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SI Materials and Methods
Mice, Skeletal Preparations. Ror2W749X, Ror2TMLacZ, and IhhE95K

mouse lines were described previously (1–3). Ror2+/− mice (4)
were provided by Y. Minami (Kobe University, Kobe, Japan),
Ihh+/− mice (5) were provided by A. P. McMahon (Harvard
University, Boston, MA). Axin2LacZ Wnt reporter mice (6) were
obtained from W. Birchmeier (Max Delbrück Center for Mo-
lecular Medicine, Berlin, Germany). Genotyping was performed
using DNA prepared out of tailtip or amnion samples according
to standard procedures; for primer sequences and PCR con-
ditions see respective references. Skeletal preparations were
performed according to standard protocols (7). All animal ex-
periments were carried out in compliance with legal require-
ments of the European Union.

Histology, InSituHybridization, Immunohistochemistry.Whole mount
in situ hybridizations on forelimbs as well as section in situ
hybridizations on 7-μm paraffin sections were performed as
previously described (8). The following probes were used:
Bmpr1b (9), Bmp4 (10), Collagen II alpha 1 (7), Gli1, Ihh, and
Patched1 (6, 11), Gdf5 and Runx2 (12), and Sox9 (13).
Other probes were amplified using the following primers

(forward/reverse):

Nmyc: CATCCATCAGCAGCACAACT/AAATGTGCAAA-
GTGGCAGTG

Itf2: TGAGCTATCCATCCCACTCCTC/TGTCTTGCAGG-
TTCTCATCGCC

LacZ staining was performed on whole-mount and cryosection
samples as described previously (14). Mutant and WT specimens
used for comparison were derived from the same litters and
processed in parallel.
Immunohistochemistry was performed on 7-μm paraffin sec-

tions. Sections were deparaffinized using xylene and rehydrated in
a descending series of ethanol concentrations. Antigen retrieval
was performed using citrate buffer or high-pH buffer (Dako).
Slides were boiled twice for 3 min and allowed to cool down to

room temperature for 30 min. After permeabilization with 0.2%
Triton X-100 in PBS for 15 min and blocking with 5% normal
goat serum in PBS, primary antibody incubation was performed at
4 °C in 5% normal goat serum in PBS overnight. Detection with
fluorescence-conjugated secondary antibody (Molecular Probes,
Invitrogen) was performed at room temperature for 1 h. Primary
antibodies, dilution, and retrieval were as follows: antiactivated
β-catenin (Upstate, 1:100, high-pH), anti-BrdU (Roche, 1:20,
citrate) anti-phosphoSMAD1/5/8 (Cell Signaling, 1:200, high-
pH), anti-SOX9 (Santa Cruz Biotechnology, 1:50, citrate), anti-
TCF7L2 (Upstate, 1:100, high-pH), activated (cleaved) caspase 3
(Cell Signaling, 1:200, citrate). For phospho-SMAD staining,
additional biotinyl tyramid signal amplification was performed
according to the manufacturer’s protocol (Perkin-Elmer). Sample
examination was done with an AxioVert 200 fluorescence micro-
scope, ApoTome technology, and AxioVision software (Zeiss).

BrdU Pulse-Chase Labeling.Micewere injected i.p. with 200 μgBrdU
per gram body weight. After 1 h incorporation was blocked by
injection of a 30-fold excess of thymidine (15, 16). After an addi-
tional 10 h, mice were killed and embryos processed for im-
munhistology on paraffin sections. Statistical analysis was per-
formed by counting BrdU/SOX9-positive cells in relation to
SOX9-positive cells on four sections for each WT and mutant
specimen. The experiment was repeated three times; mean values
from the three experiments were averaged and an SE calculated
from the individual SDs.

Micromass Cultures. Mouse micromass cultures were prepared at
embryonic day 12.5 (E12.5). Limbs were collected in warm PBS
and digested for 15 min at 37 °C with 3 mg/mL dispase. After
washing, cells were isolated from the limb buds by digestion with
0.1% collagenase type Ia, 0.1% trypsine, and 5% FCS. Micro-
mass cultures were plated at a density of 3.6 × 107 cells in a
10-μL drop. After 2 h of adhesion, 1 mL of medium (DMEM-
F12, 10% FCS, 1% L-glutamine, and 1% Pen/Strep) was added
and refreshed every 2 d. Alcian blue staining and quantification
was performed as previously described (17).
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Fig. S1. Gain-of-function of the Ror2W749X allele. Ror2+/W749X mice were crossed to Ror2+/- mice. Ror2-/- mutants (1) exhibit severe skeletal defects but no
BDB1-like phenotype, because all phalangeal condensations are present, albeit shortened, which is due to a failure of growth plate organization and
chondrocyte maturation in these mutants (2). Skeletal preparations of middle fingers (digit 3) of newborn mice stained with Alcian blue (cartilage) and alizarin
red (bone) are shown. Ror2+/W749X and Ror2+/- heterozygote animals have normal phalanges, whereas the Ror2-/- mutant has a slightly shortened middle
phalanx (p2) concomitant with the delayed cartilage maturation and ossification seen in all long bones. The Ror2-/W749X compound mutant, however, shows
a pronounced shortening of p2 that is markedly stronger than the Ror2-/- phenotype, indicating a gain of function for the ROR2-W749X protein, which,
however, is masked by the presence of one WT Ror2 allele in Ror2+/W749X mice.
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Fig. S2. The distal elongation defect is specific to the Ror2W749X/W749X mutant. Longitudinal sections (proximal is at the bottom, distal at the top) were labeled
for the joint marker Gdf5. Pictures were arranged placing the p1-p2/3 joint on the same level (dotted line). Note that the defect in p2/3 elongation only
occurred in the Ror2W749X/W749X mutant but not in the Ror2−/− mutant. m, metacarpal; p1, phalanx 1; p2/3, unseparated primordium of phalanges 2 and 3.

Fig. S3. Expression of ROR2 during digit outgrowth demonstrated by LacZ staining on longitudinal sections from Ror2TMLacZ/+ embryos at E12.5 and E13.5.
Proximal is left, distal is right. ROR2 is expressed in cartilage condensations and other mesenchymal tissues. Note that ROR2 shows enhanced expression in distal
mesenchyme undergoing chondrogenesis (arrowheads), forming the condensation of the second and third phalanges at E13.5. j, joint; m, metacarpal; p1,
condensation of phalanx 1; p2/3, unseparated primordium of phalanges 2 and 3.
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Fig. S4. Genetic interaction of Ror2W749X (BDB1 mutation) and IhhE95K (BDA1 mutation). Skeletal preparations of digits 3 from newborn mice (p0) of the allelic
combinations indicated were stained with Alcian blue (cartilage) and Alizarin red (bone). Note that the compound heterozygotes show increased phenotypic
severity compared with the Ihh+/E95K mutant (A and B). On the homozygous IhhE95K/E95K background (C), addition of one Ror2W749X allele caused absence of the
middle phalanx (p2), thus phenocopying Ror2W749X/W749X mice (D).

Fig. S5. Ectopic activation of the Wnt/β-catenin pathway in the distal mesenchyme of Ror2W749X/W749X mice. (A) Section in situ hybridization shows up-
regulation of canonical Wnt targets Itf-2 and Nmyc (1, 2) in distal mesenchyme (arrows, magnifications) of Ror2W749X/W749X mice. (B) Immunohistochemistry
for SOX9 (green) and activated (dephosphorylated) β -catenin (red) show elevated levels of β-catenin in distal mesenchyme (white arrows) and especially cells
undergoing chondrogenesis in Ror2W749X/W749X mice (note yellow staining for overlapping signal with SOX9; yellow arrows). Note the equal intensity of
β-catenin staining in muscles between WT and Ror2W749X/W749X (arrowheads). (C) LacZ staining on whole-mount embryos from intercrossing the
Ror2W749X line to the canonical Wnt reporter line Axin2LacZ demonstrates increased canonical pathway activity in distal mesenchyme (arrows) of
Ror2W749X/W749X mutants.
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Fig. S6. Reduced expression of Bmp4 in the distal mesenchyme of Ihh−/− mice shown by section in situ hybridization. In the WT, Bmp4 is expressed in a broad
domain in the distal undifferentiated mesenchyme; in the Ihh−/− mutant Bmp4 expression is restricted to a small domain anterior to the growing phalanx
(arrows). Note that the perichondral Bmp4 expression is also decreased in Ihh−/− mutants (arrowheads).

Fig. S7. Immunolabeling for activated caspase 3 shows no aberrant apoptosis in Ror2W749X/W749X mice at E13.5 compared with WT littermates. Apoptotic cells
were detected in developing joints (arrows) and mesenchyme (arrowheads).
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