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Hox genes regulate axial regional specification during animal embryonic development and are grouped into four clusters.
The mouse HoxB cluster contains 10 genes, Hoxb1 to Hoxb?9 and Hoxb13, which are transcribed in the same direction. We
have generated a mouse strain with a targeted 90-kb deletion within the HoxB cluster from Hoxb1 to Hoxb9. Surprisingly,
heterozygous mice show no detectable abnormalities. Homozygous mutant embryos survive to term and exhibit an ordered
series of one-segment anterior homeotic transformations along the cervical and thoracic vertebral column and defects in
sternum morphogenesis. Neurofilament staining indicates abnormalities in the IXth cranial nerve. Notably, simultaneous
deletion of Hoxb1 to Hoxb9 resulted in the sum of phenotypes of single HoxB gene mutants. Although a higher penetrance
is observed, no synergistic or new phenotypes were observed, except for the loss of ventral curvature at the cervicothoracic
boundary of the vertebral column, Although Hoxb13, the most 5’ gene, is separated from the rest by 70 kb, it has been
suggested to be expressed with temporal and spatial colinearity. Here, we show that the expression pattern of Hoxb13 is not
affected by the targeted deletion of the other 9 genes. Thus, Hoxb13 expression seems to be independent of the deleted
region, suggesting that its expression pattern could be achieved independent of the colinear pattern of the cluster or by a
regulatory element located 5’ of Hoxb9, © 2000 Academic Press
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INTRODUCTION 1989; Bailey et al, 1997). This evolutionary history is
responsible for the fact that corresponding individual genes
The 39 known mammalian Antp-like homeocbox-  within the clusters share structural similarities across the

containing (FHox) genes are clustered in four linkage groups
(HoxA, HoxB, HoxC, and HoxD). Bach group is located on a
different chromosome in both mice and humans. These
four mammalian Hox clusters are orthologues to the single
cluster present in lower chordates like Amphioxus and in
the non-Chordata phyla {Garcia-Fernandez and Holland,
1994). The four clusters appear to have evolved by multiple
rounds of duplication and divergence from the original
ancestral cluster in the tetrapod lineage (Kappen et al,
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clusters. Analysis of the nucleotide sequences of individual
genes has produced 13 groups of genes that share a suffi-
cient degree of similarity to be grouped in subfamilies,
named the paralogous groups (reviewed in Krumlauf, 1994).
Genes within these paralogous groups share not only struc-
tural similarities but also very similar, although not iden-
tical, expression patterns{Gaunt et al., 1989).

Natural mutants in the mammalian Hox genes are scarce.
In mice, hypodactyly (Hd) is caused by a deletion within the
Hoxa13 locus (Mortlock et al., 1996}); in humans, synpoly-
dactyly is caused by an expansion of alanine-encoding
triplets in the 5’ coding sequence of HOXD13 [Muragaki et
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al, 1996; Nurten Akarsu et al, 1996). Otherwise, the
function of Hox genes in mammals has been studied mainly
through gain-of-function (Lufkin et al., 1992; Argao et al.,
1995; Balling et al., 1989; Charite et al., 1995; McLain et al.,
1992; Wolgemuth et al., 1989) and loss-of function experi-
mental manipulations in transgenic mice. Loss-of-function
experiments have consisted mostly of individual gene mu-
tations generated by gene targeting in embryonic stem (ES)
cells {Barrow and Capecchi, 1996; Carpenter et al., 1993,
Chen and Capecchi, 1997, Chen et al., 1998; Chisaka and
Capecchi, 1991; Chisaka et al., 1992; Condie and Capecchi,
1993; Goddatd et al., 1996; Godwin and Capecchi, 1998;
Horan et al., 1994; Kostic and Capecchi, 1994; Le Mouellic
et al., 1992; Lufkin et al., 1991a; Mark et al., 1993; Ramirez-
Solis et al., 1993; Rijli et al., 1993; Saegusa et al., 1996,
Studer et al., 1996; Suemori et al., 1995). This extensive
mutational analysis has demonstrated that Hox genes are
implicated in the regulation of segmental identity along the
axial vertebral column, the hindbrain, and the limb proxi-
modistal axis. The development of several organs is also
regulated by Hox gene products. For example, members of
the ninth paralogous group are important for mammary
gland development during pregnancy {Chen and Capecchi,
1999}, hoxb4 and/or hoxb2 are important for sternum
development (Barrow and Capecchi, 1996; Ramirez Solis et
al., 1993), and members of the third paralogous group play a
role in thymus, thyroid, and parathyroid gland development
[Manley and Capecchi, 1995, 1998).

The study of mice carrying mutations in multiple Hox
genes has revealed a complex network of interactions
among genes from different clusters to regionalize the
embryo. Double and triple mutants have been generated
through the intercrossing of individual targeted mutations
{Manley and Capecchi, 1997; Chen and Capecchi, 1997;
Chen et al., 1998; Condie and Capecchi, 1994; Davenne et
al., 1999, Fromental-Ramain et al, 1996, Horan et al,
1995b; Manley and Capecchi, 1998). This approach is par-
ticularly important since the similarities within paralogous
groups increase the likelihood that paralogous genes could
compensate for the loss of an individual gene. Indeed, the
combination of two or three mutations in the same animal
demonstrates that individual Hox proteins from the same
paralogous groups have redundant and nonredundant func-
tions, as well as synérgistic interactions (Chen and Capec-
chi, 1997; Chen et al, 1998; Horan et al, 1995a,b). To
generate mice carrying multiple mutations in the same
linkage group could be done by multiple rounds of gene
targeting or by the simultaneous deletion of several genes.
This is necessary because the short distance between the
genes in the clusters precludes the combination of indi-
vidual mutations by intercrossing individual mutants. Few
examples of such double and triple mutations have been
reported; simultaneous deletion of Hoxd11, Hoxd12, and
Hoxd13 causes synpolydactyly in mice {Zakany and
Duboule, 1996). The intercrossing of individual mutants for
genes from the same cluster leads to the production of
trans-heterozygotes, which reduces (but does not eliminate)
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the dosage of two genes. For example, analysis of trans-
heterozygotes has led to the suggestion that hoxb5 and
hoxb6 possess a nonallelic-noncomplementation genetic
interaction to regionalize the cervicothoracic boundary of
the vertebral column {Rancourt et al., 1995).

The HoxB cluster on mouse chromosome 11 contains 10
known genes distributed over approximately 170-kb. The
first 9, Hoxb1 to Hoxb9, cccupy about 100 kb (Rubock et
al., 1990), while the last, Hoxb13, is located approximately
70 kb upstream of the Hoxb? gene (Zeltser et al., 1996). As
in all the mammalian Hox clusters, the HoxB genes have
the same transcriptional orientation, the 5 end toward
Hoxb13 and the 3’ end toward Hoxbl. In addition, all of
them, even Hoxb13, maintain the same properties of spatial
and temporal colinearity as the rest of the Hox genes. Genes
located toward the 3" end (i.e., Hoxb1) are expressed earlier
during development (temporal colinearity) and more ante-
rior along the anteroposterior embryonic axis (spatial colin-
earity) than genes located toward the 5" end (i.e., Hoxb13)
[Duboule and Dolle, 1989; Duboule and Morata, 1994
Gaunt et al., 1988; Graham et al., 1989). Despite important
recent advances (Kondo and Duboule, 1999; Kondo et al,,
1998; van der Hoeven et al., 1996; Zakany et al., 1997) the
molecular mechanism{s) of colinearity remains virtually
unknown.

Here, we report the phenotype of mutant mice carrying a
large targeted deletion in the HoxB cluster. The deficiency,
del(11) (HoxB1-HoxB9)™ (from now on referred to as
HoxBA1), eliminates simultaneously all the genes between
and including Hoxb1 and Hoxb9. HoxBAl was generated
through chromosomal engineering, a technique that per-
mits the introduction of large targeted deficiencies into the
mouse germ line [Liu et al, 1998; Ramirez-Solis et al,
1995). Unexpectedly, the heterozygous mice show no phe-
notype and are fertile. Homozygous embryos survive until
late in gestation and die after delivery, most likely by their
inability to breathe. Skeletal analysis reveals no phenotype
in the heterozygotes and a series of single-segment anterior
homeotic transformations along the vertebral column be-
tween the first cervical and the eighth thoracic vertebra in
the homozygous mutants. The sternal bands are small and
separate, and whole-mount neurofilament staining reveals
defects in the cranial nerves. Whole-mount RNA in situ
hybridization analysis of Hoxb13 expression shows no
difference between the deficient mice and their wild-type
littermates, demonstrating that the colinearity mechanism
employed by Hoxb13 does not require any element in-
cluded within the deletion.

MATERIALS AND METHODS

Chromosomal Engineering to Generate Targeted
Deletion at the HoxB Cluster

A replacement-type targeting vector for the 3’ end of the HoxB
cluster consisted of a 3.5-kb Bglll-Ncol 5’ homologous arm and a
2.1-kb Bglll-Pvull 3’ homologous arm. The. vector arms were
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FIG. 1. Chromosomal engineering (CE) strategy to delete the genes from Hoxb1 to Hoxb9. (A} Schematic representation of the HoxB
cluster. Numbers between arrows indicate the distance between the Hox genes in kilobases; boxes (black, white, or stippled) represent the
exons of the Hoxb13, Hoxb9, and Hoxb1 genes; and the white circle represents the 3’ retinoic acid-responsive element which participates
in the regulation of Hoxb1. Greek letters below the cluster represent DNA fragments used as probes (described in detail under Materials
and Methods.) N represents Nhel restriction enzyme sites surrounding the Hoxb1 gene. {B) In the first step of CE, the hprtA3’ replaced
Hoxb1 between the Ncol (Nc) and Bglll (Bg) restriction sites. The hprtA3' cassette contains a partial and nonfunctional hprt minigene
(striped box) that includes a loxP site {black arrowhead). [C} In the second step of CE, an ES cell clone with the Hoxb1-targeted gene was
identified by Southern blot analysis and used to target the Hoxb9 locus with the hprtA5’ cassette at the Sall site in exon 1. The hprtA5’
cassette contains a partial and nonfunctional hprt minigene (striped box) complementary to hprtA3" which also includes a loxP site {black
arrowhead.} The arrowheads also indicate the relative direct orientation of the loxP sites. (D) Double-targeted ES cells were expanded and
transiently transfected with a Cre expression cassette. Cre-mediated recombination reconstitutes a functional HPRT minigene while it
deletes the intervening sequences (90 kb). (E) Southern blot analysis of the Hoxb1-Hoxb9 CE deletion. Genomic DNA from wild type,
double targeted, and two representative HoxBAT clones was restriction digested with Nhel and hybridized to the external probe 8. The
wild-type band is 7.2 kb, which changes to 10.2 kb upon gene targeting at the Hoxb1 locus and then to 18.2 kb upon Cre-mediated
recombination. (F) Gene dosage of internal (deleted) and external {nondeleted) probes. 5, 3, and 1 ug of genomic DNA from wild-type ES cells
(WT5, WT3, and WT1, respectively) and 3 pg of genomic DNA from two representative HoxBAI ES cell clones [DEL) were analyzed by
Southern blot with probes vy (Int) and € {Ext). All the DNAs were quantitated after restriction digest. Probe € demonstrates that the amount
loaded for each of the HoxBA7T clones is 8 ug, but probe y produces a reduced signal intensity, presumably half the dosage {equivalent to
1.5 pg of the wild type). (G) Southern blot analysis of the HoxBA1 allele after germ-line transmission. Tail genomic DNA corresponding to
the genotypes indicated {top) was cut with the restriction enzyme EcoRI and analyzed with the diagnostic probe a [upper blot). The upper
band {12 kb} and the lower band {6 kb) represent the wild-type and mutant alleles, respectively. The blot was stripped and rehybridized with
probe g {Hoxb4) (lower blot}. The last lane corresponds to a homozygous HoxBA1 individual and shows the absence of signal from the
Hoxb4 locus (deleted).

separated by the hprtA3’ cassette (Ramirez-Solis et al., 1995} that
replaces a 1.7-kb Ncol-Bglll region which includes both exons and
the intron of the Hoxb1 gene. This targeting vector was electropo-
rated into AB2.2 ES cells under standard conditions (Ramirez-Solis
et al., 1993). G418 selection was applied 24 h after electroporation
and G418-resistant ES clones were screened for the targeted inte-
gration event by Southern blot analysis as described [Ramirez-Solis
et al., 1992} (data not shown).

One ES cell clone that contained the correct integration of the
hprtA3' cassette at the Hoxb1 locus (Figs. 1A and 1B} was used as

substrate to electroporate a targeting vector directed to Hoxb9. An
insertion-type targeting vector was built using a 6.6-kb HindlIl
fragment that includes the two exons of the Hoxb9 gene inter-
rupted by an insertion of the hprtA5’ cassette (Ramirez-Solis et al.,
1995} into the unique Sall site present in the first exon. This vector
was electroporated and ES cells were selected for resistance to
puromycin. Ten days after the electroporation, ES cell clones were
screened for gene targeting at the Hoxb9 locus by Southern blot
analysis.

Double-targeted ES cells were electroporated with Cre expres-
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sion plasmid (pOG231). Two days after electroporation, HAT
selection was applied and resistant colonics were isolated, ex-
panded, and analyzed by Southern blot (Ramirez-Solis et al., 1992).
HAT resistance was gained by the recombination of the directly
repeated JoxP sites included in the hprtA3’ and hprtA5' cassettes.
Changes produced by each one of the recombination events were
confirmed by Southern blot analysis using different probes. Probes
used in this analysis and their relative positions are indicated in
Fig. 1A. Alpha (] is an external probe located 5’ of Hoxb9 gene that
is diagnostic for the targeted integration of the hoxb9-hprtA5’
vector (EcoRI digest) and for the HoxBA1 deletion (Nhel or EcoRI
digests.) Beta {B) is a probe derived from the Hoxb4 locus that
shows that the internal sequences have been deleted. Gamma (v} is
a probe located inside the deletion which is located just upstream
of Hoxb1. Delta (8) is an external probe located 3’ of Hoxb1 but
inside the Nhel fragment that contains it; it is diagnostic for the
targeted integration of the hoxb1-hprtA3’ cassette and for the new
junction fragment after the Cre-mediated HoxBA1 deletion. Epsi-
lon [e} is an external probe used a control in the gene dosage
experiments (Fig. 1E.)

Germ-Line Transmission and Genotypic Analysis

Heterozygous HoxBAT BS cells were injected into C57BL/6]
blastocysts to generate chimeric males. Chimeric males were bred
to C57BL/6] females to introduce the mutation into the germ line.
B, heterozygous mice were intercrossed to generate homozygous
mutants.

Genomic DNA was prepared from the tails of adult or newborn
mice or from the yolk sac of embryos by overnight digestion with
proteinase K followed by ethanol precipitation. The DNA was
digested with EcoRI and analyzed by Southern blot and hybridiza-
tion with the **P-labeled probe « (located 5’ of Hoxb9 as described
above.)

Skeletal Analysis of HoxBA1 Mutants

Newborn mice were euthanized by CO, inhalation and whole-
mount skeletal preparations were made by the alizarin red/Alcian
blue method as described [Lufkin et al, 1991b). To finish the
preparations, the skeletons were dehydrated in methanol and
cleared in a mix of benzyl alcoholbenzyl benzoate 1:1 prior to
photography on a Nikon SMZ-U microscope.

Histology

Mouse embryos were fixed in Bouin’s solution overnight at room
temperatare and embedded in paraffin by standard methods. Serial
sections (7 wm) were prepared and stained with hematoxylin-
eosin.

Hoxb13 Whole-Mount RNA in Situ Hybridization

Mouse embryos of 8.5 and 9.5 days postcoitus {E8.5 and E9.5,
respectively) were dissected and fixed with 4% paraformaldehyde.
The yolk sac was used to prepare genomic DNA for genotype
analysis. Whole-mount RNA in situ hybridization was performed
using a standard protocol (Wilkinson and Nieto, 1993}, The probe
used for the in situ analysis was a 650-bp DNA fragment containing
part of the first exon of Hoxb13. This probe was labeled with
digoxigenin by in vitro transcription.
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Hoxb13 RT-PCR

Mouse embryos [E8.5 and E9.5) were dissected in PBS. Total
RNA was extracted from pooled embryos or embryo parts {trunks
or heads from E9.5 embryos) with a commercial reagent (Ultra-
spec). Reverse transcription (RT} was performed with SuperScript
reverse transcriptase and random hexamer primers. Ten percent of
each reverse-transcribed sample was used as template for the
polymerase chain reaction (PCR). Two different sets of PCR prim-
ers were used. The first set was 5-ATGGAGCCCGGCAATT-3’
and 5-TCACGGGGTAGTGCTGG-3" (reverse). The second set
was 5-TTACCTGGATGTGTCTGTGG-3" and 5'-TTGCGCCTC-
TTCTCCTTAGT-3’ (reverse). One-quarter of the reaction was
separated by electrophoresis on 1% agarose gel and analyzed by
Southern blot using a *P-labeled Hoxb13 internal probe. Control
for the integrity of the RNA and the efficiency of reverse transcrip-
tion was provided by amplification of B-actin and BMP-4 positive
controls (data not shown).

Immmunohistochemistry

‘Whole-mount preparations of the nervous system of E10.5 em-
bryos was performed by immunochistochemistry with antibody
2H3 (anti-155-kDa neurofilament protein) (Developmental Studies
Hybridoma Bank) using a standard protocol (Wall et al., 1992},

RESULTS

Generation of HoxBAI Mutant Mice

ES cells carrying a targeted deletion including the nine
genes from Hoxb1 to Hoxb9 of the HoxB complex were
generated using chromosomal engineering as summarized
in Fig. 1. The HoxBA1 deletion was introduced into the
mouse germ line by breeding chimeric males to C578L/6]
females. Therefore, all the data contained in this report
were obtained in a mixed genetic background C57BL/6] and
129SvEvBrd. F, heterozygous mice were normal, healthy,
and fertile, and no deviation from Mendelian expectations
was noticed in the progeny derived from the ES cell com-
ponent of the chimera.

HoxBA1 Mutants Complete Embryogenesis but Die
at Birth

Mice heterozygous for the HoxBAI mutation were bred to
produce homozygous F, progeny. The F, progeny was ob-
tained with a 1:2:0 (+/+:+/—:~/~) distribution when the
genotype was obtained at 3 weeks of age, indicating again
that the heterozygotes survive but that the homozygous
HoxBAT mutants die before weaning (Table 1). No homozy-
gous mutants were recovered after 2 days of age but some
dead mutants were recovered on the first day after delivery.
Embryo dissection and genotype analysis at different em-
bryonic stages (E9.5-E18.5) indicate that most, if not all,
homozygous mutants complete embryogenesis and die very
late in development, possibly right after delivery.

All mutant newborn mice had a characteristic rounded
body shape with the head tilted into the thorax (Fig. 2A).
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TABLE 1
renotype Ratio for HoxBAl Mice

Age n + [+ +/A AJA
E9.5 9 2 4 3
E10.5 40 9 20 11
B11.5 14 2 9 3
E12.5 11 1 6 4
E13.5 28 7 18 3
E14.5 17 7 6 4
E15.5 16 5 6 5
E16.5 24 9 9 6
E17.5 17 5 9 3
E18.5 44 10 19 15
Newborn 24 6 7 11°
2 day old 29 12 17 0
Weaning 18 5 13 0

“ All were found dead in the cage.

Although the skin is closed in the ventral side of the thorax,
the abdominal wall and the sternal bands are open in all the
HoxBA1 mutants (Fig. 2B). Autopsy revealed no obvious
morphological abnormalities of the major organs, including
lungs, liver, kidneys, and spleen. However, mutant mice
sometimes showed internal hemorrhages in the dorsolat-
eral region of the neck and edema, suggesting a cardiovas-
cular malfunction. Examination of whole-mount skeletal
preparations revealed very small (50% normal size) and
nonfused sternal bands. The open sternal bands show a
reduced number and size of sternebrae (Fig. 2C).

Histological Analysis of HoxBA1 Mice

Histological sections were made on E16.5 embryos to
gain further insight into the defects in the thoracic cavity
[Fig. 2D). Sagittal section of the mutant embryo reveals the
absence of the ventral curvature of the vertebral column
that is normally present at the cervicothoracic boundary.
On the ventral side, the sternum is not observed although
the skin is closed. The thoracic cage of the mutant is also
much smaller. The size of the thorax and the rounded shape
of the mutant embryo could be due to the much shorter
distance between the fold of the neck and the diaphragm’s
ventral attachment compared to their control wild-type
littermates (Fig. 2D). In turn, this could be due to the small
size of the sternal bands.

Mutant embryos showed atrial and ventricular heart
chambers similar to those of their wild-type littermates,
but exhibited an increase in size and a change in relative
position of the heart in the thorax. Sagittal sections of E16.5
embryos revealed that the heart and some of the great
vessels are enlarged and malformed {Fig. 2D} compared to
wild-type and heterozygous littermates. This abnormality
could be related to the edema and hemorrhages detected in
some embryos and be a secondary consequence of the
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hypoplastic and open sternum since the embryos that show
these signs were never recovered before E14.5, the first time
that obvious sternum abnormalities are displayed. Consis-
tent with this, histological sections of mutant hearts at E9.5
revealed no evident abnormalities {data not shown),

Additionally, other organs {i.e., thyroid gland, thymus,
etc.) appear normal in size but show an abnormal shape.
Again, we assume that this is a secondary effect of the
changes of the thoracic rib cage in the HoxBAT mutants.
Consistent with this, the single mutation of Hoxb9 leads to
a reduction in the size and an alteration in the shape of the
thymus. This phenotype appears to be associated with
fusions of the most anterior ribs since in hoxb9 mutants
lacking the fusions the thymus is normal {Chen and Capec-
chi, 1997). Detailed analysis of the role of Hox group 3
paralogous genes has demonstrated that Hoxb3 mutants do
not show defects in the thymus even though double mu-
tants for Hoxa3-Hoxb3 showed exacerbation of defects
previously associated with Hoxa3 individual mutation
(Manley and Capecchi, 1995, 1998).

Homeotic Phenotypes

Skeletal analysis in heterozygous embryos (n = 44}
revealed no differences from their wild-type littermates.
Absence of phenotype in the heterozygous mice is surpris-
ing because studies of hoxb5™ and hoxb6™ trans-
heterozygous mice (Rancourt et al., 1995} have suggested
that both genes are required for a common function, imply-
ing that the dosage or relative levels of these two genes are
critical. However, we could not document any gene dosage-
dependent skeletal phenotype in the HoxBAl heterozy-
gotes, demonstrating that genetic interactions between
members of the cluster previously inferred do not occur.

Mutant skeletons reveal various abnormalities along the
cervical and thoracic regions of the vertebral column (n =
30 +/+, 44 +/A, and 20 AJA) (A, HoxBAl} (Fig. 3).
Abnormalities observed in the cervical region include a
thinner neural arch on the first cervical vertebra (C1) and
thickening of the neural arch of C2, sometimes carrying a
reminiscent extra ventral tubercle {12%) (Fig. 3A). No
abnormalities were detected in the third to fifth cervical
vertebrae {C3-C5) in the HoxBAI1 homozygous mutants.
The sixth cervical vertebra {C6) normally has two bilateral
ventral projections known as anterior tuberculi (Fig. 3B}, In
all the mutants, one or both anterior tuberculi were absent
or fused with an abnormal ectopic tuberculi present on C7.
The C7 vertebra of all the mutants exhibited one or two
ectopic anterior tuberculi sometimes fused to tuberculi
present on C6 (Figs. 3A and 3BJ. The mutant C7 also
showed vertebrarterial canals, which are normally only on
vertebrae C1 to C6 (Fig. 3B). In wild-type mice, the first rib
(R1) arises from the first thoracic vertebra (T1) and grows
ventromedially to contact the top of the sternum. In
HoxBAI mice, R1 was reduced or even absent on one or
both sides and was no longer connected to the sternum so
that T1 resembled C7 (Fig. 3B). If present, R1 formed a small
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FIG. 2. General features of the HoxBAI mutant mice. Genotypes are indicated at the top; A, HoxBA1. (A) External appearance of newborn
mice. The HoxBA1 homozygous newborns have a characteristic rounded body shape with the head tilted toward the thorax and defects in
the closure of the abdominal wall, which often exhibits protruding intestines (pi). (B) Frontal view of mutant newborn mice. Dissection of
the skin shows the open sternum with the heart (h), lungs, and diaphragm (dia). (C) Thoracic skeletal analysis of the HoxBAI mutants. The
mutant sternum is split, and the unfused sternal bands are half the normal size. The number of sternebrae is reduced possibly as a
consequence of the closeness of the sternocostal junctions. (D) Near-sagittal histological sections of the thoracic cage (tc). Dorsal is to the
left. The absence of the ventral curvature of the vertebral column is evident in the mutant (vc). Transverse sections through the ribs can
be observed in the ventral side of the heterozygous control. In the mutant, the ventral skin is closed but there is no skeleton (ribs nor
sternum) between the skin and the heart. The distance between the neck fold and the ventral attachment of the diaphragm is much shorter
in the mutant than in the control. The heart {h) and great vessels show defects of position and size.

rib that often fused to the second rib (R2). The second rib
{R2) in the mutants joined the top of the sternal bands,
stmilar to the wild-type R1 (Fig. 3C). In wild-type mice, the
R2 sternocostal joint is well separated from that of R1 and
is the most anterior to show inhibition of ossification
during sternum morphogenesis {Chen, 1952). In the mu-
tants, the first sternebra lay between the third rib (R3) and
R2, similar to the normal position between R2 and R1 in
wild-type mice {Fig. 3C). Normally, only the first seven ribs
(R1-R7) form joints with the sternum, but in the mutants,
the eighth rib (R8) appeared unusually long and sometime
joined the sternal bands on one or both sides, resembling
the normal R7 (Fig. 3C). No additional phenotypes were
observed in more posterior regions. All these changes can be
interpreted as a series of anterior homeotic transformations

involving two neighboring vertebrae along the cervical and
thoracic region of the axial skeleton.

Interestingly, no posterior transformations were detected
in the HoxBAl mutant mice, which is consistent with
Lewis’ model for Hox gene action in flies {Lewis, 1978) and
contrasts with posterior transformation phenotypes caused
by individual mutations of some Hox genes (Horan et al,
1994, Jeannotte et al., 1993; Kostic and Capecchi, 1994).
Thus, our data indicate that the Lewis model seems to be
applicable for Hox gene function even in vertebrates. Addi-
tionally, our results strongly support the idea that some
posterior phenotypes of single-gene mutants might be arti-
factual gain of function by the resistance markers used
during gene targeting (Fiering et al., 1993, 1995).

As shown in Fig. 3D, although HoxBA1l increases the
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FIG. 3. Series of anterior homeotic transformations along the vertebral column in HoxBAT mice. Genotypes are indicated at the top. (A)
Lateral view of cervical skeleton. Dorsal is to the left. Cervical (C1, C2, C6, C7) and thoracic (T1, T2} vertebrae are as numbered. C1/C2
ventral tubercle (black arrowhead) and C6/C7 ventral tubercles (blue arrowhead) are indicated. Heterozygous mice display a wild-type
morphology and are used as controls. HoxBA1 homozygous mice show diverse abnormalities, including a thinner neural arch on C1 and
thickening of the neural arch of C2, which often carries a reminiscent ventral tubercle. Additionally, anterior tuberculi normally present
on C6 were absent and present ectopically on C7. The absence of the normal ventral neck curvature is again evident. {B) Coronal view of
the dissected C6, C7, and T1 vertebrae. HoxBAT mutants show C6 lacking anterior tubercles and C7 presenting ectopic vertebrarterial
canals {red arrowhead.) The left canal is incomplete but the right one is complete. The first rib pair {R1}in the mutant T1 vertebra is reduced
to a pair of stumps. (C) Ventral view of dissected rib cage. The mutant rib cage shows absence of R1 and formation of an ectopic sternocostal
joint between the second rib pair (R2} an the top of the sternal bands. The sternocostal joints of the R2 and R3 are separated by the first
sternebra, characteristically larger than the others. This feature is normally present between the sternocostal joints of R1 and R2. The
mutant 8th rib (R8) is long and often forms an ectopic sternocostal junction. Again, the mutant sternal bands can be seen, short and
separated. (D) Schematic representation of the transformations observed in the HoxBAT mutant. Numbered rectangles represent cervical
{blue), thoracic with ribs that attach to the sternum {red), and thoracic with free-floating ribs (green) vertebrae. The anterior homeotic
transformations observed in the HoxBAI mutants are indicated by upward arrows and their penetrance in a 129SvEv/C57BL/6J hybrid
genetic background is indicated on the right. On the left, there is a list of the potential genes involved in each of the transformations
according to the published literature.

penetrance of homeotic transformation, the abnormalities  Effects of HoxBA1 in Cranial Nerve Patterning
observed at the axial skeleton are equivalent to the sum of

individual HoxB gene loss-of-function mutants. These ob- Analysis of Hoxbl1, Hoxb2, and Hoxb3 individual null
servations suggest that although there is functional com-  mutants has shown that these genes are involved in hind-
pensation between genes of the HoxB cluster, at least at the ~ brain specification [Goddard et al.,, 1996; Studer et al., 1996;
axial level no novel additional phenotypes are present when  Barrow and Capecchi, 1996; Manley and Capecchi, 1997).
mutants alleles on the same cluster are combined. To investigate if cranial nerves and associated ganglia are
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TABLE 2
Summary of Cranial Nerve Defects in HoxBAI Mutants
+/+ {u = 3} +/A (n = 12} AJA (n = 11}
Nerve
IV Trochlear Normal Normal Normal
V Trigeminal Normal Normal Normal
VI Abducens Normal Normal Normal
VII Facial Normal Normal Normal
VII Acoustic Normal Normal Normal
IX Glossopharyngeal Normal Normal Closer to X unilateral (3)
Closer to X bilateral {1}
Absent unilateral (2}
X Vagus Normal Normal Abnormal migration {1)°
Ganglia
Vg Trigeminal Normal Normal Normal
VII/VII Facioacustic Normal Normal Normal

¢ This mutant also lacks the IX nerve.

affected in HoxBAI mice, we analyzed E10.5 embryos by
whole-mount immunostaining of neurofilaments. Het-
erozygous mice, immunostained with 2H3 anti-
neurofilament antibody, were indistinguishable from wild-
type littermates. Detailed analysis of cranial nerves in
HoxBA1 homozygotes showed defects involving the glosso-
pharyngeal (IXth] and the vagal (Xth) nerves with low
penetrance and variable expressivity, even between the two
sides of the same embryo. No further patterning defects in
other cranial nerves {summarized in Table 2} were detected
with this method. Two embryos, of 11 examined, lacked
the IXth nerve unilaterally (Fig. 4B) and others (4/11)
showed the IXth nerve abnormally fused to the Xth nerve
{vagal) |Fig. 4C). These abnormalities are similar to those
previously described for the null mutation of Hoxb3 (Man-
ley and Capecchi, 1997). These results suggest that despite
the combined lack of four different HoxB genes that are
expressed in the hindbrain (Hoxbl, Hoxb2, Hoxb3, and
Hoxb4) no phenotypes are present other than those previ-
ously described for individual mutations, This result is
clearly in contrast to the extensive synergy observed be-
tween paralogous genes, i.e., Hoxal/Hoxbl in patterning
the cranial nerves (Gavalas et al, 1998). A detailed histo-
logical analysis of motor nuclei organization (i.e., VIith
motor nucleus is absent in hoxb? mutants) and a study of
axonal projection by retrograde labeling and use of rhom-
bomere markers will be necessary to address possible ge-
netic interactions between HoxB genes in hindbrain speci-
fication.

Hoxb13 Gene Expression in HoxBA1 Mutant Mice

The HoxBA1l deletion allele was generated before the
Hoxb13 gene was discovered (Zeltser et al., 1996}, and it
does not include it {Fig. 1A). In contrast to the HoxA, HoxC,
and HoxD clusters, which contain around four or five

duplicated AbdB-related genes, the HoxB cluster has only
two known AbdB homologs (Hoxb9 and Hoxb13). Hoxb13
gene is located unusually far from the complex, 70 kb
upstream of Hoxb9, but its expression pattern seems to
maintain spatial colinearity despite the large distance that
separates it from the rest of the HoxB cluster (Zeltser et al.,
1996). Since Hoxb13 maintains its colinearity, we investi-
gated whether the HoxBAT deficiency would produce alter-
ations in its expression pattern, that is, if there is any
sequence inside the deficiency that is required to establish/
maintain spatial colinearity or if the colinear properties
could be modified by bringing the Hoxb13 locus and its
surroundings 90 kb closer to the 3’ end of the HoxB cluster.
Whole-mount RNA in situ hybridization of Hoxb13 at E9.5
revealed no significant difference between the mutants and
their heterozygous or wild-type littermates (n = 5 +/+, 4
+/A, 8 AJA). The expression of Hoxb13 is confined to the
posterior aspects, i.e., the tail bud (Fig. 5A), suggesting that
the relocation of the Hoxb13 gene with respect to the 3’
side of the cluster is not important for its correct spatial
expression and that its expression pattern does not depend
on any sequence inside the HoxBA1 deficiency.

Next, we attempted to detect a change in the temporal
expression of Hoxb13 in the HoxBAI mutants. First, to
define the earliest time at which Hoxb13 expression was
detected, we performed whole-mount RNA in situ hybrid-
ization at E8.5. No expression was detected at this stage in
either mutant or wild-type embryos [data not shown). To
increase the sensitivity of our assay, we performed RT-PCR
to detect Hoxb13 mRNA. RT-PCR with two different sets
of primers detected Hoxb13 expression at E8.5 in the trunk
of the embryo (but not the head) for all genotypes, narrow-
ing the time window to determine if the temporality has
been affected (Fig. 5B). Thus, we were not able to document
any difference of Hoxb13 expression caused by the HoxBA1
allele.
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DISCUSSION

Nonallelic Noncomplementation at the HoxB
Cluster?

Here, we analyzed the effects of a targeted deletion in the
murine HoxB complex that eliminates all the HoxB genes
between and including Hoxb1 and Hoxb9, but not Hoxb13.
Heterozygous HoxBAl mice are normal and therefore al-
lowed us to generate and analyze HoxBAI homozygous
mutants. Previous studies have suggested the existence of
important gene dosage relationships between members of
the HoxB cluster. Analysis of trans-heterozygotes between
individual mutants for hoxb5 and hoxb6 suggests that these
two loci may have a genetic relationship of nonallelic
noncomplementation (Rancourt et al., 1995). Briefly, both
genes are important for specification of the identity of the
vertebral column between C6 and T1, and such function is
sensitive to the combined gene dosage [2X + 2X in the
wild-type animal.) In heterozygotes for the individual mu-
tations, the dosage [2X + 1X) would be suificient for the
correct development of the vertebrae, but in trans-
heterozygotes (1X + 1X), or in mice homozygous for any
individual mutation of both genes (2X), the gene product
would not be sufficient for proper function. If this were the
case, the heterozygous HoxBAT mutants, in which the level
of hoxb5 and hoxbé product would be reduced the same as
in the trans-heterozygotes {1X + 1X), should exhibit the
phenotype. Unexpectedly, the HoxBA1 heterozygous mice
show no detectable phenotype, and thus our results are
inconsistent with the nonallelic noncomplementation
model proposed for Hoxb5 and Hoxb6 genetic interactions.
One explanation for the nonallelic noncomplementation
could be that the function of other genes removed by our
deletion is required for that phenotype. Another explana-
tion for the phenotype of the hoxb5-hoxb6 trans-
heterozygotes could be that both targeted mutations affect
a common gene (hoxb5, hoxbé, or another) and that this
common mutation is brought to homozygosity in the
trans-heterozygous mice. This possibility is raised by the
documented effect of drug resistance cassettes around a
targeted locus (Fiering et al, 1993, 1995) and by the com-
plex transcriptional regulation in the Hox clusters (i.e.,
multiple promoters, overlapping transcription units, over-
lapping tissue-specific enhancers) (Gould et al., 1997; Sham
et al, 1992; Sharpe et al., 1998, Whiting et al., 1991).
Indeed, effects of targeted mutations on neighboring genes
have been documented previously (Barrow and Capecchi,
1996; Rijli et al.,, 1994). Detection of artifactual effects on
the expression of neighboring genes could be extremely
difficult since it would require knowledge of the precise
time, level, and place of expression that is important for the
function of the gene involved.

Hox Code and Homeotic Phenotypes

HoxBAI homozygous mutants show a series of abnor-
malities in the vertebral pattern that can be interpreted as
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single-segment anterior-only homeotic changes. These ho-
meotic transformations represent a series of anterior trans-
formations as were defined by Lewis (1978). Lewis’ model
for Hox action in Drosophila predicts that ectopic expres-
sion of Hox genes might lead to a posterior homeosis,
whereas loss of Hox gene function leads to anterior trans-
formation (Lewis, 1978). This correspondence has been
extended to vertebrates by studies in which homeotic
transformations were correlated to modulation of Hox gene
expression {Kessel et al, 1990; Kessel and Gruss, 1991;
Wright et al, 1989). However, experiments intended to
generate null alleles of some individual Hox genes exhibit
posterior transformations (Jeannotte et al,, 1993; Small and
Potter, 1993; Horan et af., 1994). Interestingly, some of
these posterior transformation phenotypes are also present
in hetevozygous animals. Based on our findings, we con-
clude that at least some of the posterior phenotypes could
be associated with misregulation of neighboring genes pos-
sibly by the drug-resistance cassette used for gene targeting
[Fiering et al., 1995) or by mutation of one or several of the
complex regulatory elements spread along the Hox clusters
(Gould et al., 1997; Guthrie et al., 1990; Sham et al., 1992,
Sharpe et al., 1998; Whiting et al., 1991).

Colinearity

The molecular mechanisms that regulate the temporal
and spatial colinearity of Hox gene expression remain
largely unknown. The HoxBA1 allele did not eliminate the
Hoxb13 gene, which seems to maintain colinearity proper-
ties despite the 70 kb separation from the rest of the cluster.
We addressed the effects of the HoxBA1 deficiency on the
pattern of expression of the Hoxbl3 gene. If colinearity
depended on a simple sequential “chromatin opening” at a
determined rate regulated by an element located 3’ of the
HoxB cluster, Hoxb13 would be expressed at a time and
with a pattern of expression similar to that of Hoxb8 in the
HoxBA1 mutants. Interestingly, the deletion of the Hoxb1-
Hoxb9 genes, and the consequent transposition of Hoxb13
90 kb closer to the genomic region on the 3' side of the
HoxB cluster, did not seem to affect the spatial distribution
of this gene’s expression. This suggests that neither the
physical distance between the 3’ side of the cluster and
Hoxb13 nor the presence of genes and their regulatory
sequences inside the deficiency is necessary for the colinear
properties of Hoxb13. These results would be inconsistent
with a model involving a sequential activation controlled
by a regulatory element located on the 3’ side of the cluster.
The long physical distance and the presence of repetitive
DNA elements between Hoxb9 and Hoxb13 have led to the
suggestion that the colinear expression of Hoxb13 might be
regulated independent of the cluster (Zeltser et al., 1996},
Interestingly, a Hoxd13 transgene resembled endogenous
expression in the main body axis but not in the limbs.
Previous reports have suggested the presence of a regulatory
element between Hoxd12 and Hoxd13 directing the correct
pattern of expression of Abd B genes in the HoxD cluster
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FIG. 4. Neurofilament immunostaining of cranial nerves and ganglia. (A) Heterozygous mice were indistinguishable from wild-type
embryos and are used as control. The organization of trigeminal and facioacoustic ganglia is normal, and nerve IX and X fibers are clearly
individualized [red arrow.) (B) HoxBA1 mutant exhibiting absence of the IXth nerve and abnormal migration of Xth nerve fibers (white
arrow). {C) Phenotype observed more frequently in HoxBA1 mutants, note IXth nerve abnormally fused to Xth nerve.

FIG. 5. Effect of the HoxBA1 allele on Hoxb13 expression. (A} Whole-mount RNA in situ hybridization of Hoxb13 expression in E9.5
HoxBA1 mutant (A/A) and wild-type littermate (+/+). Expression is confined to the posterior region of the embryo in both instances. The
signal in the otic vesicle is most likely an artifact since no expression was detected in the anterior part of the embryo by RT-PCR. (B)
RT-PCR of Hoxb13 at E8.5 and E9.5. Total RNA was extracted from pooled wild-type embryos (WT} or from pooled embryos of a HoxBA1
heterozygous cross (A). E9.5 embryos were dissected into head {H) and trunk (T} parts prior to RNA purification. Two independent RT-PCRs
were carried out with two different Hoxb13-specific sets of primers [upper and lower blots, respectively); the numbers on the left indicate
the nucleotide positions of the respective primers on the Hoxb13 ¢cDNA. Genotypes and embryonic stages of the mRNA samples are
indicated at the top. The expected sizes of the PCR products are indicated on the right. Hoxb13 is detected at E8.5 in both wild-type and
HoxBA1 embryos using two different pair of primers. At E 9.5, Hoxb13 is detected only in the trunk.

[(Kondo et al, 1998). Our experiment does not discard the  sibility that Hoxb13 expression was modified by the regu-
possibility that a general regulatory element could be  latory elements introduced in the hprt cassette but such an
present in the genomic region between the end of the  artifactual deregulation would be unlikely to produce a
deletion and Hoxb13. Finally, we cannot exclude the pos- correct expression pattern. Thus, we conclude that the
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HoxBA1 deletion did not involve important regulatory
sequences influencing Hoxb13 gene expression and that its
expression is independent of the total distance from the 3’
end of the cluster.

Relative Importance of HoxB Cluster in Pattern
Formation

Hox gene expression domains in vertebrates include the
paraxial mesoderm, the hindbrain, the neural tube, and the
precursor tissues of the heart, kidney, gastrointestinal tract,
lungs, and reproductive organs (Keynes and Krumlauf,
1994). Here, we analyzed the effect of HoxBAI in organo-
genesis and the patterning of the hindbrain and cranial
nerves. This analysis revealed no obvious defects in organs
that express Hox genes. Instead, phenotypes observed in the
heart and thymus are probably secondary to the defects of
the thoracic rib cage and the hypomorphic and split ster-
num. We could not document any obvious primary defects
after the removal of nine genes in the HoxB cluster. Our
findings did not reveal new or additional phenotypes in the
hindbrain compared to those previously reported for the
null mutation of the Hoxb3 gene (Manley and Capecchi,
1997). This is a low penetrance phenotype involving the
IXth cranial nerve, which has been also found in the Hoxal
homozygous mutant (Mark et al., 1993), in Hoxa1{3' RARE)
single mutants {Dupe et al., 1997), and in Hoxal{3'RARE)/
Hoxb1(3' RARE) compound mutants {Gavalas et al., 1998).
We were unable to document abnormalities previously
reported in the VIith cranial nerve of Hoxbl and Hoxb2
individual mutants {Studer et al, 1996; Goddard et al,
1996; Barrow and Capecchi, 1996). This could be due to the
relatively low sensitivity of the assay used (whole-mount
immunostaining) compared to histological analysis or ret-
rograde motoneuron labeling. Clearly, a more detailed anal-
ysis of the effect of the HoxBAT deficiency is necessary to
unravel its effect on hindbrain segmentation.

The most striking characteristic of the HoxBAI mutants
is that despite the large extent of the deletion and its broad
phenotypic range along the anteroposterior axis, no ho-
meotic transformation extends more than one segment.
Interestingly, although the mutants exhibit higher pen-
etrance compared to most mutations in individual HoxB
genes (Fig. 3D) (Barrow and Capecchi, 1996, Ramirez-Solis
et al., 1993; Rancourt et al.; 1995; Chen et al.,, 1998; Chen
and Capecchi, 1997) very few phenotypes shown by the
HoxBA1 mutants have not already been described in any
one of the individual mutations. The relatively subtle effect
may be due to redundant gene function mediated by the
other Hox clusters.

Combining mutations in paralogous group 4 leads to a
dosage-sensitive increase in the number of cervical verte-
brae transformed toward C1 (Horan et al., 1995b}, and a
deficiency in the unique HOM-C cluster of Tribolium
causes the development of antennae in all body segments
[Stuart et al, 1991), suggesting that Hox genes modify a
ground state to determine segmental identity. This raises
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the possibility that the combined loss of more clusters
would result in a progressive anteriorization of segments
toward a ground state, perhaps similar to C1. Since double
mutation of hoxa3 and hoxd3 led to the deletion of Cl
{Capecchi, 1996, Condie and Capecchi, 1994 the ground
state could be located at the C2 level but still have Cl
morphology. Chromosomal engineering of other Hox clus-
ters will facilitate testing the effect of removing the Hox
clusters from the mouse singly and in combinations to test
this hypothesis.
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