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The rae28 gene is a mouse homologue of the Drosophila
polyhomeotic gene (Nomura, M., Takihara, Y. and
Shimada, K. (1994) Differentiation 57, 39-50), which is a
member of the Polycomb group (Pc-G) of genes (DeCamil-
lis, M., Cheng, N., Pierre, D. and Brock, H.W. (1992) Genes
Dev. 6, 223-232). The Pc-G genes are required for the
correct expression of the Homeotic complex genes and
segment specification during Drosophila embryogenesis
and larval development. To study the role of the rae28 gene
in mouse development, we generated rae28-deficient mice
by gene targeting in embryonic stem cells. The rae28−/−

homozygous mice exhibited perinatal lethality, posterior
skeletal transformations and defects in neural crest-related
tissues, including ocular abnormalities, cleft palate,
parathyroid and thymic hypoplasia and cardiac anomalies.

The anterior boundaries of Hoxa-3, a-4, a-5, b-3, b-4 and
d-4 expression were shifted rostrally in the paraxial
mesoderm of the rae28−/− homozygous embryos, and those
of Hoxb-3 and b-4 expression were also similarly altered in
the rhombomeres and/or pharyngeal arches. These altered
Hox codes were presumed to be correlated with the
posterior skeletal transformations and neural crest defects
observed in the rae28−/− homozygous mice. These results
indicate that the rae28 gene is involved in the regulation of
Hox gene expression and segment specification during
paraxial mesoderm and neural crest development.

Key words: rae28, Polycomb group, Hox, segment specification,
paraxial mesoderms, neural crest, mouse

SUMMARY
INTRODUCTION

In Drosophila, the establishment of the expression patterns of
the Homeotic complex (HOM-C) genes are initiated by the
maternal effect genes and segmentation genes, and the HOM-
C genes are responsible for the specification of segmental
identity along the anteroposterior (A-P) axis (Gilbert, 1994).
The trithorax group (trx-G) and Polycomb group (Pc-G) of
genes are known to maintain the spatially restricted expression
of the HOM-C genes in a positive and negative manner, respec-
tively (Krumlauf, 1994; Paro, 1995; Simon, 1995). The Pc-G
proteins form multimeric protein complexes and maintain the
long-range repression of the HOM-C genes, presumably
through alterations in the higher-order chromatin structure
(Krumlauf, 1994; Paro, 1995; Simon, 1995).

Although evidence is accumulating that vertebrate Hox
genes have a role similar to that of the Drosophila HOM-C
genes (McGinnis and Krumlauf, 1992; Krumlauf, 1994), the
molecular mechanism regulating the expression patterns of
vertebrate Hox genes during development is assumed to be
different from that in Drosophila (Krumlauf, 1994). Since there
is very little information available concerning the molecular
mechanism regulating the expression of vertebrate Hox genes,
vertebrate homologues of the Drosophila trx-G and Pc-G genes
have recently attracted attention.

The following mouse homologues of the Drosophila Pc-G
genes, given in parentheses, have been identified; the bmi-1 and
mel-18 (Posterior sex combs; Psc) – van Lohuizen et al.,
1991a,b; Haupt et al., 1991; Brunk et al., 1991; Tagawa et al.,
1990; M33 (Polycomb; Pc) – Pearce et al., 1992; rae28/mph
(polyhomeotic; ph) – Nomura et al., 1994; Alkema et al., 1997;
eed (extra sex combs; esc) – Schumacher et al., 1996; and ENX-
1 genes (Enhancer of zeste; E(z)) – Hobert et al., 1996.

The primary structures of the proteins encoded by these
genes are conserved between Drosophila and mouse (Simon,
1995; Schumacher et al., 1996; Hobert et al., 1996). As
predicted from the Drosophila Psc, esc and Pc gene mutants
(Krumlauf, 1994; Paro, 1995; Simon, 1995), the mouse bmi-1,
mel-18, eed and M33 gene mutants showed that these genes are
required for proper A-P patterning during mouse development
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(van der Lugt et al., 1994; Akasaka et al., 1996; Schumacher
et al., 1996; Coré et al., 1997). Moreover, the mouse M33 gene
was demonstrated to have the ability to substitute for the
Drosophila Pc gene in transgenic flies (Müller et al., 1995).
Thus, these mouse homologues of the Drosophila Pc-G genes
also show functional conservation. Further analysis of ver-
tebrate homologues of the Drosophila Pc-G genes should
provide important information for understanding the molecular
mechanisms which regulate the expression of the vertebrate
Hox genes.

The rae28 gene encodes a protein sharing several charac-
teristic motifs and highly homologous regions with the
Drosophila ph protein; a single zinc finger, a glutamine-rich
region and two highly homologous regions, one consisting of
28 amino acid residues and the other, named an H-2/SPM/SEP
domain, consisting of 66 amino acid residues (Nomura et al.,
1994; Bornemann et al., 1996; Alkema et al., 1997). The
RAE28 protein was recently shown to interact with the Bmi-1
and Mel-18 proteins through these conserved domains and to
constitute a multimeric protein complex together with the M33
protein (Alkema et al., 1997).

In the present study, we disrupted the rae28 gene and
observed the effects on mouse development. The rae28−/−

homozygous mice showed skeletal posterior transformations
and multiple developmental defects in the eyes, hard palate,
parathyroid glands, thymus, heart and spleen. Interestingly,
these defects closely resemble the phenotypes of humans with
congenital disorders derived from neural crest defects, such as
the CATCH-22 syndrome and related disorders (Wilson et al.,
1993). Hox gene expression was altered not only in the paraxial
mesoderms, but also in the rhombomeres and pharyngeal
arches of the rae28−/− homozygous embryos. Here, we found
that the rae28 gene has a role in the regulation of Hox gene
expression and the specification of systemic segmental identity,
and we also discuss the possible involvement of the rae28 gene
in these congenital disorders derived from neural crest defects.

MATERIALS AND METHODS

Generation of rae28-deficient mice
The mouse rae28 genomic DNA was cloned from a 129/Sv mouse
liver genomic library (Motaleb et al., 1996). A 12 kb SalI-KpnI
fragment prepared from R5, one of the rae28 genomic clones, was
subcloned into pBluescript (Stratagene, La Jolla, CA). The promoter-
less neomycin-resistance (neor) gene (Beck et al., 1982) was inserted
in-frame in the SalI site of exon 4, and a 5.3 kb SalI-EcoRI fragment
was deleted (Motaleb et al., 1996). The D3 embryonic stem (ES) cells
were electroporated with 25 µg/ml of the construct linearized with
SalI and KpnI, plated at a density of 7×106 cells per 15 cm feeder
plate and selected with G418 (300 µg/ml) (Episkopou et al., 1993;
Takeuchi et al., 1995). After 11-14 days, G418-resistant (G418r)
colonies were screened for homologous recombination by Southern
blot analysis with probe A (0.6 kb SacI fragment) and/or probe B (0.5
kb KpnI-BglI fragment; Fig. 1A; Sambrook et al., 1989; Episkopou et
al., 1993; Takeuchi et al., 1995). Probe A was hybridized to HindIII
6.8 kb wild-type and 5.6 kb recombinant fragments, while probe B
was hybridized to BsaI 9.6 kb wild-type and 11.1 kb recombinant
fragments. Chimeric mice generated by the injection of positive ES
cells into C57BL/6 blastocysts were mated to C57BL/6 females to
generate outbred offspring (Hogan, 1994; Episkopou et al., 1993;
Takeuchi et al., 1995). Heterozygous mice were backcrossed to
C57BL/6 mice for consecutive generations. The genotypes were
determined by Southern blot analysis with probe A, as shown in Fig.
1A.

Immunoblot analysis
At 13.5 days post coitum (d.p.c.), embryos were lysed in a buffer con-
taining 100 mM NaCl, 10 mM Tris-HCl (pH 7.6), 1 mM EDTA and
100 µg/ml phenylmethylsulfonyl fluoride. An equal volume of 2×
sodium dodecyl sulfate (SDS) sampling buffer was added, and the
samples were then clarified by boiling, sonication and centrifugation.
The clarified extracts, derived from wild-type, heterozygous and
homozygous embryos, were separated by electrophoresis on 10%
SDS-polyacrylamide gels. Proteins were transferred to nylon
membranes (Millipore, Bedford, MA), immunoblotted with primary
antibody raised against a bacterially synthesized RAE28 protein and
visualized with horseradish peroxidase-conjugated anti-rabbit IgG
(Cappel, Durham, NC) and enhanced chemiluminescent detection
reagents (DuPont, Boston, MA) (Ausubel et al., 1987).

Phenotypic analysis
Embryos and newborns were generated from heterozygous inter-
crosses, and anatomical and histological examinations were
performed. The embryos were fixed in 9% formaldehyde, 5% acetic
acid and 0.9% picric acid (Bouin’s solution; Sigma Chemicals, St.
Louis, MO) for at least 24 hours, dehydrated in a graded series of
ethanol and embedded in paraffin. Histological sections (2-10 µm)
were obtained on a standard paraffin microtome and stained with
hematoxylin and eosin (Kaufman, 1992). For skeletal analysis, 17.5
d.p.c. embryos were fixed in Bouin’s solution for 24 hours. After
removing skin, muscle and viscera, the embryos were dehydrated in
96% ethanol and transferred to acetone for 2 days. Staining was
performed in 0.001% alizarin red S and 0.003% alcian blue in 1%
acid-alcohol solution for 6 hours at 37°C. Samples were washed in
distilled water and cleared for 2 days in 1% KOH, followed by
clearing steps in 0.8% KOH and 20% glycerol, in 0.5% KOH and 50%
glycerol, and in 0.2% KOH and 80% glycerol for at least 1 week each.
Cleared skeletons were stored in 100% glycerol (Kaufman, 1992).

Section in situ hybridization
Wild-type and mutant embryos were obtained and genotyped as
described above. Embryos were fixed in phosphate-buffered saline
(PBS) containing 4% paraformaldehyde (PFA) and embedded in
paraffin. Histological sections (5 µm) were obtained, and mounted on
slides coated with 3-aminopropyltriethoxysilane (Sigma). Sections
were treated three times with xylene for 3 minutes, and hydrated in
an ethanol series (100%, 90%, 70%, 50% ethanol and PBS contain-
ing 0.1% Tween-20; PBT). After treatment with 10 µg/ml proteinase
K (Sigma) for 10 minutes, sections were fixed again for 10 minutes
in PBS containing 4% PFA, treated with 0.2 N HCl, and acetylated in
0.02 N HCl, 1.2% triethanolamine (Wako Pure Chemicals, Osaka,
Japan) and 0.02% acetic anhydrate. After being washed in PBT,
embryos were soaked in prewarmed prehybridization buffer (50%
formamide, 5× SSC, 50 µg/ml yeast total RNA, 1% SDS, 50 µg/ml
heparin) for 1 hour at 70°C, and hybridized overnight with a digoxi-
genin-labeled riboprobe. A riboprobe was synthesized with digoxi-
genin-UTP and Sp6, T3 or T7 polymerase (Boehringer Mannheim,
Mannheim, Germany), using Hox genes as templates. After being
washed in Solutions I (50% formamide, 5× SSC, 1% SDS), II (50%
formamide, 2× SSC) and III (50% formamide, 0.2× SSC) at 70°C and
blocking, the sections were incubated overnight at 4°C in the preab-
sorbed antibody solution. Alkaline phosphatase-conjugated anti-
digoxigenin Fab (Boehringer Mannheim) was preabsorbed for 1 hour
at 4°C with heat-inactivated mouse embryonic powder (0.6%) and
sheep serum (1%). Following further washing in NTMT (100 mM
NaCl, 100 mM Tris-HCl [pH 9.5], 50 mM MgCl2, 0.1% Tween, 2
mM levamisol) three times for 10 minutes, an alkaline phosphatase
reaction was performed in PVA/NTM solution (12.5% polyvinylalco-
hol (Aldrich Chemicals, Milwaukee, WI), 100 mM NaCl, 100 mM
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Tris-HCl, pH 9.5, 50 mN MgCl2, 2 mM levamisol) containing 300
µg/ml NBT (4-Nitro blue tetrazolium chloride; Boehringer
Mannheim) and 150 µg/ml BCIP (5-Bromo-4-chloro-3-indolylphos-
phate; Boehringer Mannheim). After stopping the reaction, hybridiz-
ation was observed microscopically (BX50, Olympus, Tokyo, Japan;
Wakamatsu and Kondoh, 1990; Sasaki and Hogan, 1993).

RESULTS

Genotyping analysis of mice deficient in the rae28
gene
The rae28 gene was disrupted in D3 ES cells (Fig. 1A). Eight
of the 80 G418r clones were found to be targeted for the rae28
gene by Southern blot analysis with probe A and B (Fig. 1A).
Fig. 1. Targeted disruption of the rae28 gene by a promoterless neor

construct. (A) The genomic structure and restriction map of the
endogenous rae28 allele (top), the targeting construct used to disrupt
the rae28 gene in ES cells (middle) and the predicted structure of the
targeted allele (bottom). Stippled boxes, coding exons; open boxes,
non-coding exons; filled boxes, neor gene. The hypothetical
crossovers between the endogenous rae28 allele and the targeting
construct are indicated by the crossed dotted lines. The length of
diagnostic restriction fragments and the probes used for Southern
blot analysis are shown. H, HindIII; Bs, BsaI. (B) Genotyping of
representative offspring by Southern blot analysis with probe A.
(C) Immunoblot analysis of offspring from heterozygous
intercrosses. The filter was also stained with amido black to show the
amount of proteins loaded. +/+, wild-type mice; +/−, heterozygotes;
−/−, homozygotes.
These targeted ES clones were injected into C57BL/6 blasto-
cysts to generate chimeric mice. Chimeras transmitting the
targeted rae28 allele to their offspring were obtained with two
independent ES cell clones. We obtained offspring from het-
erozygous intercrosses and determined the genotypes by
Southern blot analysis (Fig. 1B). The rae28 gene expression
was not detected in the homozygous embryos by immunoblot
analysis (Fig. 1C) and by section in situ hybridization (data not
shown). It, however, remains a possibility that an alternative
form of rae28 mRNA was expressed in the homozygous
embryos at low levels.

We obtained 369 embryos by Caesarean section at 12.5, 15.5
and 17.5 d.p.c., and examined them for appearance and
genotype. Up to 17.5 d.p.c., rae28+/+ wild-type, rae28+/− het-
erozygous and rae28−/− homozygous embryos were present in
the expected Mendelian ratios (Table 1). We found that 15 of
the 146 newborns were homozygous for the rae28 mutation
(Table 1): 7 of the 15 newborn homozygotes were cyanotic
(Fig. 2A) with severe labored breathing, and 2 were already
dead. Considering the cannibalized and obviously abnormal
rae28−/− homozygotes together, it appears that at least 83% of
rae28−/− homozygotes die perinatally. Several homozygous
newborn mice were found alive without cyanosis shortly after
delivery, but these newborns died of cyanosis within several
hours.

Phenotype of the rae28-deficient mice
The rae28−/− homozygous mice were smaller than the wild-
type and heterozygous mice (Table 2). Abnormalities in the
eyes, hard palate, parathyroid glands, thymus, heart, spleen and
skeleton of the homozygous embryos and newborn mice were
evident (Table 2 and Figs 2-4). Ocular abnormalities ranged
from complete absence of the optic cup to hypoplasia (Fig.
2B,C), with or without abnormal rotations of the optic cups.
The optic cups of the 12.5 d.p.c. embryos, measured by an
image processing method (UTHSCSA Image Tool program
provided by the University of Texas Health Science Center),
were significantly smaller in the homozygotes (Table 2). Inter-
estingly, ocular abnormalities were more prominent on the
right side (Table 2). In the frontal histological section of the
rae28−/− homozygote shown in Fig. 2C, the right optic cup was
completely absent but the hypoplastic optic cup was present on
the left. The presence of the retina in the left optic cup was
confirmed under high magnification (data not shown). Ten of
the 14 rae28−/− homozygous newborns had a bilateral cleft of
Table 1. Genotype of offspring from heterozygous
intercrosses

Genotype of the rae28 gene
Number Number

Age of litters of pups +/+ +/− −/−

12.5 d.p.c. 15 121 29 62 30 (2)
15.5 d.p.c. 15 123 30 (2) 63 30 (2)
17.5 d.p.c. 16 125 31 62 31 (4)
NB 19 146 40 91 15 (9)
W5 25 135 40 95 0

Genotypes of offspring were determined by Southern blot analysis. The
number of dead mice and/or newborn mice with cyanosis is given in
parentheses. d.p.c., days post-coitum; NB, 0-16 hours after birth; W5, 5
weeks old.
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Fig. 2. Phenotype of wild-type (+/+) and homozygous mice
(−/−). (A) External appearance of the newborns. Severe cyanosis
was observed in homozygotes shortly after birth, but not in
wild-type mice. (B) Lateral views of the 15.5 d.p.c. embryos.
The eyes were smaller in the homozygous embryos than in the
wild-type embryos. (C) Frontal histological sections through the
heads of the 17.5 d.p.c. embryos. The right optic cup is
completely absent and the left is hypoplastic (OC with an arrow),
in the homozygous embryo. Cleft palate is indicated (CP with an
arrow). (D,E) Frontal and parasagittal histological sections
through cervical and thoracic regions of the 17.5 d.p.c. embryos.
TR, thyroid; PT, parathyroid gland; TM, thymus. (F) Fixed
spleens isolated from the newborns. Note that the sizes of the
thyroid, ectopic parathyroid gland, thymus and spleen are
markedly reduced in the homozygotes. Scale bar; A, 5 mm; B,C,
1 mm; D,E,F, 500 µm.

Fig. 3. Cardiac anomalies in homozygous newborns. Serial histological sections of the
hearts were observed, and representative hearts from homozygous newborns (−/−;
A,C,E,G,H) and wild-type (+/+; B,D,F) are shown. (A-D) Histological sections through the
right and left outflow tracts of the homozygous newborns with TOF (A,C) and those of the
wild-type (B,D). Stenosis in the right ventricular infundibulum is indicated by PS with an
arrow. Hypoplasia of the pulmonary trunk and dilatation of the right ventricle (RV) are
noted in A. A large ventricular septal defect is indicated by VSD with an arrow in C. The
findings shown in A,C are indicative of TOF. (E,F) Four-chamber histological sections of
the hearts. Hypoplasia of the right ventricle is indicated by HRV with an arrow. (G,H)
Histological sections through the outflow tracts in a homozygous newborn with DORV.
Note that both the aorta and the pulmonary artery originate from the right ventricle. PA,
pulmonary artery; Ao, aorta; RV, right ventricle; LV, left ventricle; IC, infundibular
chamber; PS, VSD, HRV, DORV, the same abbreviations as in Table 2. Scale bar, 500 µm.
the secondary palate (Table 2 and Fig. 2C).
The palate appeared thinner in the other 4
homozygotes than in wild-type mice (data
not shown). All homozygotes showed
hypoplasia of the parathyroid glands,
thymus and spleen, and the positions of
the parathyroid glands were markedly
altered (Fig. 2D-F). The weights of the
thymus and spleen in the homozygotes
were almost half of those in the wild-type
mice (Table 2). Splenic hypoplasia was
present even in the heterozygotes (Table
2).

Serial histological sections of the hearts
revealed anomalies in all 12 rae28−/−

homozygotes, i.e., six 17.5 d.p.c. embryos,
one dead newborn, three newborns with
cyanosis and two without cyanosis (Table
2 and Fig. 3). Pulmonary stenosis (PS),
including infundibular stenosis and
pulmonary valve stenosis, was evident in
all 12 rae28−/− homozygous mice. A ven-
tricular septal defect (VSD) and aortic
stenosis (AS) were present in 9 and 6 of
the 12 homozygotes, respectively. Four of
the 12 homozygotes had tetralogy of
Fallot (TOF), one of the most common
congenital cardiac anomalies causing
cyanosis (Schlant et al., 1994). In the his-
tological section through the right outflow
tracts of the homozygous newborn shown
in Fig. 3A, stenosis in the right ventricu-
lar infundibulum and hypoplasia of the
pulmonary trunk were evident. The
infundibular chamber (IC) appeared
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Fig. 4. Skeletal abnormalities in the homozygotes. (A,B) Lateral views of the occipital cervical and thoracic region of skeletons of 17.5 d.p.c.
embryos. The wild-type C7 and the homozygous C7 with the ectopic rib are indicated by arrows. (C,D) Lateral views of the lumbar skeletons
of the 17.5 d.p.c. embryos. Note that the iliac bone is associated with L6 in the rae28−/− homozygous embryos. (E,F) Anterior views of the
sternebrae of the newborns. Note loss of the 5th ossification point in the sternebrae of the homozygous newborn, which is indicated by an
arrow. −/−, rae28−/− homozygous embryos (A,C,E); +/+, wild-type embryos (B,D,F). SO, supraoccipital bone; EO, ectopic ossification between
SO and C1; IL, iliac bone; C1, C2, C7, L6, S1, the same abbreviations in Table 2. Scale bar, 1 mm.
between the infundibular stenotic region and pulmonary valve.
Enlargement of the right ventricle was confirmed in serial his-
tological sections (data not shown). In addition, the aorta
straddled a large ventricular septal defect and originated from
Fig. 5. In situ hybridization with
Hox probes in the paraxial
mesoderm and neural components.
Sagittal sections of the 12.5 d.p.c.
rae28−/− homozygous embryos (−/−;
A,C,E,G,I,K) and wild-type
embryos (+/+; B,D,F,H,J,L) were
hybridized with Hoxa-3 (A,B), a-4
(C,D), a-5 (E,F), b-3 (G,H), b-4 (I,J)
and d-4 (K,L) probes. In the
rae28−/− homozygous embryos, the
anterior boundaries of Hoxa-3 and
b-3 expression, and those of Hoxa-
4, b-4 and d-4 expression spanned
the caudal region of the basoccipital
anlage and prevertebra 1,
respectively. BO, basoccipital
anlage; MO, medulla oblongata;
PO, pons. PV1, PV2 and PV3
indicate the first, second and third
prevertebrae, respectively. The
positions of BO, PV1, PV2 and PV3
were confirmed under Nomarski
microscopy. Scale bar, 250 µm.
both ventricles, as shown in the histological section through
the left outflow tract (Fig. 3C). These findings were compati-
ble with TOF, i.e., PS, VSD, biventricular origin of the aorta
above VSD and enlargement of the right ventricle (Schlant et
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Table 2. Phenotype of offspring from heterozygous intercrosses
Genotype of the rae28 gene

P value
+/+ +/− −/− (+/+ vs/ −/−)

(a) Mass of newborn mice (g) (n=27) (n=56) (n=15)
1.36±0.16 1.37±0.15 1.27±0.14 3.5×10−2

(b) Microphthalmia* (n=24) (n=62) (n=25)
Left eyes 235±18 234±24 189±35 7.9±10−7

Right eyes 232±19 232±27 156±61 1.2×10−6

(c) Cleft palate† (n=25) (n=56) (n=14)
0 0 10

(d) Parathyroid hypoplasia† (n=4) (n=2) (n=6)
0 0 6

(e) Thymic hypoplasia‡ (n=25) (n=51) (n=13)
3.04±0.71 3.15±0.67 1.78±0.43 3.9×10−8

(f) Cardiac anomalies† (n=5) (n=3) (n=12)
PS 0 0 12
VSD 0 1 9
AS 0 0 6
TOF 0 0 4
DORV 0 0 1
HRV 0 0 1

(g) Splenic hypoplasia‡ (n=23) (n=50) (n=13)
3.30±0.64 2.62±0.58 1.75±0.56 1.4×10−8

(h) Skeletal abnormalities§ (n=8) (n=12) (n=7)
Abnormal supraoccipital bone 0 0 7
Ectopic occipital ossification 0 0 3
Fusion of C1 and C2 0 1 5
C6→T1 0 0 1
C7→T1 0 0 7
L6→S1 0 1 4

Sternal defect (n=26) (n=52) (n=10)
0 0 10

*The index for the size of the optic cup, S, in 12.5 d.p.c. embryos was defined as follows: S = N/L2, where N and L denote the number of pixels in the optic
cup counted by the image processing method and the length of the embryos (mm), respectively. The optic cup was smaller on the right side (P=0.013).

†Findings were based on microscopic examinations and serial histological sections of newborns and 17.5 d.p.c. embryos. Abbreviations are as follows: PS,
pulmonary stenosis including infundibular stenosis and/or pulmonary valve stenosis; VSD, ventricular septal defect; AS, aortic stenosis; TOF, tetralogy of Fallot;
DORV, double-outlet right ventricle; HRV, hypoplasia of the right ventricle.

‡Indices were calculated as follows: the weight (mg) of the isolated thymus or spleen was divided by the weight (g) of the newborns.
§Unilateral and bilateral abnormalities were counted as being positive in the axial skeletal analysis. ‘Sternal defect’ indicates loss of the 5th ossification point

in the sternebrae of the newborns. C1, atlas; C2, axis; C6, 6th cervical vertebra; C7, 7th cervical vertebra; T1, 1st thoracic vertebra; L6, 6th lumbar vertebra; S1,
1st sacral vertebra.
al., 1994). Hypoplasia of the right ventricle (HRV) was
observed in one homozygote (Fig. 3E). Serial histological
sections of the heart showed that the formation of the entire
right ventricle and a tricuspid valve was impaired. Further-
more, we found one homozygous newborn with a double-outlet
right ventricle (Schlant et al., 1994). In histological sections
through the outflow tracts in this newborn (Fig. 3G,H), both
the aorta and the pulmonary artery were found to originate
from the right ventricle. Subaortic stenosis in the right outflow
tract and atresia in the left outflow tract were present. Both ven-
tricles were severely dilated and the thickness of the
myocardium was reduced. No cardiac anomalies were
observed in the 5 wild-type and 3 heterozygous mice, except
for a minute VSD in one rae28+/- heterozygote (Table 2).

We then stained skeletons of the 17.5 d.p.c. embryos and
newborns with alizarin red and alcian blue and examined them
for morphological changes. All 7 rae28−/− homozygotes had
skeletal abnormalities, including typical posterior transforma-
tions (Table 2 and Fig. 4A,C). Reduced supraoccipital bone and
transformation of the seventh cervical vertebra (C7) to the first
thoracic vertebra (T1) were obvious in all of the homozygotes.
C7 to T1 transformation was evidenced by the presence of ribs
in C7 (Fig. 4A). Ectopic ossification between the supraoccipi-
tal bone and the atlas (C1), fusion of C1 and the axis (C2), and
transformation of the sixth cervical vertebra (C6) to T1 were
each present in 1 to 5 of the 7 homozygotes (Table 2). The
thickness of the homozygous C1 was reduced and the shape
resembled that of C2 (Fig. 4A). All of the newborn homozy-
gotes had sternal defects, including loss of the 5th ossification
point in the sternebrae of the newborns (Table 2 and Fig. 4E).
Transformation of the sixth lumbar vertebra (L6) to the first
sacral vertebra (S1) was present in 4 of the 7 homozygotes. L6
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Table 3. Altered anterior expression boundaries of Hox
genes in mice lacking the Pc-G genes

Genotype

rae28−/− bmi-1−/− mel-18−/− M33−/−

Hoxa-2 nd (0/2) nd nd nd
Hoxa-3 2/3 (0/4) nd nd +
Hoxa-4 2/2 (0/1) 5/5 nd nd
Hoxa-5 3/3 (0/2) 2/2 4/4 −
Hoxa-6 nd nd nd −
Hoxa-7 nd 0/2 2/2 nd
Hoxa-9 0/2 nd nd nd
Hoxa-10 0/3 nd nd nd
Hoxa-11 0/2 nd nd nd

Hoxb-1 nd (0/5) nd nd nd
Hoxb-3 *5/5 (5/5) nd 2/3 nd
Hoxb-4 2/2 (4/4) nd 4/4 nd
Hoxb-5 0/4 0/2 0/3 nd
Hoxb-6 0/3 3/4 5/6 nd
Hoxb-8 nd nd 3/3 nd

Hoxc-4 nd 4/4 nd nd
Hoxc-5 nd 2/2 0/5 −
Hoxc-6 0/5 2/2 1/5 −
Hoxc-8 0/3 4/4 2/3 −
Hoxc-9 nd 2/2 nd nd

Hoxd-3 0/2 (0/3) nd nd nd
Hoxd-4 3/3 (0/2) 0/2 4/4 −
Hoxd-9 0/2 nd nd nd

Summary of ectopic expression of Hox genes in mice lacking the rae28,
bmi-1 (van der Lugt et al., 1996), mel-18 (Akasaka et al., 1996) and M33
genes (Coré et al., 1997). The index is as follows; the number of embryos
with ectopic Hox gene expression in the paraxial mesoderm/the number of
embryos examined. The findings in the rhombomeres are in parentheses. An
asterisk indicates that ectopic expression of the Hox gene was observed in the
paraxial mesoderms and neural components. In the embryos lacking the M33
gene, the presence and absence of the altered expression boundaries are
indicated by plus (+) and minus (−), respectively. nd; not determined.
to S1 transformation was evidenced by the iliac bone associ-
ated with L6 instead of S1 (Fig. 4C). Fusion of C1 and C2, and
L6 to S1 transformation were also observed in one of the 12
heterozygotes (Table 2).

Ectopic expression of Hox genes in the
homozygous embryos
Since Hox genes are important determinants of segmental
identity along the A-P axis (McGinnis and Krumlauf, 1992;
Krumlauf, 1994), we examined expression patterns of 15
different Hox genes (Hoxa-3, a-4, a-5, a-9, a-10, a-11, b-3, b-
4, b-5, b-6, c-6, c-8, d-3, d-4 and d-9) in the paraxial mesoderm
of 12.5 d.p.c. wild-type and rae28−/− homozygous embryos by
section in situ hybridization (Table 3). In the wild-type
embryos, the anterior boundaries of Hoxa-3 and b-3 expression
(Fig. 5B,H), and those of Hoxa-4, b-4, and d-4 expression
spanned PV1 and PV2 (Fig. 5D,J,L), respectively. In the
rae28−/− homozygous embryos, the anterior boundaries of
Hoxa-3 and b-3 expression shifted from PV1 to the caudal
region of the basoccipital anlage (BO) (Fig. 5A,G), and those
of Hoxa-4, b-4, and d-4 expression, from PV2 to PV1 (Fig.
5C,I,K). The anterior boundaries of Hoxa-5 expression were
also shifted from PV3 to PV2 in the rae28−/− homozygous
embryos (Fig. 5E,F). We could not detect ectopic expression
of the other Hox genes in the paraxial mesoderms (Table 3).
The rae28−/− homozygotes showed systemic defects in the
neural crest-related tissues (Table. 2). Expression of the four 3′
paralogous Hox family members was found in neural crest cells
of the rhombomeres and pharyngeal arches (Hunt et al., 1991a-
c). Therefore, we further examined the expression patterns of
the 3′ Hox gene members (Hoxa-2, a-3, a-4, a-5, b-1, b-3, b-
4, d-3 and d-4) in the rhombomeres and pharyngeal arches of
10.5 d.p.c. wild-type and mutant embryos (Table 3). The rhom-
bomeric segments (R1-R7) and pharyngeal arches (P1-P3) did
not appear to be grossly changed histologically in the 10.5
d.p.c. rae28−/− homozygous embryos (Fig. 6). In the rhom-
bomeres of the 10.5 d.p.c. rae28−/− homozygous embryos, the
anterior boundary of Hoxb-3 expression was shifted from R5
to R4 (Fig. 6B,D) and that of Hoxb-4 expression, from R7 to
R6 (Fig. 6G,H). The anterior boundary of Hoxb-3 expression
in the pharyngeal arches was also shifted from P3 to P2 (Fig.
6B-D). The ectopic expression of the Hoxb-3 gene in P2 should
be correlated with that in R4, because neural crest cells in R4
are known to migrate into P2 (Hunt et al., 1991a-c). In these
experiments, R4 and the otic vesicle (OT) were used as
landmarks. We also confirmed P2, shown in Fig. 6C, by
detecting the anterior boundary of Hoxa-2 expression in the
adjacent section (data not shown) (Hunt et al., 1991a-c).

Furthermore, in 12.5 d.p.c. homozygous embryos, the
anterior boundary of Hoxb-3 expression was shifted from the
middle of the medulla oblongata (MO) to the pons (PO) (Fig.
5G,H).

DISCUSSION

In this study, we generated a null mutation of the rae28 gene
by homologous recombination in mouse ES cells. The rae28−/−

homozygotes showed perinatal lethality and multiple develop-
mental defects. Although some developmental defects
appeared in rae28−/− homozygotes with incomplete penetrance
or expressivity, it is unlikely that this is due to partial inacti-
vation of the rae28 gene. We have not eliminated the possibil-
ity that low levels of an alternatively spliced form of rae28
mRNA exist in the homozygous mutant embryos, but because
we have shown by immunoblot and in situ hybridization
analyses that rae28 expression is not detectable (Fig. 1C and
data not shown), we think that if such alternative transcripts
exist, they make very little contribution to rae28 function.
Moreover, we do not believe that these partially penetrant phe-
notypes arose from coincident mutations in the background,
since two independent lines gave rise to similar phenotypes.
However, we cannot rule out a background effect, because the
homozygotes were derived from parents with a hybrid (129/Sv;
C57BL/6) background.

The rae28 mutation affects skeletal A-P patterning and
causes the posterior skeletal transformations over the entire A-
P axis, i.e., C1 to C2, C7 (C6) to T1 and L6 to S1 transfor-
mations (Fig. 4A,C). Similar systemic posterior transforma-
tions were observed in mice deficient in other mouse
homologues of the Drosophila Pc-G genes, such as the bmi-1,
mel-18, eed and M33 genes (van der Lugt et al., 1994; Akasaka
et al., 1996; Schumacher et al., 1996; Coré et al., 1997). In the
paraxial mesoderms of the rae28−/− homozygous embryos, the
anterior expression boundaries of the Hoxa-3, a-4, a-5, b-3, b-
4 and d-4 genes were shifted rostrally (Fig. 5A,C,E,G,I,K and
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n with Hox probes in the rhombomeres and pharyngeal arches.
) and frontal sections (E,F,G,H) through the rhombomeres of the 10.5

−/− homozygous embryos (−/−; A,B,C,E,G) and wild-type embryos
zed with Hoxb-1 (A,E,F), b-3 (B,C,D) and b-4 (G,H) probes. Note that
 Hoxb-3 expression in the rhombomeres and pharyngeal arches of the
bryos spanned R4 and P2, respectively (B,C), and that the anterior
ession spanned R6 in the mutant embryos (G). R4, R5, R6 and R7
ixth and seventh rhombomeres, respectively. P1, P2 and P3 indicate
 pharyngeal arches, respectively. OT, otic vesicle. Scale bar, 250 µm.
Table 3). These anterior shifts of the Hox codes may be corre-
lated with the posterior shift of vertebral identity in the
rae28−/− homozygotes, because the gain of function by ectopic
expression of the Hox gene was found to generally result in
posterior transformations (McGinnis and Krumlauf, 1992;
Krumlauf, 1994; van der Lugt et al., 1994, 1996; Akasaka et
al., 1996; Coré et al., 1997).

To our surprise, the rae28−/− homozygous mice carried all
the phenotypes noted in the human congenital disorder
CATCH-22 syndrome (Wilson et al., 1993). The CATCH-22
syndrome encompasses a wide spectrum of clinical manifesta-
tions, including cardiac anomalies, abnormal facies with ocular
abnormalities, thymic hypoplasia, cleft palate and hypocal-
cemia (hypoparathyroidism) (Wilson et al., 1993). The
CATCH-22 syndrome may include DiGeorge syndrome
(McKusick, 1992), vero-cardio-facial syndrome (Shprintzen et
al., 1978) and conotruncal anomaly face syndrome (Takao et
al., 1980). These syndromes are believed to arise from neural
crest defects (Payne et al., 1995; Olson and Srivastava, 1996),
because neural crest ablation in the chick rhombomeres
produced the similar defects (Bockman and Kirby, 1984; Kirby
and Waldo, 1990). The CATCH-22 syndrome is autosomal
dominant (Wilson et al., 1993) and is
frequently associated with microdele-
tions within chromosome 22q11
(Wilson et al., 1993; Payne et al.,
1995; Olson and Srivastava, 1996).
However, most rae28+/− heterozy-
gotes do not manifest the overt
phenotype, and the rae28 gene maps
to a region syntenic with human chro-
mosome 12p11-p13 (Motaleb et al.,
1996). Nevertheless, the remarkable
similarity of the phenotypes between
the rae28−/− homozygotes and the
CATCH-22 syndrome may indicate
the presence of a defect(s) in a
common developmental pathway of
neural crest cells.

Expression of the four 3′ paralo-
gous Hox family members is found in
neural crest cells of the rhombomeres
and pharyngeal arches (Hunt et al.,
1991a-c), and mutant mice lacking
the Hoxa-1 (Lufkin et al., 1991;
Chisaka et al., 1992), a-2 (Gendron-
Maguire et al., 1993; Rijli et al.,
1993), a-3 (Chisaka and Capecchi,
1991; Manley et al., 1995) and b-1
genes (Studer et al., 1996; Goddard et
al., 1996) indicated that these Hox
genes are involved in neural crest
development. The rae28−/− homozy-
gous mice share similar defects with
the Hoxa-2- and Hoxa-3-deficient
mice, i.e., the Hoxa-2-deficient mice
showed a bilateral cleft of the
secondary palate (Gendron-Maguire
et al., 1993; Rijli et al., 1993), and the
Hoxa-3-deficient mice had defects in
the thymus, parathyroid glands and

Fig. 6. In situ hybridizatio
Sagittal sections (A,B,C,D
d.p.c representative rae28
(+/+; D,F,H) were hybridi
the anterior boundaries of
rae28−/− homozygous em
boundary of Hoxb-4 expr
indicate the fourth, fifth, s
the first, second and third
heart (Chisaka and Capecchi, 1991; Manley et al., 1995). It was
indicated that these defects in the Hoxa-2- and Hoxa-3-
deficient mice were derived from the neural crest cells in R4
(P2) (Gendron-Maguire et al., 1993; Rijli et al., 1993) and
R6+R7 (P3+P4) (Chisaka and Capecchi, 1991; Manley et al.,
1995), respectively. R4 and R6 corresponded to the regions
where ectopic expression of the Hoxb-3 and b-4 genes was
found in the rae28−/− homozygous embryos (Fig. 6B,C,G).
Interestingly, it is known that overexpression of an exogenous
Hox gene can abrogate the functions of endogenous Hox genes
to cause phenotypes similar to those of their loss-of-function
mutants (Jegalian et al., 1992; Pollock et al., 1992). Therefore,
the ectopic expression of the Hoxb-3 and b-4 genes in R4 and
R6 are presumed to be correlated with the defects in the neural
crest-related tissues observed in the rae28−/− homozygous
mice.

Although multiple Hox genes from the three different
clusters (Hoxa-3, a-4, a-5, b-3, b-4 and d-4) were found to be
affected in the paraxial mesoderms of the rae28−/− homozy-
gous embryos (Fig. 5 and Table 3), all of the affected Hox
genes so far identified were included in the 3 to 5 paralogous
families (Table 3). The altered expression of these Hox genes
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was also reported in mice lacking other members of the Pc-G
genes (Table 3): the Hoxa-3 gene was affected by the M33
mutation, the Hoxa-5 gene was affected by the bmi-1 and mel-
18 mutations, and the Hoxa-4, b-3, b-4 and d-4 genes were
affected by either the bmi-1 or mel-18 mutation (van der Lugt
et al., 1996; Akasaka et al., 1996; Coré et al., 1997). In contrast,
the Hoxb-6, c-6 and c-8 genes were affected by the bmi-1 and
mel-18 mutations (van der Lugt et al., 1996; Akasaka et al.,
1996), but not by the rae28 mutation (Table 3). Thus, some of
the subset of Hox genes affected in the rae28−/− homozygous
embryos were the same as those affected in mice lacking other
members of the Pc-G genes. Interestingly, the Hox genes
affected in the rhombomeres and/or pharyngeal arches of the
rae28−/− homozygous embryos were restricted to the Hoxb-3
and b-4 genes, which are a part of the Hox gene subset affected
in the paraxial mesoderm (Fig. 6B,C,G and Table 3).

All of these results strongly suggest that the rae28 gene neg-
atively regulates the expression of a specific subset of Hox
genes in a tissue-specific manner and is required for proper
segmental identity along the A-P axis not only in the paraxial
mesoderm but also in the neural crest. Very recently, neural
crest defects were also considered to be a factor in compound
mutant mice for the bmi-1 and mel-18 genes (T. Akasaka, H.
Koseki, M. Kanno, M. Taniguchi, N.M.T. van der Lugt and A.
Berns, personal communication). Therefore, this is further
support for mammalian Pc-G genes having a crucial role in
neural crest development. Further study of the molecular
events underlying the rae28−/− phenotype should lead to a
better understanding of neural crest development and the
related disorders.
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