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RARg and Cdx1 Interactions in Vertebral Patterning
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Exogenous retinoic acid (RA) can evoke vertebral homeosis when administered during late gastrulation. These vertebral
transformations correlate with alterations of the rostral limit of Hox gene expression in the prevertebrae, suggesting that
retinoid signaling regulates the combinatorial expression of Hox genes dictating vertebral identity. Conversely, loss of
certain RA receptors (RARs) results in anterior homeotic transformations principally affecting the cervical region. Despite
these observations, the relationship between retinoid signaling, somitic Hox expression, and vertebral patterning is poorly
understood. The members of the murine Cdx family (Cdx1, Cdx2, and Cdx4) are the homologues of Drosophila caudal and
encode homeobox-containing transcription factors. Cdx1 homozygous null mutants exhibit anterior homeotic transforma-
tions, some of which are reminiscent of those in RARg null offspring. In Cdx1 mutants, these transformations occur
oncomitant with posteriorized prevertebral expression of certain Hox genes. Cdx1 has recently been demonstrated to be
direct RA target, suggesting an indirect means by which retinoid signaling may impact vertebral patterning. To further

nvestigate this relationship, a complete allelic series of Cdx1-RARg mutants was generated and the skeletal phenotype
ssessed either following normal gestation or after administration of RA. Synergistic interactions between these null alleles
ere observed in compound mutants, and the full effects of exogenous RA on vertebral morphogenesis required Cdx1. These
ndings are consistent with a role for RA upstream of Cdx1 as regards axial patterning. However, exogenous RA attenuated
everal defects inherent to Cdx1 null mutants. This finding, together with the increased phenotypic severity of RARg–Cdx1
ouble null mutants relative to single nulls, suggests that these pathways also function in parallel, likely by converging on
ommon targets. © 2001 Academic Press
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INTRODUCTION

In the mouse, formation of the body axis commences on
the sixth day of gestation with the induction of the primi-
tive streak (reviewed in Beddington and Robertson, 1999).
Ectodermal cells that ingress through the anterior region of
the primitive streak during gastrulation give rise, in part, to
paraxial mesoderm, which subsequently segments and dif-
ferentiates into the laterally paired somites (Wilson and
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eddington, 1996; Christ et al., 2000). The sclerotome
erivative of somites is the precursor of occipital bones,
ertebrae, and ribs. Vertebrae are patterned along the
ntero-posterior (A-P) axis, which is reflected by their
istinctive morphological characteristics, although such
ifferences are often subtle. This patterning relies in large
art on the action of the Hox transcription factors (Burke et
l., 1995; Gruss and Kessel, 1991; Capecchi, 1997; Sharkey
t al., 1997).
The 39 mammalian Hox genes are arranged in four

roups, Hoxa–d, which likely arose by a series of duplica-
ion events from a closely related ancestral cluster. Hox
enes are expressed initially in the posterior embryo at late
astrulation. Subsequently, expression spreads rostrally to
each a distinct anterior boundary in neuroectoderm and
esoderm. Genes located 39 in each Hox cluster are gener-
lly expressed earlier and eventually reach a more rostral
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47Cdx1 and RARg Interactions in Vertebral Patterning
limit of expression relative to those located more 59 in a
given cluster. This results in the anterior boundaries of Hox
expression domains being staggered along the length of the
axis and, in the case of paraxial mesoderm, these anterior
limits usually coincide with somite boundaries.

Based, in part, on the above observations, it was suggested
that vertebral A-P identity may be imparted through the
expression of a combination of Hox genes such that each
vertebra is specified by a unique “Hox code” (Kessel and
Gruss, 1991; Burke et al., 1995; Gruss and Kessel, 1991;
Gaunt, 1994). This hypothesis is strongly supported by a
multitude of gain- and loss-of-function studies where, in
general, anteriorization of Hox gene expression results in
posterior vertebral homeotic transformation while loss of
expression leads to anterior transformations (Maconochie
et al., 1999; Kessel and Gruss, 1991; Favier and Dolle, 1999;
Capecchi, 1997; Christ et al., 2000). Given this pivotal role
in vertebral patterning, Hox genes appear to be common
targets for a number of factors involved in antero-posterior
patterning. Among such factors, targeted disruption of Fgfr1
(Partanen et al., 1999), ActRIIB (Oh and Li, 1997), Mll (Yu et
l., 1995), or Cdx1 (Subramanian et al., 1995) leads to
bnormal vertebral patterning that is correlated with
isexpression of certain Hox genes. In mice, administra-

ion of exogenous retinoic acid (RA) at late gastrulation
E7.5) also results in posterior vertebral transformations
long the entire axis which are correlated with anteriorized
imits of prevertebral Hox gene expression (Kessel and
russ, 1991; Conlon and Rossant, 1992; Conlon, 1995).
onsistent with this, depletion of embryonic RA by dietary

estriction (Gale et al., 1999; Maden et al., 1996) or through
argeted disruption of RALDH2 (an enzyme essential for the
eneration of most embryonic RA; Niederreither et al.,
999) also has profound effects on rhombomeric Hox ex-
ression (Niederreither et al., 2000).
The retinoid signal is transduced by two families of

uclear transcription factors, the RARs and the RXRs, each
f which is expressed as multiple N-terminal variant iso-
orms. In the presence of an RAR ligand, RXR-RAR het-
rodimers activate transcription through retinoic acid re-
ponse elements (RAREs) in the promoter regions of target
enes (Mangelsdorf et al., 1996; Chambon, 1996; Kastner et
l., 1996). Consistent with a role for RA in vertebral
atterning, a number of RAR null mutant mice exhibit
ertebral homeosis, primarily affecting the cervical region
Lohnes et al., 1993, 1994). That the retinoid signal may

ediate these effects through Hox genes was suggested by
he finding that many Hox family members respond to
xcess RA in tissue culture and in vivo (Conlon and

Rossant, 1992; Kessel and Gruss, 1991; Marshall et al.,
992; Simeone et al., 1990). However, functional RAREs
ave been identified only for a limited number of such Hox
enes (Marshall et al., 1994, 1996; Morrison et al., 1996;

Studer et al., 1994; Dupé et al., 1997; Huang et al., 1998;
Langston and Gudas, 1992; Packer et al., 1998; Frasch et al.,
1995; Maconochie et al., 1996; Pöpperl and Featherstone

1993; Zhang et al., 2000). Moreover, to date, none of these

Copyright © 2001 by Academic Press. All right
RAREs have been shown to be critical for Hox function
with respect to vertebral patterning. These data suggest that
RA may impact on vertebral patterning through indirect
regulation of Hox transcription.

The caudal family of homeobox-containing transcription
factors is required for the proper development of the poste-
rior embryo in all species examined to date. The three
murine caudal homologues, Cdx1, Cdx2, and Cdx4, are
expressed in an overlapping expression pattern in the caudal
embryo commencing at E7.5 (Gamer and Wright, 1993;
Meyer and Gruss, 1993; Beck et al., 1995). Cdx1 homozy-
gous null mutants and Cdx2 heterozygous offspring exhibit
anterior homeotic transformations in the cervical and tho-
racic regions of the vertebral column which occur concomi-
tant with posterior shifts in expression of some Hox genes,
at least in Cdx12/2 offspring (Subramanian et al., 1995;

hawengsaksophak et al., 1997). Similar homeotic trans-
formations are also found (at a low incidence) in RARg null
ffspring, demonstrating functional convergence between
hese transcription factors (Lohnes et al., 1993). A direct
elationship between these two pathways is further sup-
orted by the finding that Cdx1 is a direct RAR target gene,
uggesting that Cdx1 may serve as an intermediary for Hox
egulation and vertebral specification elicited by the retin-
id signal (Houle et al., 2000). In the present study, we
urther investigated this relationship by generation and
nalysis of Cdx1–RARg compound mutant mice. We dem-

onstrate that Cdx1 is required for some of the effects of
exogenous RA on the axial skeleton, and that it acts both
downstream of, and parallel to, retinoid signaling during
vertebral patterning.

MATERIALS AND METHODS

Embryos and RA Treatment

The RARg and Cdx1 null mice used in this study have been
reviously described (Lohnes et al., 1993; Subramanian et al.,
995). Cdx1–RARg double heterozygotes as well as Cdx12/2--

RARg1/2 progeny were generated and used in subsequent crosses to
derive all possible combinations of offspring. Mice were mated
overnight and females examined the following morning for the
presence of a vaginal plug; noon of the day of plug was considered
as E0.5. Pregnant females were dosed by oral gavage with all-trans
RA dissolved in DMSO and subsequently diluted in corn oil to a
final delivery of 10 mg/kg at E7.5 or 100 mg/kg at E8.5, E9.5, or
E10.5, and either allowed to carry to term or sacrificed 48 h
postgavage (treatment at E7.5 only). In the latter case, embryos
were dissected in phosphate buffered saline (PBS), fixed overnight
in 4% paraformaldehyde, dehydrated through a methanol series
and stored at 220°C in 100% methanol. Genotype was determined
by PCR using DNA isolated from either yolk sac or skin as
described previously for RARg (Iulianella and Lohnes, 1997). For
Cdx1, primers specific for the Cdx1 locus (59-CCCCACA-
GGTAAAGATCTGG-39 and 59-CCCCAAAGGCAGCAGCAG-
GG-39) which flank the Neo integration site (Subramanian et al.,
1995) were used to amplify an approximately 330-bp product
specific for the wild-type allele. The primer 59-GGCCGGAG-

AACCTGCGTGCAATCC-39, located in the 59 coding region of the

s of reproduction in any form reserved.



v
1
C
v
o

a
f
p
e
(
f
h
a
d
i
h
e

e
t
A
i
o
M
b
t
i
s
n
r
p
v
p
a

48 Allan et al.
Neo gene, was employed with the second oligonucleotide to
amplify an approximately 600-bp product specific for the disrupted
allele. For some in situ hybridization analysis, wild-type controls
were derived either from the above matings or from CD-1 inter-
crosses; no overt differences in gene expression were observed
between these two control backgrounds.

In Situ Hybridization Analysis
Embryos were pooled by stage (judged by somite number),

genotype, and RA treatment and rehydrated through a methanol
series. The Hoxd3 and Hoxd4 cDNAs (Condie and Capecchi 1993;
Folberg et al., 1997) were used to generate digoxigenin-labeled
riboprobes and whole-mount in situ hybridizations performed as
described (Iulianella et al., 1999). Samples to be compared were
processed in parallel under identical conditions to control for
interexperimental variation in signal strength. Following signal
development, embryos were cleared and photographed under a
dissecting microscope.

Whole-mount skeletal preparations. Fetuses were skinned,
eviscerated, and dehydrated in 100% ethanol. Carcasses were then
stained overnight with 0.03% Alcian blue (Sigma) in 80% ethanol:
20% glacial acetic acid (v/v) to reveal cartilaginous elements.
Specimens were then dehydrated in 100% ethanol, cleared in 2%
aqueous potassium hydroxide for 6 h, and stained overnight with
0.1% Alizarin Red S (Sigma) to detect ossified structures. Clearing
was subsequently effected by several changes of 20% glycerol in
1% potassium hydroxide followed by 50% glycerol:50% ethanol
(v/v) for 2–3 weeks. Specimens were scored under a dissecting
microscope and photographed.

RESULTS

All Cdx12/2 mice were viable and fertile, as expected,
and the additional loss of one allele of RARg had no
apparent effect on the reproductive capacity or longevity
of Cdx12/2–RARg1/2 compound mutants. Analysis of 55
newborn mice from Cdx12/2RARg1/2 intercrosses re-

ealed 13 (24%) Cdx12/2, 26 (47%) Cdx12/2RARg1/2, and
6 (29%) Cdx12/2RARg2/2 offspring, demonstrating that
dx1/RARg double null mutants survive to term. The
ertebral homeotic transformations and malformations
bserved in the various Cdx1–RARg mutants are summa-

rized in Table 1 and are described below.
In the mouse, the vertebral column is normally composed

of 7 cervical (C1–C7), 13 thoracic (T1–T13), 6 lumbar
(L1–L6), 3 or 4 sacral (S1–S4), and 31 caudal vertebrae. The
first cervical vertebra (C1, or atlas) has thick neural arches,
lacks a true vertebral body, and possesses a ventrally
located tubercle, the anterior arch of the atlas (AAA). The
neural arches of C2 are not as broad as those of C1, but are
thicker than those of more posterior cervical vertebrae. C2
also possesses two vertebral bodies, the second of which
(the dens axis) is composed of material derived from C1, and
is located directly anterior to the vertebral body of the axis.
Vertebrae C3–C5 are virtually identical to one another, all
possessing transverse foramen and articular processes that
extend in the plane of the body. C6 is distinguished by the

ventrally protruding anterior tuberculi, whereas C7 re-

Copyright © 2001 by Academic Press. All right
sembles C3–C5 but lacks transverse foramen. The thoracic
vertebrae are characterized by the presence of ribs, the first
seven of which (T1–T7) attach to the sternum. The second
thoracic vertebra is further distinguished by a large dorsal
spinous process.

Vertebral Defects in Cdx1 and RARg Null Mutants

In contrast to previous studies (Subramanian et al., 1995),
nterior transformations and vertebral malformations were
ound in Cdx11/2 offspring (Table 1). C2 often exhibited
artial characteristics of C1, including the presence of an
ctopic AAA-like structure and/or thicker neural arches
Fig. 1D). Caudal extension of the basioccipital, or the
usion of this bone to the AAA, was observed in 31% of
eterozygous offspring (Fig. 1E). Malformation of the neural
rches of C1 and C2 and fusions of C2–C3 were also
etected (Figs. 1F). More caudal vertebrae typically affected
n Cdx1 null mutants (see below) were normal in the
eterozygotes, suggesting that the anterior-most vertebral
lements are particularly sensitive to Cdx1 gene dosage.
The skeletal phenotype of Cdx12/2 mice agreed with prior

work (Subramanian et al., 1995), although slightly higher
frequencies and/or penetrance of defects were noted in the
present study (Table 1). Briefly, all Cdx1 null mutants
xhibited close apposition or fusion of C1 to the basioccipi-
al bone, a reduction of the C1 neural arches and loss of the
AA (Figs. 2B and 3). Concomitantly, a rostral shift in the

dentities of C2, C3, C6, and C7 by one vertebra was
bserved, as evidenced by altered morphological features.
ost Cdx12/2 skeletons exhibited ribs on the eighth verte-

ra (presumptive T1) which were, however, either fused to
he ribs of vertebra 9 or only partially formed (denoted
ncomplete ribs in Table 1). Thirty eight percent of the
keletons exhibited a T1 to C7 phenotype. However, the
umber of rib-bearing or lumbar vertebrae was usually
educed by one (i.e., C8/T12/L6 or C8/T13/L5 vertebral
atterns in Table 1), and hence the number of presacral
ertebrae did not differ from controls. Finally, the spinous
rocess characteristic of vertebra 9 was found on vertebra 9
nd/or 10 in approximately half of the Cdx12/2 skeletons.

As previously discussed (Subramanian et al., 1995), these
data are consistent with anterior homeotic transformation
of vertebrae C1 through T8 elicited by Cdx1 disruption.

The homeotic transformations and vertebral malforma-
tions observed in RARg mutants have been previously
described (Lohnes et al., 1993) and are consistent with the
present study. These defects included caudal extension of
the basioccipital bone and fusion of this bone to the AAA,
and partial C2-to-C1 anterior transformation, all of which
occurred at a low penetrance (Table 1 and data not shown).

Compound Mutants

Cdx11/2–RARg1/2 offspring. The incidence of several
vertebral defects was increased in Cdx11/2--RARg1/2 off-

spring relative to either single heterozygote (Table 1). These

s of reproduction in any form reserved.
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TABLE 1
Vertebral Phenotypes of Compound Cdx1–RARg Mutants

Phenotype

Genotype

WT
n 5 23

(%)

RARg1/2

n 5 38
(%)

RARg2/2

n 5 27
(%)

Cdx11/2

n 5 38
(%)

Cdx12/2

n 5 29
(%)

Cdx11/2g1/2

n 5 42
(%)

Cdx11/2g2/2

n 5 15
(%)

Cdx12/2g1/2

n 5 32
(%)

Cdx12/2g2/2

n 5 20
(%)

Basioccipital
Fusion to AAA — — 1 (4) 5 (13) 29 (100) 3 (7) 6 (40) 32 (100) 20 (100)
Caudal Extension — — 2 (7) 7 (18) — 16 (38) 3 (20) — —

Vertebrae 1
Fusion to occipitals — — — — 29 (100) — — 32 (100) 20 (100)
Malformed NAc — — — 6 (16) — 4 (10) 9 (60) 1 (3)a —

Vertebrae 2
Complete C1
identity

— — — — 29 (100) — — 32 (100) 20 (100)

Partial C1 identity
AAA — — 3 (11) 17 (44) — 21 (50) 13 (87) — —
Thick NA — 3 (8)a 11 (41) 17 (44) — 34 (81) 5 (33) — —

Malformed NA — — — 16 (42) — 11 (26) 8 (53) 4 (13) 1 (5)a

Fusion to V3 — — — 10 (26) 4 (14) 10 (24) 5 (34) 2 (6) —
Vertebrae 3

Complete C2
identity

— — — — 29 (100) — — 32 (100) 20 (100)

Thick NA — — — — — 2 (5) 8 (53) — —
Vertebrae 6

No TA — — — 1 (4)a 29 (100) 5 (12)a 2 (13)a 31 (97)b 20 (100)
Vertebrae 7

TA — — — — 28 (97)b 4 (10)a 2 (13)a 32 (100) 20 (100)
Rib — 1 (3)a — — — — — — —

Vertebrae 8
C7 identity — — — — 11 (38) — — 16 (50) 16 (80)
Incomplete rib — — — — 18 (62) — — 16 (50) 4 (20)b

Spinous process on:
V10 — — — — 6 (27) — 1 (7) 7 (22) 9 (45)
V8 and V9 — 1 (3) 1 (4) — — — — — —
V9 and V10 — 1 (3) 2 (7) — 6 (27) — 4 (27) 15 (47) 8 (40)

Cervical vertebrae:
6 — 1 (3)a — — — — — — —
8 — — — — 11 (38) — — 15 (47) 16 (80)

Ribs
12 — — — — 13 (45) — — 14 (44) 8 (40)
14 1 (4)b 4 (11)a 15 (56) — 2 (7) — 9 (60) 4 (13) 3 (15)a

Sternal Ribs
6 — — — — 6 (21)a — — 1 (3)a —
8 4 (17)a 6 (16) 21 (78) 9 (24) 4 (14)a 16 (38) 14 (93) 6 (19)a —

Lumbar vertebrae:
5 4 (17) 4 (11) 15 (56) 4 (11) 6 (21) 6 (14) 9 (60) 6 (19) 15 (75)

Vertebral patternd

C6/T14/L6 — 1 (3) — — — — — — —
C7/T12/L6 — — — — — — — — —
C7/T13/L5 3 (13) 2 (5) — 4 (11) 2 (7) 6 (14) — 1 (13) —
C7/T13/L6 19 (83) 32 (84) 12 (44) 34 (89) 14 (48) 36 (86) 6 (40) 14 (44) 2 (10)
C7/T14/L5 1 (4) 2 (5) 15 (56) — 2 (7) — 9 (60) 4 (13) 6 (30)
C7/T14/L6 — 1 (3) — — — — — 1 (3) —
C8/T12/L5 — — — — — — — 1 (3) —
C8/T12/L6 — — — — 10 (34) — — 11 (34) 5 (25)
C8/T13/L5 — — — — 2 (7) — — 3 (9) 13 (65)
C8/T13/L6 — — — — 1 (3) — — 1 (3) —

a All unilateral.
b All bilateral.
c Includes fusions.

d The total may exceed the number of samples noted as some offspring exhibited two different (unilateral) vertebral patterns.



C

2

C

v

t

p
a
t
C

o
o
e
(
a O, ba

50 Allan et al.
included caudal extension of the basioccipital bone and
partial C2–C1 transformation, as evidenced by a thickening
of the C2 neural arches. Anterior transformations of C6-
to-C5 and C7-to-C6 were also increased, as determined by
the loss or gain of anterior tuberculi, respectively (Table 1
and Figs. 2C–2E).

Cdx11/2–RARg2/2offspring. As described in Table 1,
dx11/2–RARg2/2 offspring were more affected than double

heterozygotes or RARg null mutants. Cdx11/2--RARg2/2

skeletons exhibited an increased incidence of fusion of the
basioccipital bone to the AAA (Fig. 2F). This fusion occured
significantly more frequently than would be expected from
an additive effect (P , 0.025). The majority of Cdx11/

RARg2/2 skeletons also exhibited malformed neural arches
of C1 through C3, which were also often fused to the neural
arches of the adjoining vertebral element (Fig. 2F). An
ectopic AAA on C2, frequently fused to the normal AAA,
was also observed in most of these specimens (Fig. 2F), and
C3 frequently exhibited thickened neural arches indicative
of a partial transformation to a C2 identity. The above
defects were rarely seen in the double heterozygotes or in
RARg single null mutants, further demonstrating that

dx1 and RARg act synergistically in vertebral patterning.
Cdx12/2–RARg1/2offspring. These offspring presented

ertebral phenotypes essentially identical to Cdx12/2

samples with the exception of a low incidence of fusions
involving C1 through C3 (Fig. 2G, Table 1, and data not
shown).

Cdx1/RARg double null mutants. In marked contrast

FIG. 1. Cdx1 heterozygote skeletal phenotypes. Whole-mount sk
ffspring. (A, D) Lateral view of cervical region of a wild-type (A) an
f the atlas in the heterozygous sample. (B, E) Ventral view of the ba
xtension of the basioccipital bone in the heterozygote is indicated
C) and a Cdx heterozygote (F). Note the malformations and fusion
rrowhead in (F). Abbreviations: AAA, anterior arch of the atlas; B
o Cdx1 null offspring or Cdx1/RARg compound mutants,

Copyright © 2001 by Academic Press. All right
all of which exhibited readily identifiable vertebral defects,
the cervical region of most double null mutants appeared
superficially normal (Figs. 2H and 3). However, upon closer
examination, this was found to be due to an essentially
complete fusion between C1 and the exoccipitals, relative
to Cdx12/2 mice (Fig. 3); this could be interpreted as a more
expressive anterior transformation of C1 into an occipital
identity. Anterior transformations continued throughout
the cervical region with the C2 through C7 exhibiting
anterior shifts in morphological identities in all double
mutants, as well as an increased incidence of T1-to-C7
transformation (observed in 38% of all Cdx12/2 skeletons)
resent in the majority of these specimens (Fig. 3). The
ppearance of this latter transformation was not likely due
o the insertion of a cervical element, as all affected
dx12/2RARg2/2 skeletons possessed 12 thoracic or 5 lum-

bar vertebrae, thus maintaining the number of presacral
vertebrae at 26. The majority of double null offspring with
T1-to-C7 transformations exhibited vertebral patterns of
C8/T13/L5 (Table 1; note that the use of C8 designates the
occipital-C1 fusion as C1, hence the T1-to-C7 transforma-
tion results in the assignment of 8 cervical vertebrae). This
is in contrast to the majority of Cdx12/2 skeletons with the
same T1–C7 transformation, which had vertebral patterns
of C8/T12/L6. Therefore, the loss of RARg from the Cdx1
null background also appears to mediate L1 to thoracic
homeosis, suggesting convergent roles for these gene prod-
ucts in patterning more caudal vertebrae; such functions are
masked in either single null background. With the excep-

l preparations from (A–C) wild-type and (D–F) Cdx1 heterozygous
dx1/2 specimen (B). AAA* in (D) denotes an ectopic anterior arch

the skull of a wild-type (B) and a Cdx1 heterozygote (E). The caudal
n arrow in (E). (C, F) Dorsal view of the cervical region of a control
the neural arches in the heterozygous specimen, indicated by the
sioccipital; C, cervical vertebra.
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52 Allan et al.
never been observed at a significant frequency in RARg2/2

offspring, demonstrating that loss of RARg increases the
incidence of homeosis in the Cdx12/2 background in a
ose-dependent manner (Table 1).
The loss of the remaining Cdx1 allele from the Cdx11/2

RARg2/2 background was also striking in that it appeared to
correct the vertebral fusions and other nonhomeotic defects
observed in most Cdx11/2RARg2/2 offspring, superficially
leading to the appearance of a normal cervical skeleton.
This suggests that these neural arch fusions, which have
been described in a number of RAR, Hox, and other mu-
tants, may be indicative of an intermediate state of homeo-
sis which is resolved in the double null offspring.

Hox Gene Expression in Cdx1–RARg Null Mutants

Both RARs and Cdx1 have been implicated in Hox gene
egulation. Consistent with this, both RA excess and Cdx1
oss alter the anterior expression boundaries of certain Hox
enes concomitant with vertebral homeosis (Subramanian
t al., 1995; Kessel and Gruss, 1991). To investigate altered
ox expression as the basis for the synergy observed be-

ween RARg2/2 and Cdx1, the expression patterns of Hoxd3
and Hoxd4 were examined by in situ hybridization in
wild-type, Cdx12/2, and Cdx12/2–RARg2/2 E9.5 embryos.

he anterior boundary of Hoxd3 in the paraxial mesoderm
ormally lies between somites 4 and 5. Hoxd3 mutants
xhibit fusion of C1 to the occipitals, and partial transfor-
ation of C2 to C1 (Condie and Capecchi, 1993), and its

xpression is shifted posteriorly in Cdx12/2 offspring (Su-
bramanian et al., 1995). Thus, Hoxd3 is an attractive
andidate for the synergy between RA and Cdx1 signaling
ffecting C1-basioccipital fusion. However, to date, we have
ot detected further reduction of Hoxd3 expression in
ARg–Cdx1 double null mutants.
At E9.5, Hoxd4 has an anterior limit of strong expression

in somite 6, with weaker expression in somite 5 (Folberg et
al., 1997). Hoxd4 null embryos exhibit certain of the
homeotic transformations that are observed in Cdx11/2 and

ARg2/2 skeletons, notably caudal extension of the basioc-
ipital bone and C2-to-C1 anterior transformation (Horan et
l., 1995a,b; Lohnes et al., 1993). Moreover, RARg and
oxd4 null mutations also exhibit synergy as regards fusion
f the basioccipital bone and the AAA and partial C2-to-C1
ransformation (Folberg et al., 1999), suggesting that altered
xpression of Hoxd4 may underlie some of the synergism
een between Cdx1 and RARg null alleles. However, Hoxd4

expression was not appreciably altered in Cdx1 single or
Cdx1–RARg double null embryos relative to wild-type
controls (data not shown).

Exogenous RA Attenuates Vertebral Homeosis in
Cdx1 Null Mutants

Ectopic expression of Cdx1 during development can
evoke vertebral and neural tube defects (Charité et al., 1998;

saacs et al., 1998; Pownall et al., 1996) reminiscent of the g

Copyright © 2001 by Academic Press. All right
ffects of excess RA. These observations suggested that
ome of the teratogenic effects of RA may occur through
isexpression of Cdx1. To investigate this, pregnant fe-
ales from Cdx11/2 intercrosses were treated with RA at

E7.5–E10.5, and surviving fetuses assessed for skeletal de-
fects. As regards the outcome of treatment at later stages,
all of the resultant offspring exhibited identical frequency
and severity of axial truncation (RA on E8.5) or limb defects
(RA on E9.5–E10.5) irrespective of genotype (data not
shown). Cdx1 therefore appears to be dispensable for evok-
ing these particular teratogenic outcomes.

RA treatment at E7.5 results in homeotic transforma-
tions along the entire vertebral axis (Kessel and Gruss,
1991); similar abnormalities were observed in wild-type
offspring in this study (Table 2). These included fusion of
the basioccipital bone to the AAA or the dens axis and
induction of a “proatlas” (Fig. 4B). This latter structure
derives from the 5th and 6th somites, which normally
contribute to the basioccipital bone and the tip of the dens
axis. Induction of a proatlas is interpreted as a posterior
transformation based on its similarity to C1. It is unlikely
that this vertebral pattern is due to an anterior transforma-
tion of C2 to C1 based both on morphological criteria
(Kessel and Gruss, 1991) and by the fact that RA treatment
generally results in posterior vertebral homeosis in the
cervical region (Conlon, 1995; Kessel and Gruss, 1991).
Consistent with this, a vertebral body was present in 16%
of the C1 vertebrae, indicating transformation to a C2
identity. However, these affected vertebrae retained an
AAA and neural arches typical of C1 and therefore the
transformation was incomplete. The second cervical verte-
bra exhibited a partial or complete transformation to C3 in
approximately half of the samples, and posteriorization of
C5 and C6 occurred in 32% of the offspring, as determined
by the presence or absence of anterior tuberculi, respec-
tively. These transformations were often accompanied by
the loss of one or two cervical vertebrae, thereby reducing
the total number (not including the proatlas) to five or six
elements. This loss did not appear to be compensated by the
gain of more caudal vertebrae as the number of presacral
vertebrae was also reduced by one or two units (Table 2).
The previously described resistance of RARg mutant em-
ryos to RA-induced transformations and malformations at
7.5 (Iulianella and Lohnes, 1997) was observed in the
resent study. This included a reduction in the incidence
nd penetrance of proatlas formation and posterior transfor-
ation of C1 to C2 or C2 to C3 (Table 2).
Excess RA at E7.5 had profound effects on the incidence

f vertebral homeosis normally seen in Cdx1 heterozygous
nd null mutants (Table 2). The frequency of defects involv-
ng the basioccipital bone (caudal extension and fusion with
he AAA) was greatly reduced following treatment. RA also
brogated defects inherent to vertebra 1, which was rarely
used to the basioccipital and often possessed a complete
AA following treatment (Fig. 4E). This “rescue” effect was

lso seen in more posterior elements, with treatment

reatly reducing the incidence of anterior transformation of

s of reproduction in any form reserved.
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53Cdx1 and RARg Interactions in Vertebral Patterning
TABLE 2
Vertebral Phenotypes of Compound Cdx1–RARg Mutant Mice Treated with RA at E7.5

Phenotype

Genotype

WT
n 5 19

(%)

RARg1/2

n 5 9
(%)

RARg2/2

n 5 8
(%)

Cdx11/2

n 5 7
(%)

Cdx12/2

n 5 7
(%)

Cdx12/2g1/2

n 5 10
(%)

Cdx11/2g2/2

n 5 5
(%)

Cdx12/2g1/2

n 5 3
(%)

Cdx12/2g2/2

n 5 9
(%)

Basioccipital
Fusion to: AAA 1 (5) — — 1 (14) — — 3 (60) 3 (100) 9 (100)
Dens 2 (11) — — — — — 1 (20) — —
Caudal extension 1 (5) — — 2 (29) 1 (14) — — — —

Proatlas
Evidence for — 1 (11)b 2 (25)a 3 (43) 2 (29) — — — —
Complete 6 (32)b 1 (11)b — — — — — — —

ertebra 1
Fusion to occipitals — — — — — — — 2 (67)b 5 (56)
Partial C2 identity 4 (21) 1 (11) 1 (13)a 1 (14)b 1 (14)b — — — —
Fusion to V2 4 (21) 2 (22)a — 2 (29) 4 (57) — 2 (40) 1 (33) 8 (89)
Malformed NAc 3 (16) 4 (44) 2 (25)a 2 (29) 3 (43)b 1 (10)a 3 (60) — —
ertebra 2
Complete C1 identity — — — — — — — 3 (100) 8 (89)
Partial C1 identity

AAA — — — 1 (14) 3 (43)i 2 (20) 4 (80) — 1 (11)
Thick NA — — — 1 (14)b 3 (43)b 1 (10)b 1 (20)b — 1 (11)b

Complete C3 identity 3 (16) — — — — — — — —
Partial C3 identity 6 (32) — — — 1 (14)b — — — —
Malformed NAc 3 (16) 2 (22) — 4 (57) 3 (43) 1 (10)b 3 (60)b 1 (33)b —
Fusion to V3 — — — — 1 (14)a — 2 (40) — 3 (33)
ertebra 3
Complete C2 identity — — — — — — — 3 (100) 8 (89)
Partial C2 identity

Thick NA — — — — — — — — 1 (11)b

Malformed NAc — — — — — — 3 (60) — —
ertebra 5
TA 6 (32) 3 (33)b 4 (50) 4 (57) 2 (29)a — — — —
ertebra 6
C5 identity — — — — — — 3 (60) 2 (67)b 5 (56)b

C7 identity 6 (32) 3 (33)b 4 (50) 3 (43)b 2 (29)a — — — —
Rib 1 (5)b — — 1 (14)b — — — — —

ertebra 7
TA — — — — — — 3 (60) 2 (67)b 5 (56)b

Rib: Incomplete 2 (11)b — — 1 (14)b 2 (29)a 2 (20) 1 (20)a — —
Complete 7 (37)b 3 (33)b 4 (50)b 4 (57)b 4 (57)b 1 (10)a — — —

ertebra 8
C7 identity — — — — — — 1 (20)a 1 (33)a 3 (33)b

Incomplete rib 1 (5)b — — — — — 1 (20)a 2 (67) 2 (22)
Spinous process on:

V7 1 (5) — — 1 (14) — — — — —
V8 6 (32) 3 (33) 4 (50) 4 (57) 5 (71) 2 (20) — — —
V10 — — — — — — — — 3 (33)
V8 and V9 2 (11) — — — 1 (14) — — — —
V9 and V10 — — — — — 1 (10) 3 (60) 1 (33) 1 (11)

Cervical Vertebrae
5 1 (5)b — — 1 (14)b — — — — —
6 8 (42)b 3 (33)b 4 (50)b 4 (57)b 6 (86) 2 (20) — — —
8 — — — — — — 1 (20)a 1 (33)a 3 (33)b

Sternal ribs
6 2 (11) — 1 (13)a — — — — — —
8 3 (16) 3 (33)a 5 (63) 1 (14)b — 7 (70) 3 (60) — 1 (11)a

Total Ribs
12 1 (5)b — — 1 (14)b 1 (14)b — — 1 (33)a 2 (22)b

14 6 (32) 1 (11)a 4 (50) 1 (14)b — 7 (70) 4 (80) — 1 (11)b

Lumbar vertebrae
5 11 (53) 3 (33) 4 (50) 3 (43)b 4 (57) 5 (50) 1 (20)a 1 (33)b 6 (67)b

Vertebral patternd

C5/T13/L5 — — — 1 (14) — — — — —
C5/T14/L5 1 (5) — — — — — — — —
C6/T13/L5 3 (16) 2 (22) — 2 (29) 3 (43) — — — —
C6/T13/L6 3 (16) 1 (11) 2 (25) 2 (29) 3 (43) 2 (20) — — —
C6/T14/L5 2 (11) — 3 (38) — — 1 (10) 1 (20) — —
C6/T14/L6 — — 1 (13) — — — — — —
C7/T12/L5 1 (5) — — — — — — — —
C7/T12/L6 1 (5) — — 1 (14) 1 (14) — — — 2 (22)
C7/T13/L5 1 (5) — — — 1 (14) 1 (10) 1 (20) 1 (33) 2 (22)
C7/T13/L6 5 (26) 5 (56) 3 (38) — — 1 (10) 1 (20) 1 (33) 1 (11)
C7/T14/L5 3 (16) 1 (11) 1 (13) — — 3 (30) 3 (60) — 1 (11)
C7/T14/L6 — — — 1 (14) — 3 (30) — — —
C8/T13/L5 — — — — — — 1 (20) 1 (33) 3 (33)

a Unilateral.
b Bilateral.
c Includes fusions of neural arches.
d Not including proatlas.

e The total may exceed the number of samples noted as some offspring exhibited two different (unilateral) vertebral patterns.

Copyright © 2001 by Academic Press. All rights of reproduction in any form reserved.
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C2, C3, C6, C7, and T1 (Fig. 4E, and data not shown)
demonstrating that excess RA can suppress many of the
vertebral defects elicited by loss of Cdx1. Cdx11/2 and

dx12/2 skeletons generally exhibited posterior transforma-
tions typical of RA treatment at this stage at a comparable

FIG. 3. Increased expressivity of vertebral defects in Cdx1–RARg
from the denoted genotypes were arranged in their normal rostral
asterix on vertebra 2 of the RARg null mutant indicates an ectopic
ccipitals in the Cdx12/2--RARg2/2 specimen relative to the C

transformation of vertebrae 2, 3, and 7 in the Cdx12/2 and Cdx12/2

and the tuberculi anterior, respectively. Note also the anterior tran
ribs on this element, only in the double mutants. Abbreviations:
anterior.
frequency to controls (Table 2). In this regard, however, the t

Copyright © 2001 by Academic Press. All right
proatlas induced in both Cdx1 heterozygous and null mu-
ants was not completely formed, typically presenting as an
xtra pair of neural arches (Fig. 4D). Posterior transforma-
ion of C2 to a C3-like identity was also reduced (Table 2).
herefore, the incidence or severity of these RA-induced

ble null mutants. Individual vertebrae of representative skeletons
dal sequence and photographed from an anterior perspective. The
ior arch of the atlas. Note the increased fusion of vertebra 1 to the
null mutant, indicated by the arrows. Note also the anterior
g2/2 samples, evidenced by the location of the transverse foramen

ation of vertebra 8 to a cervical identity, indicated by the lack of
, anterior arch of the atlas; TF, transverse foramen; TA, tuberculi
dou
–cau
anter
dx1
RAR
sform

AAA
ransformations depends on Cdx1.

s of reproduction in any form reserved.
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55Cdx1 and RARg Interactions in Vertebral Patterning
FIG. 4. The effect of exogenous RA on vertebral patterning in Cdx1 null mutants. (A, B) Skeletal preparations from wild-type offspring
ithout (A) or following (B) RA exposure at E7.5. Note the appearance of a proatlas following treatment (P in panel B). (C–E) Cdx null
utants without (C) or following (D, E) RA treatment at E7.5. Induction of a proatlas in Cdx null mutants was less penetrant and less

xpressive than in wild type samples (P in panel D vs. B). RA-treated Cdx1 null mutants typically exhibited an essentially normal cervical
keleton, with anterior transformations and C1-exoccipital fusions no longer evident (E, compare to C and A). (F–I) Skeletal preparations
f Cdx12/2RARg1/2 (F, G) and Cdx12/2RARg2/2 (H, I) offspring untreated (F, H) or following RA treatment at E7.5 (G, I). Note that the defects

inherent to these compound mutants are only moderately ameliorated by RA treatment, as indicated by the partial fusion of C1 to the
exoccipital bone and anterior transformation of C2 to C1 (arrow and AAA* respectively in F and I). Abbreviations: AAA, anterior arch of
the atlas; AAA*, ectopic anterior arch of the atlas; C, cervical vertebra; “C,” vertebrae with characteristics of the designated cervical

vertebra; EO, exoccipital bone; EO/C1, fusions between the exoccipital bond and C1; P, proatlas.

Copyright © 2001 by Academic Press. All rights of reproduction in any form reserved.
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56 Allan et al.
RARg Conveys the Effects of RA in Cdx1 Mutants

In marked contrast to Cdx1 null mutants, almost all
RA-treated Cdx12/2RARg1/2 or Cdx12/2RARg2/2 skeletons
exhibited a complete C2-to-C1 anterior transformation
typical of the untreated mutants (Figs. 4G and 4I; Table 2).
This trend was also noted as regards C3-to-C2 anterior
transformation, which was likewise unaffected by treat-
ment. More posterior elements, however, exhibited a differ-
ent response. C6-to-C5 and C7-to-C6 homeosis, which were
observed in nearly all Cdx12/2, Cdx12/2RARg1/2, and
Cdx12/2RARg2/2 skeletons, were attenuated completely by
RA in the Cdx12/2 background and were significantly
inhibited following treatment in Cdx12/2RARg1/2 and
Cdx12/2RARg2/2 mutants (Table 2). Therefore, unlike the
nearly complete resistance to RA-rescue of more anterior
vertebrae observed in the Cdx12/2RARg1/2 and Cdx12/2

RARg2/2 backgrounds, rescue of more posterior vertebrae
as less dependent on RARg, suggesting that another RAR

ransduces the effects of exogenous RA on these posterior
lements.
All of the Cdx11/2RARg1/2, Cdx11/2RARg2/2, Cdx12/2

RARg1/2, and Cdx12/2RARg2/2 offspring were also remark-
bly resistant to RA-induced homeotic transformations
Table 2). Induction of a proatlas and posterior transforma-
ion of C1 and C2 were never observed in the RA-treated
ompound Cdx1/RARg mutants, and the C5-to-C6 and
6-to-C7 transformations were likewise abolished. Verte-
rae C3 through C5 were never deleted and the incidence of
osterior transformation of C7 to T1 was also reduced in
he Cdx11/2RARg1/2 and Cdx11/2RARg2/2 backgrounds
Figs. 2G and 2I, and data not shown). Intriguingly, the
ncidence of many of these RA-induced defects was not
ignificantly altered in the RARg or Cdx1 single mutants.
owever, the loss of one allele of each transcription factor

esulted in a significant resistance to treatment. These data
uggest that exogenous RA impacts on cervical vertebral
atterning via convergence of both RARg- and Cdx1-
ependent pathways at E7.5.

Attenuation of the Cdx1 Null Phenotype by RA
Correlates with Normalized Hox Gene Expression

Cdx1 disruption results in posteriorized Hox expression,
while RA treatment at gastrulation generally results in
anteriorized Hox gene expression (Subramanian et al., 1995;
Kessel and Gruss, 1991). In both instances, these alterations
in pattern of expression correlate with vertebral homeosis.
We therefore explored altered Hox expression as a potential

FIG. 5. Cdx1 and exogenous RA converge on expression of Hoxd3
itu hybridization in E9.5 embryos either untreated (A, B) or after
ild-type control, exhibiting the anterior limit of expression in som

posteriorized expression in somite 6. RA treatment anteriorized exp

to somite 4 or 5, respectively.

Copyright © 2001 by Academic Press. All right
olecular mechanism for RA in attenuating certain of the
ertebral defects inherent to the Cdx1 null mouse. Hoxd3
utants exhibit a C1-exoccipital fusion reminiscent of that

een in the Cdx12/2 background (Condie and Capecchi,
994). Consistent with prior work (Subramanian et al.,
995), we found that Hoxd3 was posteriorized by one
omite in Cdx1 null mutants (Fig. 5B). In wild-type em-
ryos, exogenous RA administered on E7.5 resulted in
nteriorization of Hoxd3 expression by one somite at E9.5

(Fig. 5C). RA also induced anteriorization of Hoxd3 in Cdx1
null littermates (Fig. 5D). However, in this case, since
expression was initially posteriorized by one somite, the
effect of RA was to reset the anterior limit of Hoxd3
expression to its normal boundary. This is consistent with
the rescue effect of RA on the C1-exoccipital fusion in the
Cdx1 null background being mediated, in part, by altered
Hoxd3 expression. Whether similar effects on other Hox
genes are involved in this or other RA-induced outcomes in
the Cdx1 mutant background is presently under investiga-
tion.

DISCUSSION

We previously demonstrated that Cdx1 is an RAR target
gene, suggesting an indirect means by which RA could
affect vertebral patterning (Houle et al., 2000). To further
assess the relationship between retinoid signaling and
Cdx1, we generated and analyzed Cdx1–RARg compound
null mutants. Our present data clearly demonstrate a syn-
ergistic relationship between these transcription factors,
with RARg-Cdx1 double heterozygotes exhibiting defects
that are not observed at a high frequency in either single
heterozygote background. Moreover, the effects of RA on
vertebral patterning are partially mitigated in the absence of
Cdx1. These findings are consistent with RA functioning
upstream of Cdx1 in vertebral patterning along the A-P
axis. However, Cdx1–RARg double mutants were more
affected than either single null mutant, and exogenous RA
impacted on vertebral patterning and Hox expression in
Cdx1 null offspring. These observations demonstrate that
retinoid signaling also affects vertebral patterning through
means other than (or in addition to) regulation of Cdx1.

Cdx1 and RARg Act Synergistically in Vertebral
Patterning

The significant increase in penetrance and expressivity of
the cervical transformations in Cdx1–RARg double het-

he mesoderm. Hoxd3 expression was assessed by whole-mount in
sure to RA at E7.5 (C, D). (A) Hoxd3 expression in an untreated

5 typical of Hoxd3. (B) An untreated Cdx1 null mutant exhibiting
on in both wild-type (C) and Cdx1 null mutants (D) by one somite,
in t
expo
ite

ressi
s of reproduction in any form reserved.



C
f
t
t
2

e
v
t
m
a
L
n
v
t
e
h
C
e
h

r
R
t
C

b
a
H
r
a
i
v
o
d
d
s
t

h
v
m
R
i
p
b
p

b
t
r
fi

g

57Cdx1 and RARg Interactions in Vertebral Patterning
erozygotes, relative to either single heterozygote, demon-
strates that these transcription factors act synergistically to
specify vertebral identity. There are several potential
mechanisms by which this could occur. First, RARg and

dx1 may converge on a common target gene(s), with both
actors contributing to transcription. In this regard, a puta-
ive Cdx binding site has been identified in close proximity
o an RARE in the 39 region of the Hoxd4 gene (Zhang et al.,
000). However, Hoxd4 expression is not detectably af-

fected in RARg mutants (Folberg et al., 1999) or RARg–
Cdx1 double null offspring (data not shown).

A second possibility is that RARg and Cdx1 regulate the
xpression of distinct, separate, target genes which con-
erge on vertebral patterning in a synergistic manner. In
his regard, RA is unable to rescue the C2-to-C1 transfor-
ation seen in Hoxd4 mutants (Folberg et al., 1999),

lthough it does so in RARg null offspring (Iulianella and
ohnes, 1997). This suggests that Hoxd4 and retinoid sig-
aling regulate parallel but distinct pathways which con-
erge on C2 morphogenesis. Given the interactions be-
ween Hox paralog group 4 genes in patterning this
lement, these paralogs are a logical target. In this regard,
owever, we have not observed altered Hoxb4 expression in
dx1–RARg double null embryos, although subtle differ-
nces may be below the limit of detection of in situ
ybridization.
As a final mechanism for synergy, Cdx1 may be further

educed in the compound mutants by virtue of decreased
A-dependent expression of Cdx1 (Houle et al., 2000). In

his regard, however, we have not noted significant loss of
dx1 expression in the RARg null backgound (our unpub-

lished observations), although subtle differences cannot be
excluded. Cdx1 autoregulation (P. Panagiotis et al., in press]
may also contribute to decreased Cdx1 expression in these
mutant backgrounds with attendant phenotypic conse-
quences. Consistent with either of the above mechanisms,
we have found that Cdx1 heterozygotes exhibit a pheno-
type, and therefore small alterations in Cdx1 levels would
be anticipated to have phenotypic consequences. In any
event, as the Cdx1-RARg double null mutant phenotype is
more severe than either single null mutant, retinoid-
dependent vertebral specification must occur through other
processes, in addition to regulation of Cdx1 expression.

Analysis of this allelic series revealed that compound
mutants (e.g., RARg2/2/Cdx11/2 offspring) exhibited verte-
ral malformations such as dorsal fusions of the neural
rches not typically classed as homeotic transformations.
owever, subsequent removal of (in this example) the

emaining Cdx1 allele resulted in double null mutants with
remarkably normal cervical skeleton (although anterior-

zed by one vertebra). This observation suggests that these
ertebral fusions, which are also characteristic of a number
f Hox and RAR mutants, are indicative of an intermediate
egree of homeosis which becomes fully resolved in the
ouble null mutants. Moreover, alterations in gene expres-
ion would be anticipated to be quite subtle, since loss of

wo or more Hox genes usually results in large regional
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omeosis (e.g., Horan et al., 1995a,b) or deletion of entire
ertebrae (e.g., Condie and Capecchi, 1994). Such malfor-
ations were not observed here, suggesting that loss of
ARg and Cdx1 results in a repatterning of vertebral

dentities in a restricted manner. Indeed, all Hox genes
reviously examined in the Cdx1 null mutants are shifted
y only one somite, with the exception of Hoxc5 which is
osteriorized by two somites (Subramanian et al., 1995).

Cdx1 and RA in Vertebral Specification.

Cdx1 misexpression can lead to neural tube and vertebral
defects in both mouse and in Xenopus (Charité et al., 1998;
Isaacs et al., 1998; Pownall et al., 1996). RA treatment at
E7.5–E8.5 results in a large increase in Cdx1 expression in
the primitive streak region, while exposure at E9.5–E10.5
induces expression in the limb buds (Houle et al., 2000);
development of each of these structures is profoundly
affected by retinoid excess at these stages (Ross et al., 2000).
These observations raised the possiblity that Cdx1 may
mediate certain retinoid-induced teratogenic outcomes.
However, offspring from Cdx11/2 intercrosses exposed to a
teratogenic bolus of RA at E7.5–E10.5 exhibited identical
frequencies and severity of caudal truncation or limb de-
fects irrespective of genotype. Therefore, Cdx1 appears to
e dispensable as regards the etiology of these particular
eratogenic outcomes. The lack of a critical role for Cdx1 in
etinoid-induced axial truncation is consistent with our
nding that it is induced by RA in RARg null mutant

embryos, yet this receptor is essential for mediating this
particular teratogenic outcome (Lohnes et al., 1993).

The phenotype of Cdx1 null mice is limited essentially to
the rostral vertebral column. RA excess or RAR disruption
has strong effects on both vertebral patterning as well as
Cdx1 expression at E7.5, the window during which the
occipital and cervical somites are presumably patterned.
These observations suggested that Cdx1 may mediate the
effects of RA on the cervical skeleton. To assess this, we
compared vertebral patterning between wild type and Cdx1
null offspring following treatment with vehicle or RA at
E7.5. This analysis indicated that Cdx1 null mutants were
partially resistant to the formation of a proatlas as well as
posterior transformation of C1 or C2 evoked by RA treat-
ment at this stage. Although this is a pharmacological
setting, this observation offers further support for Cdx1 as a
retinoid target involved in patterning the rostral vertebral
column.

Cdx1 Is Not the Sole Player in RA-Dependent
Vertebral Patterning

Our present data demonstrate that Cdx1 interacts syner-
istically with RARg and contributes to some of the poste-

riorizing effects of excess RA at E7.5. These observations
are consistent with a role for this transcription factor as a
retinoid target gene involved in vertebral patterning. How-

ever, the significant increase in penetrance of the T1-to-C7
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and L1-to-thoracic anterior transformations and the in-
creased expressivity of the C1–occipital fusions in Cdx1–
RARg double mutants, relative to single null offspring,
emonstrates that RARg must regulate the expression of

other factors involved in specification of these elements in
addition to Cdx1. This observation also demonstrates a role
for RARg in patterning the anterior cervical and posterior
horacic vertebrae, a function that is masked in the pres-
nce of Cdx1.
Further evidence that RARg regulates target genes in-

volved in vertebral patterning distinct from Cdx1 is pro-
vided by the observation that the vertebrae of Cdx1 null
mutants are sensitive to exogenous RA, and these effects
are largely attenuated by subsequent disruption of RARg.
For example, relative to wild-type offspring, the induction
of a proatlas is marginally attenuated in RA-treated Cdx1 or
RARg null mutants but it is never induced in Cdx1-RARg
mutants. RA-treatment of Cdx1 null embryos at E7.5 also
results in a rescue of certain of the vertebral transforma-
tions inherent to this mutant background. Again, these
effects are mediated at least in part by RARg, as such rescue
is greatly reduced in the double null mutant background. In
this regard, it is interesting to note that disruption of only a
single copy of RARg suffices to suppress many of the effects
of RA in the Cdx1 null mutant background, while only
minimal changes in retinoid-response are seen in RARg
heterozygotes (relative to wild type). This strong gene
dose-dependency is consistent with these signaling path-
ways converging on common targets.

As discussed above, convergence of these pathways could
conceivably occur by regulation of a common target gene.
Alternatively, RA and Cdx1 may regulate different target
genes that both influence a common event. In the latter
case, several Hox gene products have been shown to medi-
ate highly similar functions as pertains to vertebral pattern-
ing (Horan et al., 1995a,b; Condie and Capecchi, 1994;
Greer et al., 2000). In this regard, Hoxd3 is posteriorized by
one somite in Cdx1 null embryos at E9.5, and the pheno-
type of Hoxd3 null mutants is markedly similar to Cdx1
mutants with respect to fusion of C1 and the occipitals
(Subramanian et al., 1995). One of the most striking effects
of RA in Cdx1 mutants is the restoration of a relatively
normal cervical region, including C1. These observations
suggest that Hoxd3 may represent a common target for
these pathways. Consistent with this, we found that RA
treatment of both wild-type and Cdx1 null mutant embryos
at E7.5 anteriorized Hoxd3 expression by one somite. How-
ever, as Hoxd3 is posteriorized by one somite in untreated
Cdx1 mutants, this treatment resulted in reestablishment
of the normal anterior boundary of expression concomitant
with rescue of C1 morphology. These data clearly demon-
strate that RA can affect mesodermal Hox expression in the
absence of Cdx1. Moreover, these results also suggest that
exogenous RA attenuates some aspects of the Cdx1 null
phenotype via convergent effects on regulation of Hoxd3
expression. However, it should be noted that, in Hoxd3 null

mutants, reduced neural arches of C1 persist, while they are

Copyright © 2001 by Academic Press. All right
largely absent in Cdx1 null skeletons. This implies that
additional Hox genes involved in patterning of C1 are
affected by Cdx1 disruption. In this regard, Hoxa3/Hoxd3
and Hoxb3/Hoxd3 double mutants display a more complete
C1–occipital fusion accompanied by the loss of C1 neural
arches (Manley and Capecchi, 1997). Together with the
finding that RA treatment at E7.5 anteriorizes the mesoder-
mal expression of Hoxa3 (Kessel and Gruss, 1991), it is
likely that Cdx1 and RA converge on several Hox group 3
genes involved in patterning the rostral axial skeleton. The
identity of the Hox genes involved in mediating the other
effects of RA in the Cdx1 null background is presently
under investigation.
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