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ABSTRACT The murine paired box-containing gene Pax]
is required for normal development of the vertebral column,
the sternum, and the scapula. Previous studies have shown
that three natural PaxI mouse mutants, the undulated alleles,
exhibit phenotypes of different severity in these skeletal
elements. Nevertheless, these analyses have not clarified
whether the semidominant Undulated short-tail (Un*) muta-
tion, in which the complete PaxI locus is deleted, represents
a null allele. Moreover, the analyses of the classical undulated
mutants did not allow a conclusion with respect to haploin-
sufficiency of PaxI. To address both questions we have created
a Paxl] null allele in mice by gene targeting. Surprisingly, the
phenotype of this defined mutation exhibits clear differences
to that of Urn®. This result strongly indicates the contribution
of additional gene(s) to the Un®* mutant phenotype. Further-
more, the phenotype of mice heterozygous for the null allele
demonstrates that Pax!I is haploinsufficient in some though
not all skeletal elements which express Pax1 during embryonic
development.

In vertebrates the paired box-containing (Pax) genes consist of
nine members (Pax/—Pax9) that code for a family of transcrip-
tion factors (1, 2). The common motif shared by Pax proteins
is the paired domain, which consists of 128 amino acids (3) and
exerts the DNA binding function (4). The characterization and
analysis of mutations affecting Pax genes in mice, humans, and
other species have elucidated their important roles in a variety
of tissues during embryonic development (5-8).

In the mouse, expression of PaxI can be detected in scle-
rotomal cells from embryonic day 8.5 (E8.5) onward (9, 10). As
development proceeds, Pax] transcripts become confined to
mesenchymal condensations, which represent the anlagen of
the intervertebral discs, and to the perichondria surrounding
the cartilage blastemas of the vertebral bodies (10). Pax!/
expression starts also in the pharyngeal pouches at E9.5 (11),
in the anterior proximal region of the limb buds at E10.0 (12),
and in the developing sternum at E13.0 (ref. 9; E.D. and K.,
unpublished observation).

The three classical undulated alleles in the mouse (13-15)
harbor mutations of the PaxI gene (16, 17). In undulated (un),
an amino acid exchange at a conserved position of the paired
domain of Paxl causes reduced DNA binding affinity and
altered specificity of the mutant protein (16, 18). The undu-
lated extensive (un®*) allele carries a deletion that includes the
last exon of the PaxI gene (19). In spite of lacking the last exon,
mutant Pax] mRNA can be detected by RNase protection
assay (19). In the Undulated short-tail (Un®) allele, the complete
Paxl1 locus is deleted (11, 17). In the following, we will refer to
un, un®, and Un®, as PaxI*", Pax1*"**, and Pax1Y", respec-
tively.
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The phenotypes of the classical undulated alleles have
already been analyzed in detail (10-12, 19-21). In general, in
all three alleles the vertebral column (10), the pectoral girdle
(12), the sternum (19), and the thymus (11) are affected by size
reductions and/or malformations. However, phenotypic dif-
ferences can be observed among the undulated alleles. The
Pax]1"" and Pax1*"** mutations are regarded to be recessive
because severe skeletal malformations are found only in
homozygous animals (17). Nevertheless, occasional mild skel-
etal abnormalities have been described in heterozygotes of
both alleles (10, 19, 20). In contrast, the PaxIV" mutation is
semidominant as heterozygotes exhibit clear skeletal abnor-
malities including a very short and strongly kinked tail (10).
Homozygous Pax1Y"-* mice die perinatally displaying the most
severe skeletal malformations among the undulated alleles. As
the entire PaxI locus is absent in the semidominant Pax]Y"$
mutation, it has been considered to be a null allele, whereas the
Pax]1** and Pax1“"<* alleles have been regarded to be hypo-
morphs with weaker phenotypes compared with that of
Pax1Y"s. Based mainly on both the semidominant phenotype
and the loss of Pax! in the PaxIY"s mutation, PaxI has been
discussed to be haploinsufficient. Nevertheless, a Pax! null
phenotype caused solely by the complete loss of Pax1 function
remains to be elucidated because it is not known whether the
absence of the Pax1 gene alone results in the phenotype of the
Pax1Y deletion mutant.

To create a defined null allele, we have inactivated the Pax!
gene by gene targeting. To our surprise, we found considerable
differences between the phenotypes of the Pax! knockout and
the PaxIU"* mutant mice. This finding indicates the contribu-
tion of additional gene(s) to the PaxIV"* phenotype. Instead,
we show that the Pax/ null phenotype resembles that of the
PaxI"" and PaxI""-°* alleles. Moreover, based on our detailed
analysis of the heterozygous knockout mice, we prove haplo-
insufficiency of Paxl in skeletal elements of the vertebral
column and the sternum.

MATERIALS AND METHODS

Generation of Paxl Knockout Mice. A Pax] genomic clone
was isolated from a 129/0Ola genomic cosmid library, and a
5.3-kb genomic HindIII fragment of the 5’ region of Paxl,
including exon 1 and 2, was subcloned into pBluescript (Strat-
agene), designated as pBPax1H. A 1.0-kb Xbal genomic frag-
ment from pBPax1H located downstream of exon 2 was cloned
into pTZ19R (Pharmacia Biotech), generating the short arm
of the targeting vector. In the next step, a 1.6-kb HindIII-Ps¢I
fragment followed by the 3" adjacent 1.2-kb PstI fragment were
inserted to generate the long arm of the targeting vector. The
1.6-kb Sall-Xhol PGKneo cassette was inserted in opposite
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FiG. 1. Targeted disruption of the mouse PaxI gene. (4) Genomic
structure of the Pax! locus and the targeting construct. Light gray
colored boxes represent exons 1-4, whereas the black box in exon 2
represents the paired box. The 5" and 3’ external probes used for the
detection of the targeted allele in the Southern blot analysis are shown
as open bars. Black bars indicate the fragments detected by Southern
blot analysis with the 5’ probe, whereas grey bars indicate the PCR
fragments. B, BamHI; H, HindIIl; P, Pstl; Xb, Xbal; X, Xhol; =, start
point of translation; tk, MC1-HSV-tk; neo, PGK-neo. (B) Southern
blot analysis of genomic DNA from wild-type (+/+), heterozygous
(+/-), and homozygous (—/—) PaxI knockout mice. Liver DNA (10
ng) digested with Xhol was hybridized with the 5’ probe (see 4). (C)
Genotyping by PCR. The amplification products of the wild-type and
mutated allele are depicted in 4. (D) Western blot analysis of vertebral
column protein extracts from E13.5 embryos. Two bands, the Paxl
protein at 42 kDa and an additional band at 50 kDa (arrowhead), are
detected in heterozygous and wild-type control, but not in homozygous
protein extracts. (E) PaxI" mice, 9 months old (wild-type control,
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orientation to that of the Pax/ gene. Finally the 1.8-kb BamHI
MCI1-HSV-tk cassette was cloned into the targeting vector,
now called pPax1tg2. The vector was linearized by Scal, and 20
wg of the construct were electroporated into 1.6 X 107 R1
embryonic stem (ES) cells (22) at 250 V and 0.5 mF by using
a Gene Pulser (Bio-Rad). Stable clones were grown under
double selection by using 200 wg/ml G418 and 2 uM gancy-
clovir in ES cell medium (23). Stable cell lines were tested for
homologous recombination by Southern blot analysis by using
a 5" and a 3’ external probe. ES cells from correctly targeted
clones were aggregated to morulae derived from CD1 donor
mice and implanted into pseudopregnant CD1 female mice.
Chimeric males were mated to C57BL/6 females and the
offspring was genotyped by Southern blot and PCR analysis.
PCR analysis was performed by using two sets of primer pairs
in a single reaction (5'-CTCGCCTGCTCACTCCTATCCG-
3’, forward primer, and 5'- ATGAGTGCCCATCTTAGTGC-
3', reverse primer of the wild-type PaxI allele, and 5'-
CGTGACTGTAGAGATTGACG-3', forward primer, and 5'-
TGTCGATCAGGATGATCTGG-3', reverse primer of the
targeted Pax! allele) at 94°C for 1 min, 60°C for 1 min, and
72°C for 1 min in 32 cycles. Homozygous animals were
generated by matings between heterozygotes, and newborn
animals from generations two to three were used for this study.

Western Blot Analysis. E13.5 embryos from heterozygote
intercrosses were dissected by cutting off the head and the
limbs and removing all internal organs. The remainder was
trimmed for most optimal enrichment of vertebral column
tissue, and protein extracts were generated. Yolk sac material
was collected for DNA preparation and subsequent genotyp-
ing by PCR. The protein extracts (30 ug) were subjected to
Western blot analysis by using reducing SDS/PAGE condi-
tions, as described (24). A Paxl-specific antiserum was gen-
erated by conjugating a 15-aa peptide from the C-terminal part
of the Pax1 protein (amino acids 327-341; FKHREGTDRK-
PPSPG) to keyhole limpet hemocyanin (KLH; Pierce). Two
rabbits were immunized s.c. each with 400 ug of the KLH-
conjugated Paxl-peptide in Freund’s adjuvant. Subsequently,
by using 100 g of the fusion protein in Freund’s adjuvant, the
rabbits were boosted in 4-week intervals. The fourth immune
serum of one rabbit, designated as 288-1V, was used with 1:250
dilution.

Animals. The undulated mice were purchased from The
Jackson Laboratory. Undulated extensive and Undulated short
tail mice were kindly provided by J. L. Cruickshank (Leeds,
U.K.) and A. M. Malashenko (Krosnogorsk, Russia), respec-
tively. Mice from the three undulated alleles have been crossed
with C57BL/6 mice for more than 12 generations to establish
congenic lines.

Skeletal Preparations. For skeletal preparations we used
newborns heterozygous and homozygous for the targeted
allele and wild-type littermates that were obtained from
heterozygous intercrosses. The newborns were dissected and
skeletons were stained with alcian blue for cartilage and
alizarin red for bone as described (25).

RESULTS

Generation of a PaxI Null Mutation. For the purpose of
generating a defined Pax/ null mutation, the murine PaxI gene
was disrupted by gene targeting. The targeting strategy was
designed to delete the first two coding exons of Pax! (Fig. 14).
Exon 1 harbors the translational start codon, and exon 2
contains the entire paired box of the Pax! gene. From 300

heterozygous, and homozygous littermates, left to right), and Pax1Y"s
mice, 8 months old (wild-type control and heterozygous littermate, left
to right). The tail-tip of the PaxI"! heterozygous mouse has been
clipped.
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stable ES cell clones tested, five proved to be correctly
targeted. Male chimeras were generated by morula aggrega-
tion from two correctly targeted ES cell lines. Chimeras from
one ES cell line passed the mutated allele to the offspring. In
these mice, the expected targeting event was confirmed by
Southern blot and PCR analyses (Figs. 1 B and C).

To prove the absence of Pax1 protein in the mutated mouse
line, Western blot analysis was performed. We have generated
a polyclonal antiserum directed against the C-terminal part of
the Pax1 protein, designated as 288-I'V. The Pax1 specificity of
this antiserum was demonstrated in Western blot analyses by
using protein extracts from Pax1Y"s mutant as well as wild-type
control embryos. A 42-kDa band representing the Pax1 protein
was detected in wild-type embryos, but was absent in homozy-
gous Pax1Y"s embryos (data not shown). In embryos homozy-
gous for the targeted allele Pax1 protein was not detectable,
whereas it appeared at a reduced level in heterozygotes
compared with wild-type controls (Fig. 1D). We therefore
regard the targeted allele to be a defined null mutation of Pax1,
designated as Pax]™¥. Interestingly, in addition to the authen-
tic Pax1l protein, antiserum 288-IV detected a protein at
approximately 50 kDa that was also found to be reduced in
heterozygotes and absent in homozygotes (arrowhead, Fig.
1D).

Mice of the expected genotypes from crosses between
PaxI™! heterozygotes are born at a Mendelian ratio (Table 1).
A genetic complementation test between PaxI™# and PaxI*"
mice confirmed allelism (not shown).

Pax]™ heterozygous mice have an external appearance
indistinguishable from that of wild-type littermates, whereas
the homozygotes display a strongly kinked tail (Fig. 1E).
Though smaller in size than heterozygous and wild-type mice,
the PaxI™" homozygotes are viable and fertile. Thus, from
their appearance, they are similar to homozygous mice of the
Pax1"" and Pax1""* alleles (10), whereas they do not resemble
Pax1Y"s mutant mice (Fig. 1E).

Skeletal Abnormalities in PaxI™" Homozygous Mice. Ex-
aminations of skeletal preparations from homozygous Pax]"!
newborn animals showed strong skeletal abnormalities all
along the vertebral column (Figs. 2 and 3D), in the sternum,
and in the scapula (Fig. 2) with full penetrance (Table 1). In
general, skeletal structures affected in PaxI™*! mutants are the
same as those found in mutant mice of the three classical
undulated alleles. In spite of these similarities, PaxI™" mutants
exhibit significant differences to both Pax/** and Pax1U**
mutant mice with respect to the severity of the skeletal
abnormalities (Fig. 3).

Axial Skeleton. In wild-type newborns, the ventral structure
of the first cervical vertebra (Cl, atlas), the arcus anterior

Table 1. Statistics of inheritance and of skeletal phenotypes in
newborn animals from crosses between Pax™! heterozygotes

+/+ +/—- -/

Genotype

Numbers 19 32 20

Ratio 0.27 0.45 0.28
Skeletal abnormalities, %

Atlas-axis 10 (2) 63 (20) 100 (20)

Lumbar vertebrae 16 (3) 44 (14) 100 (20)

Tail 0(0) 0(0) 100 (20)

Sternum 5(1) 34 (11) 100 (20)

Scapula 0(0) 0(0) 100 (20)

Overall 31 (6) 88 (28) 100 (20)

The percentage of animals with abnormalities in a given skeletal
structure are listed in columns corresponding to their genotypes. The
numbers of animals with abnormalities are given in parentheses. For
the ratio of overall phenotype per genotype, the total number of
animals with any of the described malformations was counted. For
description of phenotypes, see text.
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atlantis, is separated from the odontoid process of the second
cervical vertebra (C2, axis) by a distinct space (Fig. 24). In
homozygous newborns, this distinct space is not preserved as
the odontoid process and the arcus anterior atlantis are fused
by ventral cartilaginous and ossified bridges (Fig. 2C, arrow).
The pedicles of C2 extend ventro-medially, and the ossified
part of the arcus, the ventral tubercle, is enlarged (Fig. 2C,
small arrowhead). In addition, in the cervical region ossifica-
tion centers of the vertebral bodies are reduced or have not
formed yet (Fig. 3D, yellow arrowhead). In the thoracic region
the pedicles extend ventro-medially, resulting in fusions of the
pedicles to the ossification centers of the vertebral bodies.
These fusions start from around the fifth thoracic segment
(TS) and extend toward the sacral and caudal segments (Fig.
3D). At the thoracic segments T11 to T13 the rib heads (caput
costae) are ossified and fused to the pedicles, although a
floating 13th rib can also be observed frequently (9/20; Fig.
3D, small arrowheads). Furthermore, the lower thoracic and
lumbar vertebrae display an abnormal shape resulting from
pronounced fusions of the pedicles across the ventral midline
(Figs. 2F and 3D). In the lumbar region we observed saggitally
split vertebrae predominantly in L3, L4, and/or L5 (Figs. 2F
and 3D). In these segments, intervertebral discs are not
formed; instead, a ventral cartilaginous rod-like structure is
found (Fig. 2F, yellow arrowhead). Furthermore, the costal
processes (Fig. 2F, small arrowhead) and the anapophyses are
not formed (data not shown). These abnormalities in the
lumbar region can consequently lead to skoliosis (Figs. 2F and
3D). In the tail, the not yet ossified caudal segments are
triangular in shape which is caused by a strong reduction of the
posterior halves of the vertebrae (Fig. 21, Inset).

Sternum and Scapula. The sternum of wild-type newborns
displays a regular pattern of ossified sternebrae and cartilag-
inous intersternebrae to which the ribs attach (Fig. 2J). In
homozygous PaxI™! newborns sternebrae 4 and 5 are fused,
which is caused by complete ossification of the corresponding
intersternebra (Fig. 2L, arrowhead). Only a restricted area
next to the rib attachment site is chondrified. In few cases the
ossification of the intersternebrae extends toward sternebra 3
(data not shown).

In the pectoral girdle the acromion, a chondrified process of
the spine of the scapula connects to the humerus and to the
clavicle (Fig. 2M). In homozygous PaxI™! newborns the
acromion process and a part of the spine are not formed (Fig.
20). In all homozygotes examined both scapulae were always
affected to the same extent.

Skeletal Abnormalities in Pax1™! Heterozygous Mice. In
88% of the skeletons from heterozygous Pax1"! newborns we
observed skeletal abnormalities in the first two cervical ver-
tebrae, in the lumbar region, and/or the sternum (overall ratio,
Table 1). In contrast, the tail and the scapulae displayed no
malformations in heterozygotes (Table 1; Fig. 2 H and N).

In the majority (63%) of the PaxI™! heterozygous new-
borns, the axis (C2) is ventrally fused to the arcus of the atlas
(C1) by cartilaginous bridges (Fig. 2B). These fusions are less
pronounced than in homozygous littermates (Fig. 2C). In
addition, the ventral tubercle of the arcus is enlarged (Fig. 2B,
small arrowhead).

In nearly half (44%) of the heterozygous newborns we found
abnormalities of vertebral elements in the lumbar region. In
most cases the fourth lumbar vertebra (L4) displays a dual
ossification center (Fig. 2E). As a rather rare consequence
(3/32), the pedicles fuse to one of the twin ossification centers
(Fig. 2E), and costal processes of the affected vertebrae are
missing (data not shown).

One-third (34%) of the examined PaxI™" heterozygous
newborns exhibit a thin stripe of medio-saggital ossification of
intersternebra 5 connecting sternebrae 4 and 5 (Fig. 2K).
These sternebrae fusions are less severe than those found in
homozygous littermates (Fig. 2L).
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Fic. 2. Skeletal structures of wild-type (4, D, G, J, and M),
heterozygous (B, E, H, K, and N), and homozygous (C, F, I, L, and O)
Pax " newborn mice. (4-C) Superior view of atlas (at) and axis (ax).
(A) Wild-type newborn. The odontoid process (op) of the axis is clearly
separated from the arcus anterior atlantis (aa). vt, Ventral tubercle.
(B) In heterozygous animals the ossified ventral tubercle is enlarged
(small arrowhead) and is fused to the axis via cartilaginous bridges
(arrow). Medial extensions of the pedicles of the axis are indicated by
a large arrowhead. (C) In homozygous newborns the ossified ventral
tubercle of the arcus anterior atlantis is enlarged (small arrowhead)
and fused to the odontoid process of the axis (arrow). The pedicles of
the axis extend medially to the ossification center of the vertebral body
(large arrowhead). (D-F) Ventral view of lumbar vertebrae. (D) In
wild-type newborns the ossification centers of the vertebral bodies (c)
are clearly separated from the pedicles (p). Lumbar vertebrae L2 to L6
are shown, each separated by intervertebral discs (ivd). cp, Costal
processes. (E) Lumbar vertebrae L2 to L6 of a heterozygous newborn
with dual ossification center at L4 (arrowhead) are shown. The right
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DISCUSSION

To get clear insight into a defined Pax! null phenotype and
furthermore to clarify whether or not Pax1 is haploinsufficient,
we created a Pax] mutation by gene targeting. Our results show
that this knockout allele represents a defined null mutation of
Pax1.

Interestingly, the detection of a 50-kDa protein, in addition
to the previously described 42-kDa Pax1 protein (18), indicates
the presence of a second version of the Pax1 protein generated
by some unknown mechanism. The reduction in amount of
both the 50-kDa band and the 42-kDa band in PaxI™
heterozygotes, and the absence of both in Pax"™" homozygotes
support this assumption.

PaxI™" and the Undulated Alleles. To our surprise, both
heterozygous and homozygous mutants of the Pax1"*" allele do
not resemble the corresponding Pax1Y"* mutant mice in their
appearance (Fig. 1E; refs. 10, 17, and 19). As the Pax]™"
heterozygotes are indistinguishable from wild-type littermates,
and the PaxI™ homozygotes are viable, they are similar to
mutant mice of the PaxI** and PaxI"# alleles (10).

Furthermore, from our analysis of the skeletal phenotypes
we conclude that Pax/"™ homozygous mice resemble that of
Pax1"" and PaxI""** homozygotes. Nevertheless, the PaxI*"
phenotype is less severe than that of the Pax/ null allele,
suggesting Pax/“" to be a hypomorph (Fig. 3 B and D; refs. 10,
19, and 20). On the other hand, Pax/*"¢ and PaxI" mice
exhibit virtually identical skeletal phenotypes (Fig. 3 C and D).
Therefore we assume that in the PaxI**** allele no other
gene(s) beside Pax! are involved in the resulting phenotype,
and that Pax]*"** may be a natural null allele. In contrast, the
skeletal phenotype of Pax1Y"S homozygous newborns is much
stronger than that of PaxI" homozygotes (Fig. 3 D and E).

In the Pax1Y" mutation the five coding exons of the Pax]
gene, which are located within a region of 10 kb, are known to
be deleted (2, 17). The obvious phenotypic differences we
found between the PaxI" and the Pax1Y"* allele suggest that
not only Pax] but also additional gene(s) are involved in the
Pax1Y7s mutation. The PaxI1V"* deletion, formerly described
to cover at least 48.3 kb (19), is more than 100 kb in size (B.W.
and K.I., unpublished observations). We consider the deletion
to be large enough to harbor additional gene(s). Interestingly,

part of the ossification center of L4 is fused to the right pedicle (arrow).
(F) Lumbar vertebrae L1 to L6 of homozygous newborn. All lumbar
vertebrae display fusions of the pedicles to the ossification centers
(large arrow). In L3 to L5 vertebrae are saggitally split, ossification
centers are missing (large arrowhead), and costal processes are lacking
(small arrowhead). Intervertebral discs are reduced (small arrow),
whereas in the sagittally split vertebrae a cartilaginous rod-like struc-
ture is formed medially (yellow arrowhead). Note that the malforma-
tions lead to skoliosis. (G-I) Dorsal views of sacrum and tail. (G) The
sacral (s) and caudal (c) vertebrae of a wild-type newborn animal are
shown; p, pelvic girdle. (H) In heterozygotes no difference to wild-type
sacrum and tail can be observed. (Inset) A part of the tail (C16-19)
in close-up. (I) Homozygous animals exhibit a strongly kinked tail.
(Inset) The caudal segments C16-20 are shown in close-up. The
vertebrae have a triangular shape caused by a drastically reduced
posterior half of the segments. (J-L) Ventral view of the sternum. (J)
In wild-type newborns the ossified sternebrae 1-5 are clearly separated
by cartilaginous intersternebrae, to which the ribs attach. m, Manu-
brium; r, rib; xp, xiphoid process. (K) In heterozygotes the cartilagi-
nous intersternebra between sternebrae 4 and 5 frequently exhibits a
thin stripe of medio-sagittal ossification (arrowhead). (L) Homozy-
gous newborns show complete ossification of the intersternebra con-
necting sternebrae 4 and 5 (arrowhead). (M-O) Left scapula in
superior view. (M) Wild-type scapula connected to the clavicula (c) via
the acromion (a); sp, spine of the scapula; co, coracoid process. (N)
Scapula of heterozygote, indistinguishable from that of a wild-type
newborn. (O) Scapula from homozygous newborn animal, displaying
lack of a part of the ossified spine and of the cartilaginous acromion
(arrowhead).
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D

Pax1Y"S/pax1Y"s

Pax1"!/pax 1!

Paxlun-ex/Paxlun-ex

wt control Pax14"/Pax14"

FIG.3. Ventral view of vertebral columns of Pax1“! and the classical undulated homozygous mice at the newborn stage. (4) Wild-type newborn,
displaying no phenotypic abnormalities. Vertebral elements from the sixth cervical (C6) to the last sacral (S4) segment are shown. T1-T13, thoracic
vertebrae; L1-L6, lumbar vertebrae; S1-S4, sacral vertebrae; pd, pedicle; ¢, ossification center of vertebral body; i, intervertebral disc. (B) PaxI*?
homozygote. The ossification center of C7 is missing (yellow arrowhead). Fusions of pedicles to ossification centers at L3 (large arrowhead) and
all caudally following segments. Dual ossification centers are found from L2 to LS5, and the completely split centrum of L4 is indicated by an arrow.
Note that the proximal ends of the 13th rib pair are ossified (small arrowheads). (C) PaxI“"-¢* homozygote. The ossification center of C5 is missing,
and of C6 and C7 are reduced (yellow arrowhead). Fusions of pedicles to ossification centers at TS (large arrowhead) and all caudally following
segments. Vertebrae of the lumbar region (L2 to L4) are saggitally split (arrow). The left 13th rib is not connected to its respective vertebra, and
the rib heads of rib pair 12 and the single right rib 13 and left rib 11 are ossified (small arrowheads). (D) PaxI™ homozygote with no ossification
centers in vertebrae C5 and C6 (yellow arrowhead). Note that pedicles fuse to ossification centers from T5 (large arrowhead) on caudally, and
vertebrae of the lumbar region (L3 to L5) are sagittally split (arrow). Note that these malformations lead to skoliosis. The 13th rib pair is not
connected to its respective vertebra, and the proximal ends of rib pairs 11 and 12 are ossified (small arrowheads). (E) PaxIY"s homozygote.
Intervertebral discs and vertebral bodies are missing or strongly malformed all along the vertebral column. In addition, in the cervical region
vertebrae are ventrally split (small arrows), whereas thoracic vertebrae display fusions between pedicles and ossification centers (large arrowhead).
In the lumbar region all ossification centers are missing (large arrow) and the tail is extremely shortened (double arrowhead). The lower ribs are

not connected to the vertebral column (small arrowheads).

only PaxI-expressing tissues are affected in PaxIY"* mutant
mice (10). Therefore, we can make certain assumptions about
the mechanism of how these additional gene(s) could contrib-
ute to the phenotype. For example, a second gene is codeleted
which shares expression domains with Pax/ during embryo-
genesis. Alternatively, as a result of the deletion, a gene located
in regions flanking the deletion breakpoints comes under the
influence of some distant, yet unknown Pax] regulatory ele-
ments. In this model the second gene could be ectopically
activated that in combination with loss of Pax! would lead to
a gain-of-function phenotype in PaxV", Recently an example
for this model has been reported for the Patch (Ph) mutation
in which the complete PDGFR« gene is deleted. In Ph, a gene
located outside the deletion, c-kit, was found to be ectopically
expressed and assumed to contribute to the Ph gain-of-
function phenotype (26).

Currently we are performing several approaches to elucidate
the molecular basis of the PaxIU"S mutation. We are in the
process of physically mapping the PaxIU** deletion break-
points and in parallel have started to search for genes located
in the vicinity of PaxI. Furthermore, experiments to determine
the promoter and regulatory elements of the Pax/ gene are
underway, as these could not be successfully identified to date.
However, preliminary promoter studies suggest that a 3-kb
genomic fragment, including the 2-kb region upstream of the
first exon, is insufficient to direct specific spatio-temporal Pax]
expression (S.-P. Yee and K.I., unpublished observations). For
these purposes, we have established a bacterial artificial chro-
mosome (BAC) contig surrounding the Pax/ locus. By gener-

ating mice transgenic for BACs which contain the Paxl gene
we have started rescue experiments for the PaxI™! and
Pax1Ys alleles.

PaxI1 Is Haploinsufficient. Although Pax1" heterozygous
mice appear externally normal, we demonstrate in this study
that almost 90% of the heterozygotes exhibit moderate skeletal
malformations in the sternum and parts of the vertebral
column. This finding indicates that the PaxI™ mutation is
semidominant, thus proving haploinsufficiency of Paxl. In
contrast, the scapula and the tail are normal in all heterozy-
gotes, showing recessiveness of PaxI™! in these structures.

Previous studies on the skeletal phenotypes of Pax/*"* and
Pax]*= mutant mice showed weak abnormalities in the
sternum and in parts of the vertebral column of heterozygotes
(10, 19, 20). Nevertheless, a null phenotype caused solely by the
complete loss of Pax1 function could not be defined, and thus
haploinsufficiency of Pax1 could not be concluded from these
observations.

As not all heterozygous animals are affected to the same
extent, the penetrance of the PaxI"! heterozygous phenotype
seems to be influenced by genetic background effects. On the
other hand, the homozygous phenotype shows full penetrance,
and the range of variation in phenotypic severity among the
homozygotes is much smaller than that among heterozygotes.
For comparison, we also have carefully examined wild-type
littermates. Less frequently than in heterozygotes, we indeed
found recognizable skeletal abnormalities in wild-type con-
trols that, however, in all cases were milder than those ob-
served in heterozygotes.
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We could demonstrate that in the developing vertebral
column of PaxI" heterozygotes the level of Pax1 protein is
reduced. This result, together with the observation of skeletal
abnormalities in PaxI™ heterozygotes, suggests that Paxl
dosage is critical for the formation of ventral vertebral ele-
ments of the cervical and lumbar region, and the sternum.

The PaxI null mutant described in this report will be an
important tool to study genetic interactions between Pax/ and
other genes. One of these genes is Pax9 which is highly related
to Pax1. Both genes belong to the same subfamily of Pax genes
(2, 27) and have a similar sequence, gene structure, and
expression pattern (28). Therefore, it is possible that Pax9
might partially substitute for PaxI. The Pax9 gene has recently
been inactivated by gene targeting (29). To investigate a
potential redundancy between these genes, we are in the
process of analyzing double mutants between Pax/ and Pax9
null mice.
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discussion of the manuscript. We are grateful to U. Huffstadt and S.
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