the definitive cartilage that
was strongly positive for active BMP signaling in WT mice (Fig.
1C), overlapping the population of Sox9-positive cells described
above. These findings indicate that a region similar to the PFR
described in the chick is also present in the mouse. In Ror2W749X/

W749X mice, vastly decreased pSMAD1/5/8 staining in the distal
mesenchymal population indicates a breakdown of BMP/SMAD
signaling in the distal mesenchyme (Fig. 1C).

Ror2−/− mice do not show a reduction of the middle phalanx
(p2), indicating that the Ror2W749X allele has a gain-of-function
effect, which was supported by crossing one Ror2W749X allele on
aRor2-null background, yielding an intermediate phenotype (Fig.
S1). Consistently, analysis of pSMAD1/5/8 inRor2−/−mice showed
a normal PFR staining similar to WT mice (Fig. 1D). To further
test the involvement of the PFR in the brachydactyly phenotype,
we analyzed Ror2TMLacZ/TMLacZ mice, which display a digit phe-
notype comparable to the Ror2W749X/W749X mice. As expected,
Ror2TMLacZ/TMLacZ mice showed absent pSMAD1/5/8 staining in
distal mesenchyme (Fig. 1E). Together, these data suggest that
a PFR is driving cartilage condensation during digit formation in
themouse, similar to the chick, and thatRor2W749X interferes with
PFR function, thus causing brachydactyly.

PFR Failure in Ror2W749X/W749X Mutants Causes Impaired Elongation of
the Digit Condensation. To address the pathomechanism leading
to loss of p2 in the Ror2W749X/W749X mouse, we monitored the
appearance and differentiation of cartilaginous condensations in
the autopod at embryonic day 12.5 (E12.5) to E14.5, the time
when the phalanges are formed and become separated by joints.
Whole-mount ISH for Collagen type 2 alpha 1 (Col2a1) showed
that the initial cartilage elements of the autopod at E12.5 were
only slightly shorter in the mutant when compared with the WT
(Fig. 2A). At E13.5 the metacarpal arising from the initial con-
densation showed a normal length, whereas the distal conden-
sations that give rise to the growing phalanges were severely
reduced in length (Fig. 2A). Longitudinal sections of the autopod
immunolabeled with a SOX9 antibody (Fig. 2B) also showed
almost normally sized condensations of the metacarpal at E12.5
and the proximal phalanx (p1) at E13.5. However, the distal-
most condensations giving rise to the phalanges 2 and 3 (p2/3)
showed severe shortening in mutant mice at E13.5. This led to a
striking reduction in distal cartilage size at E14.5, a time at which
the activity of the AER ceases and the distal-most condensation
in the autopod starts to differentiate into a terminal phalanx (2).
This indicates a defect in digit elongation after the establishment
of the initial condensations in the autopod in Ror2W749X/W749X

mice. Consistently, the phalangeal elongation defect is specific
for the Ror2W749X allele, because comparison of distal p2/3
length between WT, Ror2−/−, and Ror2W749X/W749X mice at E13.5
confirmed that the p2/3 condensation is slightly shortened in the
Ror2−/− mutant but is markedly reduced in the Ror2W749X/W749X

mouse (Fig. S2).

Impaired Digit Elongation in Ror2W749X/W749X Mutants Is Caused by
Defective Commitment of Mesenchymal Cells to the Cartilage
Lineage. In the chick, the PFR controls digit elongation via carti-
laginous commitment of mesenchymal progenitors (3, 4). To de-
termine the rate of cell commitment into the growing cartilage
condensation, we quantified the incorporation of mesenchymal
cells into the distal condensations using BrdUpulse-chase labeling
(6). Pregnant Ror2+/W749X mice were pulse-chase labeled with
BrdUatE13.5 and analyzed at E14. Importantly, 1 h pulse labeling
with BrdU does not result in a staining in the condensed cartilage
but only in the surrounding mesenchyme (6). Coimmunostaining
forBrdUandSOX9ensured that only cartilage cells were counted.
The results show a dramatic decrease in mesenchymal cell re-
cruitment into the distal condensation (p2/3), which was reduced
to less than 20% of WT values (Fig. 2C). One hour BrdU pulse
labeling showed no differences in subridge mesenchyme pro-
liferation rates (Fig. 2C). Compatible with a condensation defect,
LacZ staining on Ror2TMLacZ/+ mice, which are phenotypically
normal (10), confirmed expression of ROR2 within cartilage
condensations and in distal mesenchymal cells undergoing chon-
drogenesis in the autopod (Fig. S3). Micromass cultures derived
fromE12.5 hand plate mesenchymal cells stained with Alcian blue

Fig. 1. Existence of the PFR in themouse and its disruption inRor2W749X/W749X

mutants. (A) Whole-mount ISH showing missing expression of BmpR1b in
distal-most mesenchyme (arrowheads) and expanded distance between
BmpR1b expression and ectoderm (red bars) in the Ror2W749X/W749X mutant.
(B) Immunostaining for TCF7L2 marking the cartilage condensation (red) and
SOX9 (green) marking chondrogenic progenitors shows a domain of SOX9
expressing cells distal to definitive cartilage in the WT, which is absent in the
Ror2W749X/W749X mutant (arrows). Note the increased distance between SOX9
expression and ectoderm (red bars) in the Ror2W749X/W749X mutant. (C)
Immunostaining for phospho-SMAD1/5/8 (green) revealing the presence of
a PFR in WT mouse embryos at E13.5 (dotted circle). This population of
pSMAD1/5/8-positive cells is lacking in the Ror2W749X/W749X mutant. (D)
Immunolabeling for pSMAD1/5/8 shows normal staining in the distal mesen-
chyme in Ror2−/− mutants, whereas in Ror2TMLacZ/TMLacZ mutants (E) pSMAD1/
5/8 staining is diminished. p1, condensation of phalanx 1; p2/3, unseparated
primordium of phalanges 2 and 3.

14212 | www.pnas.org/cgi/doi/10.1073/pnas.1009314107 Witte et al.

http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1009314107/-/DCSupplemental/pnas.201009314SI.pdf?targetid=nameddest=SF1
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1009314107/-/DCSupplemental/pnas.201009314SI.pdf?targetid=nameddest=SF1
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1009314107/-/DCSupplemental/pnas.201009314SI.pdf?targetid=nameddest=SF2
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1009314107/-/DCSupplemental/pnas.201009314SI.pdf?targetid=nameddest=SF3
www.pnas.org/cgi/doi/10.1073/pnas.1009314107


for cartilage nodules confirmed a reduced chondrogenic potential
of theRor2W749X/W749Xmesenchyme comparedwithWT (Fig. 2D).
Altogether, these data indicate that a defect in chondrogenesis

at a time crucial for the formation of the distal phalanges (be-
tween E13.5 and E14.5) is responsible for the digit shortening.
Given that we have previously excluded a defect in the prolife-
ration within the cartilage condensations by BrdU pulse labeling
(9), the brachydactyly phenotype in the Ror2W749X/W749X mouse is
not caused by a defect in the size of the initial condensation or its
proliferative expansion but a failure of commitment of mesen-
chymal cells to the cartilage lineage.

Requirement of Mesenchymal IHH Signaling for the BMP/pSMAD1/5/8
Pathway in the PFR. BDB1 and BDA1 share similar digit features,
and amousemodel (IhhE95K/E95K) for BDA1 carrying a humanmu-
tation (p.E95K) in IHH targeted to the mouse Ihh locus exhibits
hypoplastic middle phalanges partially overlapping with the
Ror2W749X/W749X mouse. Interestingly, the digit phenotype in the
IhhE95K/E95K mutant was caused by a similar, albeit weaker, im-
pairment of chondrogenic cell commitment due to a disruption of
the IHH pathway in the distal mesenchyme (6), indicating a com-
mon mechanism for both mutant phenotypes. Compared withWT
littermates that showed normal pSMAD1/5/8 staining in the PFR
and also in the cartilaginous condensations at E13.5 (Fig. 3A), in
IhhE95K/E95K mutant mice we observed a reduced pSMAD1/5/8
staining in the PFR and in the cartilage condensations (Fig. 3B). In
accordance with the milder phenotype seen in the IhhE95K/E95K

mutants, pSMAD1/5/8 staining was reduced to a lesser degree than
in the Ror2W749X/W749X mice.
To further substantiate the involvement of IHH signaling in

the regulation of BMP signaling in the PFR, we used the short
digitsmouse mutant (Dsh/+) that also shows a BDA1 phenotype.

The Dsh/+ phenotype is due to an up-regulated Pthlh expression
from ectopic Shh expression, leading to a suppressed Ihh expres-
sion in distal phalanges (11), hence a mechanism comparable to
the IhhE95K/E95K mice (6). Immunolabeling for pSMAD1/5/8 also
showed a reduced signal in the PFR of Dsh/+ mice (Fig. 3C).
Together, these results indicate a critical involvement of the
BMP/pSMAD1/5/8 signaling pathway in the pathogenesis of the

Fig. 2. Defective distal elongation after es-
tablishment of the initial condensation causes
digit shortening in the Ror2W749X/W749X mu-
tant via perturbed commitment of mesenchy-
mal cells tocartilage. (A) Cartilage formation in
the autopod between E12.5 and E14.5 visual-
ized by whole-mount ISH for Collagen type 2
alpha 1 (Col2a1) and by Alcian blue (AB)
staining. At E12.5 the initial condensations in
the autopod of the Ror2W749X/W749X mice are
only slightly shortened (bracket shows length
ofWT condensation for comparison). At E13.5
the digit condensations (d) exhibit a marked
shortening in the Ror2W749X/W749X mice, re-
sulting in reduced distal phalangeal conden-
sations at E14.5 visualized by Alcian blue (AB)
staining. Alcian blue and Alizarin red (AR)
staining of a p0 (newborn) digit 3 is shown for
comparison; notemissing middle phalanx (p2)
and terminal phalanx (p3)-like appearance of
the most distal element. (B) Anti-SOX9 anti-
bodystainingonlongitudinal sectionsthrough
a digit 3 demonstrating a decrease in cartilage
formation distal to the first phalanx in the
Ror2W749X/W749X mutant. Note that the
Ror2W749X/W749X limb buds are wider than WT
limb buds but have a normal length at E12.5.
(C) BrdU pulse-chase experiment: 1 h pulse of
BrdU at E13.5 was used to label mesenchymal
cells and then, after blocking further incorporation of BrdUwith excess thymidine, their fatewas analyzed after 10 h. Sectionswere stained for BrdU (red) and SOX9
(green). Strong incorporation ofmesenchymal cells into the SOX9-positive cartilage condensationwas seen in theWT (Ror2+/+), where numerous BrdU positive cells
can be seen in the core of the cartilage condensation (arrows). In the Ror2W749X/W749X mutant, no BrdU-positive cells were observed in the core of the distal con-
densation. Quantification of SOX9/BrdU-positive cells in the distal condensation is shown to the right. Quantification of 1 h BrdU pulse labeling shows normal
proliferation indistalmesenchyme.ErrorbarsdepictSEsdeducedfromat least three independentexperiments. (D)Micromassculturesderived fromE12.5handplates
stained with Alcian blue for cartilage matrix, showing reduced chondrogenic potential of Ror2W749X/W749Xmesenchyme. Colorimetric quantification of Alcian blue
staining from at least three independent experiments is shown to the right. m, metacarpal; p1, p2, p3, condensations of phalanges 1, 2 and 3, respectively; p2/3,
unseparated primordium of phalanges 2 and 3. Orientation of sections as indicated; dorsal (do), ventral (ve), proximal (p), and distal (d).

Fig. 3. BMP/pSMAD1/5/8 signaling in the PFR is decreased in IhhE95K/E95K

and Dsh/+ mouse models for BDA1. (A–C) Immunostaining for pSMAD1/5/8
(green) demonstrates down-regulation of distal BMP/SMAD1/5/8 signaling in
the PFR of both mutants. Boxed regions are shown as magnifications. Note
that pSMAD1/5/8 staining is also decreased within the condensations in
IhhE95K/E95K and Dsh/+ mutants compared with WT.
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BDB1 and BDA1 phenotypes, indicating a potential common
pathomechanism for BDB1 and BDA1, whereby ROR2 and
IHH signaling might interact during digit elongation.

Genetic Interaction of Ror2+/W749X and Ihh+/E95K Mutations Indicate
Cooperation of IHH and ROR2 Signaling. To further test this hypo-
thesis, we crossed the Ror2+/W749X and Ihh+/E95K mice to test for
genetic interaction. Ror2+/W749X mice show no digit phenotype,
whereas Ihh+/E95Kmice exhibit mild shortening of p2 in digits 2 and
5. IhhE95K/E95Kmice show a loss of p2 in digit 5 and severely reduced
p2 in digits 2–4 (6). Compound Ror2+/W749X and Ihh+/E95K hetero-
zygous mice showed severe reduction of p2 in digits 2 and 3, which
was more prominent than the effect of the single IhhE95K allele,
indicating a genetic interaction (Fig. 4 A and B and Fig. S4). Again,
this effect was specific to the Ror2W749X allele, because Ror2+/−;
Ihh+/E95K heterozygous mice showed no compound effect for
the digit phenotype (Fig. 4B). When one Ror2W749X allele was
crossed to a homozygous IhhE95K/E95K background, we observed
a complete loss of the second phalanx in digits 2 and 3 (Fig. 4C and
Fig. S4), phenocopyingRor2W749X/W749Xmiceandbeingmore severe
than in IhhE95K/E95K mice. This suggests that both IHH and ROR2
act, at least in part, independently of each other in digit elongation.
Loss or severe reduction of the terminal phalanges and nails is
a hallmark of human BDB1 that is not recapitulated in the
Ror2W749X/W749X mice, probably owing to the high regenerative
potential of digit tips in mice. However, when crossing one IhhE95K
allele on a Ror2W749X/W749X background, a severely hypoplastic
terminal phalanxwas observed (Fig. 4D), suggesting an involvement
of the IHHpathway in the pathogenesis ofBDB1anda contribution
of IHHsignaling to thephenotype seen inRor2W749X/W749Xmutants.

Decreased IHH Signaling in the Distal Mesenchyme of Ror2W749X/W749X

Mutants. To assess the involvement of IHH signaling in the BDB1
phenotype, we analyzed expression of Ihh and IHH downstream

targets in Ror2W749X/W749X mice. Whole-mount ISH showed a de-
crease of Ihh expression in Ror2W749X/W749X mice compared with
WT at stage E13.5 (Fig. 5A). Interestingly, distal Ihh expression
was restored at E14.5, coinciding with the formation and differ-
entiation of a distal phalanx (tip structure) (Fig. 5A). Analysis of
IHH pathway targets Gli1, Ptc1, and Runx2 in Ror2W749X/W749X

mice at E13.5 showed a strong down-regulation of the IHH sig-
naling pathway not only in the distal condensations but also in the
undifferentiated distal mesenchyme (Fig. 5B), to a level compa-
rable to that in IhhE95K/E95K mice (6).

Ectopic WNT/β-Catenin Signaling in Ror2W749X/W749X Mutants. Because
the Ror2W749X/W749X mutant displays a more pronounced digit
phenotype than the IhhE95K/E95Kmutant, and humanBDB1 exhibits
amore severe phenotype thanBDA1, a disruption of IHH signaling
in the Ror2W749X/W749X mutant cannot be solely responsible for the
phenotype. ROR2 is known as an alternative WNT coreceptor in-
volved in the negative regulation of canonical WNT/β-catenin sig-
naling (8). ISH analysis for WNT/β-catenin signaling targets Itf-2
and Nmyc indicated an ectopic activation of canonical WNT sig-
naling in thedistalmesenchymeofRor2W749X/W749Xmice (Fig. S5A).
Next, we performed immunostaining for dephosphorylated (acti-
vated) β-catenin. Sections were costained for SOX9 to ensure that
correct planeswere compared.Equally strong signalswereobserved
in the muscles of WT and Ror2W749X/W749X mice; however, in the
distal limb mesenchyme and also the distal SOX9-positive cell
population, the β-catenin signal was significantly stronger in
Ror2W749X/W749X mice than in WT mice (Fig. S5B). To definitively
demonstrate ectopicWNT/β-catenin signaling in the distal limb, we
crossed Ror2+/W749X mice with the Axin2LacZ reporter mice (12).
LacZ staining of cryosections at E13.5 showed a strong WNT/
β-catenin signal in the ectodermand in the superficial mesenchyme,
as reported previously for the early limb bud (13). However, the
distal superficial mesenchyme (subridgemesenchyme) and the cells
undergoing chondrogenesis showed absent or low WNT/β-catenin
signaling inWT embryos (Fig. 5C, arrows), although these cells are
in the range ofWNTs emanating from the ectoderm, indicating that
β-catenin signaling is suppressed in this area. In Ror2W749X/W749X

mice, the distal mesenchyme and the distal condensation showed
intense LacZ staining, indicating ectopic activation of the WNT/
β-catenin pathway (Fig. 5C, arrows). This finding was also corrob-
orated by whole-mount LacZ staining (Fig. S5C). Finally, to quan-
tify the increase of canonical WNT signaling, we performed
micromass cultures ofmesenchymal cells from hand plates of E12.5
Ror2+/+/Axin2LacZ and Ror2W749X/W749X/Axin2LacZ embryos. His-
tomorphometric analysis of LacZ staining as an indicator of WNT/
β-catenin signaling showed an increase in cultures derived from
Ror2W749X/W749X mice by an average of 2.5-fold compared with WT
levels (Fig. 5D).

Discussion
We have shown here that a defect in the PFR underlies digit
shortening in mouse models for human BDA1 and BDB1 via a
down-regulation of chondrogenic cell commitment, demonstrat-
ing that in mammals BMP/SMAD1/5/8 signaling in the PFR is
instrumental in driving digit elongation and thus determination of
phalanx numbers. Our results indicate that both IHH and ROR2
are acting independently upstream of BMP/SMAD1/5/8 signaling
in the mammalian PFR, as summarized in Fig. 5E.
IHH signaling is essential for normal development of the pha-

langes in mouse and human (6, 14). IHH emanating from the
cartilage condensation signals to the distal undifferentiated mes-
enchyme, regulating chondrogenic commitment of mesenchymal
cells via an unknown mechanism (6). We propose that IHH
influences distal chondrogenesis via BMP signaling. Hedgehogs
regulate Bmps in different organisms from Drosophila to human,
and in various developmental contexts including the cartilage
growth plate and the limb bud (15, 16). Thus, the positive effect of

Fig. 4. Genetic interaction of Ror2W749X (BDB1 mutation) and IhhE95K (BDA1
mutation). Skeletal preparations stained for cartilage (Alcian blue) and bone
(Alizarin red) of digit 2 from newborn mice of the indicated allelic combina-
tions are shown. (A) Single heterozygous Ror2+/W749X mutants have a WT
appearance,whereas Ihh+/E95Kmutants showamild reduction in p2 length. (B)
Compound Ror2+/W749X; Ihh+/E95K mutants show severely reduced middle
phalanx (arrow). The genetic interaction is specific for the Ror2W749X allele,
because a Ror2 null allele does not show genetic interaction with IhhE95K. (C)
The phenotype of the homozygous IhhE95K/E95K (reduced p2 size) is enhanced
by addition of one Ror2W749X allele, where themiddle phalanx is nowmissing.
(D) Similarly, the addition of one IhhE95K allele on the Ror2W749X/W749X back-
groundalso enhances severity of thephenotype leading to ahypoplastic distal
phalanx (arrow).
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IHH on distal chondrogenesis required for digit growth might be
mediated, at least in part, by induction of prochondrogenic BMPs.
In support of this hypothesis, mice with inactivated alleles of Ihh
(17) showed a strong decrease of Bmp4 expression in the distal
mesenchyme (Fig. S6).
Concomitant with the breakdown of BMP/pSMAD1/5/8 sig-

naling in Ror2W749X/W749X mice, we observed an increase in ca-
nonical WNT/β-catenin signaling in the distal limb mesenchyme.
WNT/β-catenin signaling can inhibit cartilage differentiation in
vitro and in vivo (13, 18, 19) and acts antagonistic to BMP/SMAD
signaling in cartilage formation (20, 21). Consistently, our results
also point toward a negative role for WNT/β-catenin signaling in
the cascade of events leading to the activation of BMP/SMAD
signaling during digit elongation, by inhibiting either the forma-
tion or the maintenance of the PFR. The hypothesis that up-
regulation of canonical WNT signaling might cause a brachy-
dactyly phenotype is supported by mice devoid of the WNT
antagonists SFRP1 and SFRP2, which develop a digit phenotype
reminiscent of the Ror2W749X/W749X mice (22).

ROR2was shown to be an alternativeWNT receptor,mainly for
WNT5A (8, 23), and WNT5A can inhibit the canonical WNT
pathway via ROR2 (8).WNT5A has a vital role in promoting digit
formation, becauseWnt5a−/−mice lack proximal andmiddle phal-
anges (24). It has also been shown that WNT5A acts as a negative
regulator of WNT/β-catenin signaling in distal limb mesenchyme
in vivo (25). In addition to signaling via ROR2, it is likely that
WNT5Ahas further functions becauseWnt5a−/−mice have amore
severe digit phenotype than Ror2−/− mice (23). WNT5A is known
to signal viaFrizzled receptors tononcanonical pathways including
the WNT/calcium pathway (26), which can also inhibit the
β-catenin pathway (27). Thus it is conceivable that the truncated
ROR2 protein might act as a scavenger for WNT5A, thus inhib-
iting WNT5A signaling pathways. Interestingly such a scavenger-
like function has been proposed for the Caenorhabditis elegans
ROR ortholog CAM-1, which is lacking the C-terminal domain
equivalent to mouse/human ROR2 p.W749X (28).
Limb outgrowth and digit elongation also requires intact AER–

FGF signaling, which drives subridge mesenchyme proliferation
and prevents premature initiation of the terminal phalanx (2). No

Fig. 5. Dysregulation of IHH and canonicalWNTpathways inRor2W749X/W749Xmutants. (A)Whole-mount ISH showingadown-regulated distal expression of Ihh
in Ror2W749X/W749X mutant hand plates at E13.5 (arrows) that recovered concomitant with the differentiation of the digit tip at E14.5 (arrows). (B) Down-
regulation of the IHH pathway in distal mesenchyme shown bywhole-mount and section ISH for the IHH targetsGli1, Ptc1, and Runx2. (C) Ror2W749X line crossed
to the canonical WNT reporter line Axin2LacZ, demonstrating ectopic activation of the canonical WNT pathway in Ror2W749X/W749X mice. LacZ staining on cryo-
sections shows elevated/ectopic signal in the mutant in distal mesenchyme (arrows) and also in the distal-most condensation (arrowheads). Boxed areas are
shownasmagnifications. (D)Micromass cultures of E12.5 handplates derived fromRor2W749X/W749X/Axin2LacZembryos showing increased LacZ activity in cultures
derived from mutant embryos. Right: Histomorphometrical quantification; error bars represent SEs from three independent experiments. (E) Schematic rep-
resentation of pathway network regulating digit outgrowth inWT and its perturbation in the IhhE95K/E95K and the Ror2W749X/W749Xmutants leading to impaired
distal elongation of the digit condensations in the BDA1 and BDB1 phenotypes. AER–FGF signalingmaintains undifferentiatedmesenchymal cells (yellow). BMP/
pSMAD1/5/8 signaling in the PFR (green)mediates distal outgrowth of the phalangeal condensation by controlling commitment ofmesenchymal cells (arrow) to
the condensation. IHHpromotes distal outgrowth by enhancing chondrogenic cell commitment, potentially via induction ofmesenchymal BMPs. CanonicalWNT
factors emanating from the ectoderm (red) induce β-catenin signaling in the mesenchyme, which inhibits BMP/pSMAD1/5/8 signaling in the PFR, thus limiting
distal growth. The β-catenin signaling in themesenchyme is negatively regulatedbyROR2 (strongexpressiondomainofROR2 in condensingdistalmesenchyme is
highlighted in blue). In BDA1, the IHHE95K protein interferes with normal IHH signaling in distal mesenchyme, subsequently leading to a down-regulation of the
BMP pathway in the PFR. In BDB1, the expression of a truncated ROR2 molecule leads to an up-regulation of WNT/β-catenin signaling in the mesenchyme
concomitant with a down-regulation of Ihh expression and pathway activation, both converging on a drastic down-regulation of BMP/pSMAD1/5/8 signaling in
the PFR. m, metacarpal; p1, condensation of phalanx 1; p2/3, unseparated primordium of phalanges 2 and 3.
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premature regression of theAERwas observed inRor2W749X/W749X

or IhhE95K/E95Kmice (6, 9). At E14.5, the remaining distal cartilage
is undergoing the program for tip formation in Ror2W749X/W749X

mice, at the appropriate time as in WT mice, concordant with
a reactivation of Ihh expression. Furthermore, precocious AER
ablation is accompanied by apoptosis in the underlying mesoderm
(29). We also tested for apoptosis rates by immunostaining for
active caspase 3 but found no differences betweenWT andmutant
mice in mesenchyme or in condensations (Fig. S7). This argues
against an involvement of AER–FGF signaling in the phenotypes
of the Ror2W749X/W749X and IhhE95K/E95Kmutants and hence in the
pathogenesis of human BDB1 or BDA1.
In the context of the disease mechanism for BDA1 and BDB1

(Fig. 5E), in BDA1 IHHE95K exhibits a negative effect on distal
mesenchymal IHH signaling (6), thus resulting in lowered BMP/
pSMAD1/5/8 signaling in the PFR. However, chondrogenesis is
robust enough to result in a condensation that exceeds theminimal
size for the formation of an additional joint, resulting in a short-
ened p2. In BDB1, Ihh expression and pathway activation is di-
minished by a yet-unknown mechanism. In addition to that,
ROR2W749X interferes with the inhibition of canonical WNT/
β-catenin signaling in the distal mesenchyme and the nascent
condensation. This altogether results in a drastic reduction of
BMP/pSMAD1/5/8 signaling, strongly impairing chondrogenesis
and digit elongation. This results in a distal condensation (p2/3)
that is too small for the formation of an additional joint. At E14.5
the remaining cartilage undergoes differentiation to a terminal
phalanx, and hence the middle phalanx is lost.
In summary, this work demonstrates that a signaling center anal-

ogous to the chicken PFR/digit crescent exists in mammals and
uncovers genetic mechanisms controlling digit development, with
both IHH and ROR2 acting cooperatively to fine-tune BMP sig-
naling in the PFR. In consequence this proposes a pathomechan-
ism for human brachydactylies A1 and B1 via disrupted BMP/
SMAD1/5/8 signaling, the pathway affected in brachydactylies A2,

B2, and C. This suggests that the distinct yet overlapping pheno-
types observed in the brachydactyly disease family can be explained
by a unifying molecular network converging on BMP signaling.

Materials and Methods
In Situ Hybridizations. ISHs on whole-mount embryos as well as on paraffin
sections were performed as previously described (30).

Immunohistochemistry. Immunohistochemistry was done on paraffin sections.
Antigen retrieval was performed using citrate buffer or high-pH buffer
(Dako). After permeabilization with 0.2% Triton X-100 for 15 min and
blocking with 5% normal goat serum, primary antibody incubation was
performed at 4 °C overnight and detection with fluorescence-conjugated
secondary antibody (Molecular Probes, Invitrogen) at room temperature for
1 h. For phospho-SMAD staining, additional biotinyl tyramid signal amplifi-
cation was performed according to the manufacturer’s protocol (Perkin-
Elmer).

BrdU Pulse-Chase Labeling.Mice were injected i.p. with 200 μg BrdU per gram
of body weight. After 1 h, incorporation into DNA was blocked by injection
of a 30-fold excess of thymidine, and mice were killed after a further 10 h.
Statistical analysis was performed by counting BrdU/SOX9 dual-positive cells
relative to SOX9-positive cells on four sections for three of each WT and
mutant specimen.

Mouse micromass cultures were prepared from E12.5 hand plates
according to standard procedures. Cultures were stainedwith Alcian blue and
quantified photometrically.

All animal experiments were carried out in compliance with legal
requirements of the European Union.

Detailed materials and methods are available in SI Materials and Methods.
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