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The mammalian Ror family of receptor tyrosine kinases consists of two structurally related proteins, Rorl and
Ror2. We have shown that mRor2-deficient mice exhibit widespread skeletal abnormalities, ventricular septal
defects in the heart, and respiratory dysfunction, leading to neonatal lethality (S. Takeuchi, K. Takeda, I. Oishi, M.
Nomi, M. Ikeya, K. Itoh, S. Tamura, T. Ueda, T. Hatta, H. Otani, T. Terashima, S. Takada, H. Yamamura, S. AKira,
and Y. Minami, Genes Cells 5:71-78, 2000). Here we show that mRor1-deficient mice have no apparent skeletal or
cardiac abnormalities, yet they also die soon after birth due to respiratory dysfunction. Interestingly, mRor1/mRor2
double mutant mice show markedly enhanced skeletal abnormalities compared with mRor2 mutant mice. Further-
more, double mutant mice also exhibit defects not observed in mRor2 mutant mice, including a sternal defect,
dysplasia of the symphysis of the pubic bone, and complete transposition of the great arteries. These results indicate
that mRorl and mRor2 interact genetically in skeletal and cardiac development.

Receptor tyrosine kinases (RTKSs) play several crucial roles
in developmental morphogenesis, regulating cellular prolifer-
ation, differentiation, and migration, as well as survival and
death (26, 30). The Ror family RTKs are a recently identified
family of orphan RTKs, characterized by the presence of ex-
tracellular Frizzled-like cysteine-rich domains and membrane-
proximal Kringle domains, both of which are assumed to me-
diate protein-protein interactions (15, 20, 24, 25, 29). The Ror
family RTKs are evolutionarily conserved among Caenorhab-
ditis elegans, Drosophila, mice, and humans (7, 14, 19, 20, 34).
Pairs of structurally similar Ror family RTKs are found in
Drosophila and mammals: Dror and Dnrk in Drosophila mela-
nogaster, Ror1 and Ror2 in humans, and mRor1 and mRor2 in
mice. Although it has been reported that CAM-1, a C. elegans
ortholog of the Ror family RTKSs, plays several important roles
in regulating cellular migration, polarity of asymmetric cell
divisions, and axonal outgrowth of neurons during nematode
development (7), the functional and developmental roles of
the mammalian Ror family RTKs remain largely elusive.

The spatial and temporal expression of mRor! and mRor2
mostly overlap and are detected in the face, limbs, heart, and
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lungs during mouse embryogenesis (16). These expression pat-
terns suggest that mRorl and mRor2 may interact to play a role
in the development of these organs. It has been shown that
mice lacking mRor2 expression exhibit dwarfism, short limbs
(with mesomelic dysplasia) and tail, facial anomalies, ventric-
ular septal defect (VSD), and respiratory dysfunction, ulti-
mately leading to neonatal lethality (5, 32). Histological anal-
yses of the skeletal systems reveal that mRor2 plays a crucial
role in the proliferation, differentiation, maturation, and mo-
tility of chondrocytes (5, 32). Interestingly, it has recently been
reported that mutations within Ror2 can cause the autosomal
recessive Robinow syndrome or autosomal dominant brachy-
dactyly type B in humans (1, 21, 31, 33), further emphasizing
essential roles of Ror2 in morphogenetic and developmental
processes. However, little is known about the function of
mRorl during mouse development.

In order to elucidate the functional and developmental roles of
mRorl, we generated mice lacking a functional mRorl gene by
targeted gene disruption. mRorl '~ mice died within 24 h after
birth, presumably due to respiratory dysfunction. However, unlike
the mRor2~'~ mice, they did not exhibit any obvious morpholog-
ical abnormalities of the skeleton or heart. Given that the spatio-
temporal expression patterns of mRorl and mRor2 mostly overlap
during development (16), we investigated whether the loss of
mRorl function can be compensated for by mRor2 in mRorl =/~
mice. To determine whether mRorl interacts genetically with
mRor2 during mouse development, we generated mRorl/mRor2
double mutants. Interestingly, the double mutants exhibited de-
fects in the skeletal and cardiac systems similar to but more severe
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FIG. 1. Targeted disruption of the mRorl gene. (A) Targeting strategy. The wild-type mRor! locus, targeting vector, and predicted mutant locus
are shown. The exon (including the Ig-like domain), PGK-tk, and PGK-neo are depicted as open boxes. B, BamHI; E, EcoRI; H, Hincll; HSV-tk,
herpes simplex virus thymidine kinase. (B) Southern blot analysis of fetal DNA. Genomic DNA isolated from yolk sacs of embryos was digested with
EcoRV and Hincll and hybridized with the EcoRI-Hincll probe shown in panel A. Sizes of bands are in kilobases. (C) Gross appearance of wild-type
(WT) and mutant newborns. While the mRorl '~ newborn looks essentially identical to the WT newborn, the mRor2~/~ newborn is small and
cyanotic and has short limbs and tail. Enhancement of mRor2™'~ phenotypes is observed in mRorl ~'~; mRor2~'~ newborns.

than those observed in the single mRor2 mutants. Furthermore,
the double mutant mice exhibited several defects not found in
either the mRorl or mRor2 single mutants, namely, defects in the
sternum, dysplasia of the symphysis of the public bone, and com-
plete transposition of the great arteries. Analyses of these mutant
mice indicate that mRorl and mRor2 are functionally redundant
and that mRorl and mRor2 interact genetically in skeletal and
cardiac development.

MATERIALS AND METHODS

Preparation of mRorl and mRorl/mRor2 mutants. Genomic DNA containing
the mRorl locus was isolated from a genomic library of mouse strain 129 (Strat-
agene). The exon of the mRorl gene, containing an immunoglobulin (Ig)-like
domain, was replaced by the neo gene, and the herpes simplex virus thymidine
kinase gene was fused to the 5" end. The targeting vector was inserted into the
E14 line of embryonic stem cells by electroporation, and homologous recombi-
nants were selected by G418 and ganciclovir and identified by PCR and Southern
blot analysis. Targeted embryonic stem cells were injected into blastocysts of
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FIG. 2. Histological analysis of the lung. Respiratory malfunction was identified in mRorl =/~ and mRor2~'~ newborns. Postmortem histological
analysis of the lung demonstrates that the alveolar air sacs in the mutant newborns are not fully expanded as they are in the wild-type (WT) control
littermate. In addition, pulmonary bleeding was observed in the mutant mice.

C57BL/6 mice. The chimeras were mated with C57BL/6 mice, and the mRorl
mutation was transmitted to the germ line. The generation of mRor2 mutant
mice has been described (32). mRorl/mRor2 double mutants were generated by
intercrossing mRorl*'~; mRor2™/~ mice, and the embryos were genotyped by
PCR analysis of extraembryonic membranes.

Whole-mount in situ hybridization. In situ hybridization analyses of whole-
mount embryos were performed as previously described (35). The 0.7-kb PstI/
Kpnl fragment of mRorl or the 0.86-kb Kpnl/Notl fragment of mRor2 was
utilized as a template to synthesize single-strand RNA probes.

Histological analysis. Embryos and newborns were fixed with 4% paraformal-
dehyde, dehydrated, embedded in wax, sectioned, and processed for hematoxy-
lin-and-eosin staining as described previously (17).

Skeletal preparation. Skeletal specimens were prepared as described previously
(12, 23) with minor modifications. In brief, newborn mice were eviscerated, fixed in
100% ethanol for 24 h, and transferred to acetone. After 24 h, they were rinsed with
water and stained for 4 to 6 h at 37°C and for 24 h at room temperature in a staining
solution consisting of 1 volume of 0.2% Alizarin red S (Sigma) in 95% ethanol, 1
volume of 0.3% Alcian blue 8GX (Sigma) in 70% ethanol, 1 volume of 100% acetic
acid, and 17 volumes of ethanol. The specimens were treated with 1% trypsin in 30%
saturated sodium borate solution at 37°C until ribs became clear and then in 1%
KOH at room temperature. After several rinses with distilled water, the specimens
were kept in 20% glycerol at room temperature.

RESULTS AND DISCUSSION

To elucidate the functions of mRor1, we generated mice lack-
ing the exon of mRorl containing the Ig-like domain (Fig. 1A).
Heterozygous mRorl ™/~ mice were viable and fertile and ap-
peared normal. Heterozygous mice were crossed to produce wild-
type, heterozygous, and homozygous mutant mice, as assessed by
genotyping using Southern blot and PCR analyses (Fig. 1B and
data not shown). The mRorl ~/~ newborns were similar in size to
the wild-type mice and showed no apparent gross abnormalities
(Fig. 1C). However, after birth, mRorl '~ mice exhibited forced
respiration and cyanosis and died within 24 h (data not shown). In

mRor1 -/-
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mRor2 -/-

contrast, mRor2 ™'~ newborns exhibited dwarfism, short limbs and
tail, and malformation of facial structures (Fig. 1C).

Since mRorl '~ newborns died apparently as a result of respi-
ratory dysfunction, similar to mRor2~/~ mice, we performed a
histological examination of their lungs. Expansion of the alveoli in
mRorl and mRor2 mutant newborns was found to be incomplete,
while the lungs of the wild-type newborns displayed normally
expanded alveoli (Fig. 2), suggesting that mRor! and mRor2 mu-
tants die due to difficulty in breathing. Since both mRorl and
mRor2 are expressed in primitive alveoli in the developing lung
(16), mRor1 and/or mRor2 may play important roles in the de-
velopment and function of alveolar type II cells, which produce
dipalmitoylphosphatidylcholine (DPPC) and surfactant proteins
(9, 13). However, expression levels of the surfactant protein genes
SP-A, -B, -C, and -D in the lungs and the amounts of DPPC in
bronchoalveolar lavage fluid from mRor! and mRor2 mutant
newborns were comparable to those of their wild-type littermates,
as assessed by Northern blot and gas chromatographic analyses,
respectively (M. Nomi, Y. Kuroki, and Y. Minami, unpublished
data). Thus, the development and function of alveolar type II cells
is unaffected in the absence of mRorl or mRor2. Further study is
required to clarify the molecular or cellular basis underlying pul-
monary dysfunction in these mutant mice and to understand the
functional roles of mRor1l and mRor2 during lung development.

Although severe skeletal and cardiac phenotypes were found in
mRor2~'~ mice, mRorl '~ mice did not exhibit any apparent
abnormalities of the skeleton or heart (see below). Since mRor!
and mRor2 exhibited similar expression patterns in the developing
face, limbs, heart, and lungs (16), the lack of apparent abnormal-
ities in the mRorl '~ mice may be attributable to the functional
redundancy between mRorl and mRor2. Given the more severe



8332 NOMI ET AL.

mRor1 -/-

WT
B

\

‘%
Ay
Yadl °

MoL. CELL. BIOL.

mRor1 -/-

mRor2 -/~ mRor2 -/-

q

Y

*"4

FIG. 3. Examination of craniofacial bones and appendicular skeletons. The craniofacial bones and appendicular skeletons from wild-type (WT),

mRorl '™,

and mRor2~'~ newborns and double mutant embryos (E19.5) were double stained with Alizarin red and Alcian blue as described in

Materials and Methods. Lateral views of the skeleton of the head (A to D) and extremities (forelimb [E to H] and hind limb [I to L]) from wild-type
and mutant newborns and a double mutant embryo are shown. Asterisks and arrowheads, dysplasia of the distal and proximal parts of limb bones in

mRor2™'~

phenotypes in mRor2~'~ mice than in mRorl ~/~ mice, we also
considered that expression of mRorl may be down-regulated in
mRor2~/~ mice. However, our in situ hybridization analyses of
mRor2~'~ and mRorl ~/~ embryos at day 10.5 of development
(E10.5) revealed that the spatial expression pattern and level of
mRorl are unaffected by disruption of mRor2 and vice versa (data
not shown).

To determine whether mRorl interacts genetically with
mRor2 during morphogenesis, we generated mRorl/mRor2
double mutants by intercrossing mRorl *'~; mRor2™'~ mice.
The mRorl/mRor2 mice exhibited perinatal lethality, and, in-
deed, most if not all newborns were dead upon birth. Although
mRorl '~ mice appeared to be essentially identical to wild-
type mice, mRorl/mRor2 mice exhibited enhanced mRor2 ™/~
phenotypes (Fig. 1C). The shortening of limb and tail length in
proportion to body length and malformation of the facial struc-
tures observed in mRor2~'~ mice were more profound in the
double mutant mice, indicating that mRorl and mRor2 interact
genetically during embryonic morphogenesis.

To examine more precisely the defects in limbs and body length
of mRorl/mRor2 double mutants, we next compared skeletons
from wild-type, mRorl ~'~, and mRor2~'~ newborns and double
mutant embryos (E19.5) and newborns by staining with Alizarin
red and Alcian blue. It has been shown that mRor2~/~ mice have
abnormally short limbs and tails and abnormal vertebrae and

and double mutant mice, respectively. In some cases, apparently delayed ossification of the cranial suture was also observed (data not shown).

facial structures and that these defects are more severe in the
more distal portions (5, 32) (Fig. 3 and 4). mRor2™/~ mice also
possess a unique anomaly characterized by mesomelic dysplasia
(significant or complete loss of the radius, ulna, tibia, and fibula).
Consistent with their gross appearance, mRorl ~'~ newborns did
not show any skeletal abnormalities (Fig. 3 and 4). Interestingly,
the mRorl/mRor2 double mutant mice exhibited a drastic en-
hancement of the mRor2 ™/~ skeletal phenotypes (Fig. 3 and 4).
Compared with mRor2 ™/~ mice, more severe hypoplasia of the
maxilla and mandible was found in the double mutant mice (Fig.
3C and D). Importantly, dysplasia of the proximal long bones (the
humerus and femur), in addition to the distal long bones (me-
somelic bones), was observed in the double mutant mice (Fig. 3H
and I). Significantly, the mRorl/mRor2 mice exhibited a sternal
defect (sternal agenesis) and dysplasia of the symphysis of the
pubic bone, skeletal abnormalities that were not observed in
mRor2~'~ mice (Fig. 4D and H). These results indicate that
mRorl and mRor2 are functionally redundant in the develop-
ment of the skeletal system and that mRor2 can compensate for
the lack of mRor1 function in mRorl '~ mice. Our observation
that mutation of mRorl in an mRor2 '~ background caused en-
hanced skeletal defects as well as additional new phenotypes
further indicates the genetic interaction of mRorl and mRor2
during development.

Dysplasia of the distal long bones in mRor2~/~ mice and of
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FIG. 4. Examination of ribs, sternal bone, vertebrae, and pelvic bones. The skeletons in wild-type (WT)and mutant newborns and double
mutant embryos were double stained with Alizarin red and Alcian blue. Lateral (A to D), ventral (E to H), and dorsal (I to L) views are shown.
Arrow and arrowhead, sternal defect (D) and dysplasia of the symphysis of the pubic bone (H) in mRorl/mRor2 mice, respectively. The sternal
defect and dysplasia of the symphysis of the pubic bone were observed in 100% (four of four) and 25% (one of four) of the double mutant mice.

both the distal and proximal long bones in mRorl/mRor2 double
mutant mice suggests that mRor2 alone or in collaboration with
mRorl may contribute to the compartmentalization of the ap-
pendicular skeletons. It has been shown that the radius and ulna
are almost completely missing in soxa-11, hoxd-11 double mutant
mice (4). In this respect, it will be of interest to examine the
possible relationships of mRorl and mRor2 with hoxa-11, hoxd-11,
and other hox family genes. As described above, several unique
skeletal abnormalities were observed in mRorl/mRor2 mice, in-
cluding a sternal defect and dysplasia of the symphysis of the

pubic bone. Since it has been reported that a subset of transgenic
mice with aberrant expression of hoxd-12 exhibit similar sternal
defects as well as abnormalities in the pelvis (11), we should also
consider the possible relationship of mRorl and mRor2 with hoxd-
12. Previous histological analyses of the long bones from
mRor2~/~ mice have shown that they have fewer small flattened
chondrocytes and exhibit disarranged and short longitudinal col-
umns of proliferative chondrocytes in the zones of proliferation
and maturation, suggesting that mRor2 is required for the proper
proliferation, differentiation, maturation, and motility of chon-
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FIG. 5. Histological analysis of hematoxylin-and-eosin-stained longitudinal sections through hearts from wild-type (WT), mRorl /", and
mRor2~'~ newborns and a double mutant embryo (E19.5). The hearts of mRorl ~/~ newborns exhibit no apparent abnormalities. Asterisks indicate
cardiac VSD in the mRor2~/~ newborn and the mRorl /~; mRor2~/~ embryo (D) and the complete transposition of the great arteries in the
mRorl~'~; mRor2™/~ embryo (E). The complete transposition of the great arteries with a situs solitus was observed and was characterized by a
discordant arterial connection, while the atrioventricular connection was concordant (E) (3, 6). Serial sections revealed that the pulmonary artery
(PA) arising from the left ventricle (LV) ran into the lung directly and that the aorta (Ao) ran out from the right ventricle (RV) in the double
mutant embryo (data not shown). The spleen was found on the left side of the abdominal cavity of the double mutant embryo, and neither situs

inversus nor asplenia was observed (data not shown). Bar, 300 pm.

drocytes (5, 32). Our histological analyses of the long bones from
double mutant mice revealed essentially identical results (data not
shown), although further study will be required to understand the
roles of mRorl and mRor2 in growth plate expansion.

mRor2 mutant newborns exhibited VSD (Fig. 5C) but no other
abnormalities of the heart, i.e., malformation of valves, aortic
arch, and great vessels (32) (data not shown). Our histological
survey did not reveal any apparent abnormalities in the hearts of
mRorl '~ mice (Fig. 5B). Intriguingly, in addition to VSD,
mRorl/mRor2 double mutant embryos exhibited complete trans-
position of the great arteries (Fig. 5D and E), a phenotype not
observed in mRor2~/~ mice, indicating that mRorl and mRor2
interact genetically in regulating the development of the cardio-
vascular system. Transposition of the great vessels occurs when
the conotruncal septum fails to follow its normal spiral course and
runs straight down (28). This condition is frequently associated
with a defect in the membranous part of the interventricular
septum, as observed in mRorl/mRor2 double mutant mice. It has
also been reported that both transposition of the great arteries
and VSD are found in mice deficient in the type IIB activin

receptor or endothelin A receptor (2, 18). It will be of interest to
test whether mRorl and/or mRor2 interact functionally with
these receptors. It has been shown that neural crest cells play two
major roles in cardiovascular patterning: they participate in the
patterning of the pharyngeal arches and their derivatives, includ-
ing the aortic arch arteries, and they migrate into the cardiac
outflow tract and participate in the formation of the outflow
septum (10, 22, 27). It should be noted that both the mRor! and
mRor2 genes are expressed in neural crest cells (16). Therefore,
we envisage that mRor2 and mRorl play important roles in the
migration and function of the neural crest cells, which in turn are
required for proper formation of the cardiovascular system. Ge-
netic analyses have revealed that many regulatory molecules are
involved in cardiac development, including looping effectors and
septation effectors (8, 22). It will be important to examine the
possible relationships between these regulatory molecules and the
mRor proteins.

Collectively, our findings help shed light on the roles of
mRorl and mRor2 in developmental processes. mRorl and
mRor2 are functionally redundant during cardiac and skeletal
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development, with mRor2 being able to compensate for the
functions of mRorl in mRorl /= mice. On the other hand,
both mRorl and mRor2 are required for the development and
function of the lung, since the absence of either mRorl or
mRor2 results in pulmonary dysfunction. Interestingly, the ex-
pression patterns of mRorl and mRor2 are essentially identical
in the developing lung (16). Furthermore, preliminary results
indicate that mRorl and mRor2 interact physically when both
are expressed in cultured cells (A. Yoda, I. Oishi, and Y.
Minami, unpublished data). Hence, the possible physical asso-
ciation of mRorl and mRor2 may be important for normal
lung development. Another important conclusion drawn from
this study is that mRor! interacts genetically with mRor2 in the
regulation of cardiac and skeletal development, since both
enhancement of the mRor2™/~ cardiovascular and skeletal
phenotypes and the severe phenotypes not observed in
mRor2™'~ mice are found in mRorl/mRor2 mice. Thus far,
neither the ligands of mRorl and mRor2 nor the cytoplasmic
signaling molecules that associate with mRorl and/or mRor2
have been identified. Identification and characterization of
such molecules will facilitate our understanding of the func-
tional roles of mRorl and mRor2 during development.
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