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ABSTRACT
The radiation-induced mutation Oligosyndactylism (Os) is associated with limb and kidney defects in

heterozygotes and with mitotic arrest and embryonic lethality in homozygotes. We reported that the cell
cycle block in Os and in the 94-A/K transgene-induced mutations is due to disruption of the Anapc10
(Apc10/Doc1) gene. To understand the genetic basis of the limb and kidney abnormalities in Os mice we
characterized the structural changes of chromosome 8 associated with this mutation. We demonstrate
that the Os chromosome 8 has suffered two breaks that are 5 cM (�10 Mb) apart and the internal fragment
delineated by the breaks is in an inverted orientation on the mutant chromosome. While sequences in
proximity to the distal break are present in an abnormal Os-specific Anapc10 hybrid transcript, transcrip-
tion of these sequences in normal mice is low and difficult to detect. Transfer of the Os mutation onto
an FVB/N background indicated that the absence of dominant effects in 94-A/K mice is not due to strain
background effects on the mutation. Further analysis of this mutation will determine if a gene interrupted
by the break or a long-range effect of the rearrangement on neighboring genes is responsible for the
dominant effects of Os.

CONGENITAL limb malformations are the second that affect renal mass. This is clinically important be-
most common birth defect in humans (after heart cause bilateral renal hypoplasia is the fourth most com-

malformations), with a frequency of 1/1000 newborns mon cause of renal failure in childhood (Bernstein
(Manouvrier-Hanu et al. 1999). Several hundred hu- 1992; Sorenson et al. 1996). In addition to the dominant
man syndromes involving various types of limb defor- effects on limb and kidney development, the Os mutation
mity have been described; syndactyly is the most com- has a recessive effect on viability: homozygous Os/Os em-
mon deformity involving the hand (Barsky 1958). So bryos die around the time of implantation, as a result
far at least 20 different genes have been shown to play of cell cycle block at the metaphase/anaphase transition
a role in these syndromes (Gurrieri et al. 2002), but (Van Valen 1966; Paterson 1979; Magnuson and
in many cases the identity of the affected genes remains Epstein 1984; Yee et al. 1987; Hiraoka et al. 1989).
unknown. The Os mutation has been genetically mapped to

Numerous mutations that affect digit development mouse chromosome 8 (Ceci and Mills 1997). We iden-
have been identified in mice (Lyon et al. 1996). One tified two related transgene-induced mutations (94-A
of these mutations, discovered in the progeny of an and 94-K) that map to the same region of chromosome
irradiated male, is Oligosyndactylism (Os ; Grüneberg 8. Genetic and phenotypic analysis indicated that the
1956). Two types of dominant developmental effects are 94-A/K mutations represent new alleles of the gene
associated with this mutation: (i) fusion of the second causing mitotic arrest in Os/Os cells (Pravtcheva and
and third digits on all four limbs, accompanied by fu- Wise 1995, 1996). cDNA selection with BAC clones from
sions of metacarpal/metatarsal and carpal/tarsal bones this region and analysis of the selected cDNAs indicated
and abnormal attachments of muscles in the distal limbs that the 94-A/K and Os mutations disrupt the gene encod-
(Grüneberg 1956, 1961; Kadam 1962), and (ii) a re- ing component 10 of the anaphase-promoting complex/
duced number of nephrons in the kidney (Falconer cyclosome (APC/C; Hwang and Murray 1997; Komi-
et al. 1964; Stewart and Stewart 1969; Zalups 1993), nami et al. 1998; Grossberger et al. 1999; Pravtcheva
leading to nephrogenic urine concentration defects, and Wise 2001). This gene, Anapc10, was previously re-
which in some strains manifest as diabetes insipidus ferred to as Apc10 or Doc1 (destruction of cyclin B mutant
(Stewart and Stewart 1969). The mouse Os mutation 1). APC/C is a ubiquitin ligase (Irniger et al. 1995; King
thus may be useful for identifying one or more genes et al. 1995; Sudakin et al. 1995), and its function is essential

for the proteolytic destruction of several proteins that must
take place for the cell cycle to proceed beyond metaphase

1Corresponding author: Department of Human Genetics, NYS Institute (King et al. 1996; Morgan 1999; Nasmyth et al. 2000).for Basic Research in Developmental Disabilities, Staten Island, NY
10314. E-mail: bgyanyib@earthlink.net Nonmitotic functions of APC/C have also been described
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MATERIALS AND METHODS(Konishi et al. 2004; Wirth et al. 2004). APC10 is believed
to contribute to substrate recognition (Passmore et al. Mice: FVB/N mice were purchased from Taconic Farms
2003). The activity of APC/C is regulated by the spindle (Germantown, NY). Mice with the Os mutation were obtained

from the Jackson Laboratory. The original strain used in ourassembly checkpoint, which monitors spindle structure
analysis of the relationship between the 94-A/K transgeneand chromosome alignment and prevents the emergence
mutations and Os was ROP/GnLeJ (Pravtcheva and Wiseof aneuploidy. The disruption of this gene can explain
1996). In more recent experiments, we have used the ROP/

the mitotic arrest phenotype of the 94-A/K and Os/Os Le-Os Es 1a/� Es 1a/J strain or progeny from backcrossing
cells. Chromosome mapping with human/rodent hybrids this strain with FVB/N mice. Cby.RBF-Rb(8.12)5Bnr mice [re-
containing single human chromosomes and examination ferred to as Rb(8.12)] were obtained from the Jackson Labora-

tory. Strain 101 DNA was obtained from the Oak Ridge Na-of the published human genome sequence indicated that
tional Laboratory.the human ortholog of this gene (ANAPC10) resides on

DNA isolation: Plasmid and BAC DNAs were isolated by thehuman chromosome 4 (Pravtcheva and Wise 2001). alkaline lysis procedure (Sambrook et al. 1989). Genomic
Southern analysis of DNA from 94 A/K transgenic mice DNA from cells, tissues, and embryos was isolated by standard

with probes from the Anapc10 region indicated that both methods (Sambrook et al. 1989; Hogan et al. 1994).
Southern hybridization: DNA was digested to completionof the transgene insertions had caused deletions within

with restriction endonucleases, electrophoresed on agarosethe gene and result in its functional inactivation. Corre-
gels, denatured, and transferred to nitrocellulose or nylonspondingly, 94-A and 94-K heterozygotes showed de- filters. The filters were prehybridized, hybridized, and washed

creased dosage of the Anapc10 mRNA (Pravtcheva and as described by Sambrook et al. (1989). Probes were radiola-
Wise 2001). The normal phenotype of 94-A and 94-K beled by the random primer method (Feinberg and Vogel-

stein 1983). Anapc10 cDNAs and genomic region probes wereheterozygous mice indicated that haplo-insufficiency of
previously described (Pravtcheva and Wise 2001). The fol-Anapc10 on an FVB/N background is not associated with
lowing additional probes were used: XhoI/BglII fragment oflimb and kidney defects as seen in Os mice.
EST AI930292 for analysis of the Abce1 gene, NotI/SalI excised

Southern analysis of genomic DNA from Os mice indi- insert of EST BU053222 for analysis of the Hhip gene, and
cated that the Anapc10 gene is rearranged in Os mice NotI/SalI excised insert of EST AI426947 for analysis of Sall1.
with no evidence for a deletion. Heterozygous Os mice Northern hybridization: Total RNA was isolated from cells,

tissues, and embryos using Trizol reagent (Invitrogen, Carls-also showed a decrease in the level of the normal An-
bad, CA; Chomczynski and Sacchi 1987). RNA was thenapc10 mRNA and, in addition, the presence of an ab-
electrophoresed in agarose gels containing 0.66 m formalde-normal, shorter Anapc10 mRNA species (Pravtcheva hyde and transferred to nylon filters as described by Davis et

and Wise 2001). We have sequenced a 3� rapid amplifi- al. (1986).
cation of cDNA ends (RACE) clone corresponding to Amplification of genomic DNA: Standard PCR was done

by the method of Saiki (1990) as described in Wise andthis novel mRNA species and have determined that se-
Pravtcheva (1997). Primers for mapping the 500-9 regionquences following Anapc10 exon 4 are missing from this
were CAGCCTAGGTTTATTTATCA and CCCAGGATGCAAmRNA and are replaced by a short 150-nt fragment CAGTAATG. Long PCR was done by the method of Cheng et

unrelated to Anapc10. The sequences absent from the al. (1995). Primers used to show the inversion at the proximal
shorter Anapc10 mRNA encode a highly conserved por- breakpoint were TTGTCTCTGTGCCCTCTAGT and TACA

TAAACCAACGGAACAAC. Primers used to show the inversiontion of the APC10 protein, which led us to conclude
at the distal breakpoint were AGGGCTCCATACTCAAATAGGthat the protein encoded by the short mRNA species
and GAAAGGCAGCCCAATGTCTAC.would be inactive. This inactivity would account for the

Amplification of RNA: RT-PCR was done as described pre-
mitotic arrest in homozygous Os/Os embryos. viously (Wise and Pravtcheva 1997). Primers for RT-PCR of

These results indicated the involvement of a second the 500-9 sequence were CAGACCCACCTCCACCTACT and
genomic region in the Os mutation. Defining the exact CAGCCTAGGTTTATTTATCA.

Rapid amplification of cDNA ends: The 5� ends of mRNAsnature of the rearrangement will help us understand
were amplified using a modification of the original RACE proto-the genetic basis of the more complex phenotype of Os
col (Frohman 1990; Invitrogen kit) or by RNA ligase-mediatedmice. We therefore isolated genomic clones containing RACE [Maruyama and Sugano 1994; Ambion (Austin, TX)

the Os-specific transcript novel sequence, determined the or Invitrogen kits] with a gene-specific primer and a primer
position of these clones on the genetic and physical map complementary to the adapter primer.

cDNA selection: The cDNAs encoded by BACs were identi-of chromosome 8, and carried out a structural analysis
fied by cDNA selection (Peterson 1998; Pravtcheva andaimed at defining the type of rearrangement that has
Wise 2001).resulted in the production of a hybrid transcript. We DNA sequencing: DNA was sequenced by the dye terminator

have also transferred the Os mutation onto an FVB/N cycle sequencing method (Beckman Coulter, Fullerton, CA).
background. The resulting phenotype indicated that Screening of cDNA and genomic libraries: DNA and geno-

mic phage libraries were screened as described in Sambrookthe dominant effects of Os are not due to strain-specific
et al. (1989). BAC clones homologous to the 500-9 novel se-effects of Anapc10 haplo-insufficiency. Our analysis pro-
quence were identified by screening a Genome Systems BACvides further evidence that the Os mutation is associated
library from 129/Sv ES cells.

with a chromosome inversion and suggests several genes Preparation of 96h13 BAC DNA for injection: 96h13 BAC
that need to be examined as candidates for the domi- DNA was prepared in agarose plugs, digested with �-terminase

and run on a pulsed field gel. The linearized fragment wasnant Os phenotype.
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then electroeluted from the gel slice, dialyzed in 10 mm Tris, distant sequences closer: (i) a deletion with one break-
pH 7.5, 0.1 mm EDTA, and diluted to a concentration of 0.6 point in the Anapc10 region and another one �5 cM
�g/ml for injection.

away (loss of a chromosome segment of this size wouldMicro-injection of DNA into early embryos: FVB/N embryos
be expected to visibly alter the morphology of the mu-were micro-injected as described by Hogan et al. (1994).

Transgenic founders were identified by PCR with vector prim- tant chromosome), (ii) insertional translocation of a
ers CTTTAGGGAAATAGGCCAGGTTT and AAAAATCACT chromosome segment from a region that is 5 cM distal
GGATATACCACCG. The transgenes were maintained on an to the Anapc10 gene into the Anapc10 locus, and (iii)
FVB/N background.

a chromosome inversion with one break in the Anapc10Karyotype analysis: Two types of Os cells were used for
region and another one 5 cM away. The latter two re-chromosome analysis: (i) a liver cell culture established from

a newborn Os mouse and (ii) an embryo cell culture from a arrangements may or may not affect the chromosome
cross between Rb(8.12) homozygous male and an Os/� fe- morphology, depending on the exact position of the
male mouse. Embryos were removed on day 15 (day 1 is day breaks and the size of the inserted or inverted fragment.
of morning plug). Individual embryos were examined under

It is also possible that the Os mutation is associated witha microscope and classified as Os/� or �/� on the basis of
more than one type of rearrangement (e.g., deletion ofthe limb morphology. The embryos were torn into small pieces

and placed into individual T25 flasks marked as Os/� or �/� sequences in addition to an inversion or insertion of
on the basis of the limb phenotype. The tissue culture medium an inverted chromosome fragment). We attempted to
was �MEM plus 15% fetal calf serum. One week later the determine which of the proposed rearrangements has
cells were transferred into a T75 flask and upon reaching

taken place in Os mice by molecular genetic analysis ofconfluence were frozen. A culture established from a frozen
the mutation.ampule was used for karyotyping after one passage. Chromo-

some spreads were prepared and G-banded using standard Os mice have no major loss of sequences from the
techniques. 94-A/K (Anapc10) region: As reported previously, probes

from the region around one end of the 94-A and 94-K
deletions (probes a and b in Figure 1A) detected novel

RESULTS
fragments in Os mice after HindIII or SacI digests, sug-
gesting a rearrangement (Pravtcheva and Wise 1996,Involvement of a second chromosome region in the

Os mutation: Several tissues of Os mice expressed an 2001). On the other hand, hybridization of Southern blots
of Os DNA with other probes from the 94-A/K (Anapc10)abnormal, shorter (500 bp) Anapc10 mRNA species and

decreased levels of the normal (800 bp) Anapc10 mRNA region showed no evidence for rearrangements or loss
of sequences. Hybridization of cDNA 112 with BamHI-(Pravtcheva and Wise 2001). As indicated in the intro-

duction, sequencing of a 3� RACE clone corresponding digested Os/� and wt DNA is shown in Figure 1B. This
cDNA clone contains sequences of Anapc10 exons 2–5.to this novel mRNA indicated that the 3� end of the

Anapc10 mRNA is replaced by a 150-nt fragment unre- The largest BamHI fragment recognized by this cDNA
(exon 5) is polymorphic (f and f� in Figure 1B) and islated to the Anapc10 gene (for brevity we will refer to

this novel sequence as 500-9, from the designation of �12 kb in FVB/N mice (fragment f) and �11 kb on
both the normal and the mutant chromosome 8 in thethe sequenced RACE clone). The 500-9 sequence was

not present in any of the BACs containing the Anapc10 ROP/GnLe strain (fragment f�). The Os/� mice shown
in the first two lanes, produced from a cross betweengene (by PCR and Southern hybridization analysis), in-

dicating that 500-9 had originated from a genomic re- ROP/GnLe Os/� and FVB/N mice, contain both the f
and the f� variants, as does one of the normal mice showngion outside of these BACs. To isolate a genomic clone

that contains the 500-9 novel sequence we screened a in lane 3. The other normal mouse shown in lane 4 is
from a different cross and contains two copies of the largermouse BAC library (Genome Systems) with the 500-9

probe and isolated four BAC clones that showed homol- FVB/N f fragment, with a correspondingly stronger sig-
nal. This polymorphism is further illustrated in Figure 1B,ogy to the probe. A fifth BAC clone (68i8) was identified

in the public database. A 16-kb HindIII BAC subfrag- right, which contains BamHI digests of DNA from Os/�
and �/� mice from strain ROP/Le Os Es1a/� Es1a/Jment that contains the 500-9 sequence was subcloned

and sequenced. Primers bracketing a polymorphic SacI (first three lanes), and FVB/N (fourth lane). None of
the hybridizing fragments appears rearranged or weak-site in this sequence were used to screen the Jackson

Laboratory BSS panel, to determine the exact position ened in the mutant mice. Three of the fragments hy-
bridizing to this probe (indicated by asterisks in Figureof this region on the mouse genetic map. This analysis

indicated that the 500-9 sequence is at 42 cM, which is 1B, left) are not present on blots of Anapc10 region
BACs and represent related sequences located on other�5 cM distal to Anapc10 (at 37 cM). The distance be-

tween Anapc10 and 500-9 on the chromosome 8 se- chromosomes (see Figure 1 legend). These unlinked
fragments can be used as a control for loading. Thesequence in Map Viewer (http://ncbi.nlm.nih.gov) is �10

Mb (see below). This indicates that the Os chromosome results indicate that the Os mutation is associated with
a break in the continuity of the DNA in the regionhas rearranged to bring Anapc10 and 500-9 closer to-

gether. adjacent to probes a and b and rejoining of the broken
ends with DNA with a different restriction site composi-Several types of rearrangement may bring normally
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Figure 1.—Sequences surround-
ing the proximal Os breakpoint are
retained in Os mice. (A) Structure
of the Anapc10 gene. Vertical rect-
angles mark the position of exons.
These positions were determined
by comparing the sequence of
BAC 59K2 selected cDNAs with
the sequence of the NT_039467
contig. They are in good agree-
ment with the sequence of
1500026N15Rik (corresponding
to Anapc10), although one of our
selected cDNAs has a longer exon
4 (shown as gray portion), and the
last exon of the selected cDNAs is
shorter than the exon of the pre-
dicted gene (whose full length
would include the stippled por-
tion). These may represent alter-
natively spliced/polyadenylated
transcripts from this locus. The
smaller size of the last exon is sup-
ported by the size of the predomi-
nant transcript detected with An-
apc10 probes (Pravtcheva and
Wise 2001). The position of the
HindIII fragment containing the
proximal Os breakpoint (Prav-
tcheva and Wise 2001) is indi-

cated below the line. Solid bars mark the position of genomic probes a and b used in the analysis of the rearrangement (see
text). (B) Southern analysis of mutant and control mice with Anapc10 cDNA 112, which contains exons 2–5. The DNA was
digested with BamHI. Fragments f and f� represent an allelic polymorphism. The first three lanes on the left contain DNA from
ROP/GnLe mice crossed with FVB/N, whereas the first three lanes on the right are from ROP/Le Os Es 1a/� Es 1a mice; the
fourth lane on both sides contains DNA from FVB/N mice. The presence (Os/�) or absence (�/�) of the mutation is indicated
above each lane. Asterisks mark unlinked fragments. The fragment showing the strongest hybridization (�4–5 kb) corresponds
to an intronless copy of Anapc10 on chromosome 16 (Pravtcheva and Wise 2001); the larger of the remaining two weak
fragments (migrating slightly ahead of f� and visible more clearly in the last lane) corresponds to an uncharacterized region of
sequence homology on chromosome 9 (D. D. Pravtcheva and T. L. Wise, unpublished observations). The chromosomal location
of the weakest fragment, which is not seen on all blots, is currently unknown.

tion. There is no evidence for loss or rearrangement of subclones or selected cDNAs that map within the 16-kb
fragment indicated that EcoRI fragment 3 and probessequences 5� (exons 2–4) or 3� (exon 5) from this break

(Figure 1B). This conclusion is in agreement with the to the left detect the same novel fragment as the 500-9
novel sequence cDNA (designated Os-A in Figure 2B),finding of an abnormal transcript containing Anapc10

exons 1–4 in Os mice. Therefore the more complex whereas probes to the right detect a different novel
fragment designated Os-B [in addition to the 16-kb frag-phenotype of Os mice cannot be explained by a large

deletion in the Anapc10 region that overlaps with the ment present on the wild-type (wt) chromosome 8; Figure
2C]. Southern hybridization of EcoRI-digested Os/�deletion in 94-A/K mice but extends further to encom-

pass additional genes. and �/� DNA hybridized with EcoRI fragment 3 is
shown in Figure 2E. The probe detects two novel frag-No significant loss of sequences in the distal Os break-

point region: We have subcloned several smaller frag- ments in Os mice (indicated by arrows) in addition to
the fragment from the normal chromosome 8. Thisments from the 16-kb HindIII fragment that contains

the 500-9 novel sequence and used these subclones as is the expected outcome of a break within the EcoRI
fragment 3 and rejoining of the broken ends with se-probes on Southern blots to determine if they detect

rearrangements or deletions in Os mice. Several cDNAs quences with different restriction site composition.
It has been reported that the Os chromosome 8 shows(see below) mapping to the 16-kb HindIII fragment were

also used as probes (Figure 2A). One of these cDNA clones suppression of recombination over a large centrally lo-
cated segment. This nonrecombining segment contains(R1/R5, which contains the unspliced 500-9 sequence)

hybridizes to the expected 16-kb HindIII fragment and, sequence polymorphisms characteristic of strain 101,
from which the mutant chromosome 8 was derivedin addition, to a smaller fragment that segregates with

the Os mutation (Figure 2B). Further analysis using the (Lenz et al. 1998). Such polymorphisms will segregate
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Figure 2.—Structural anal-
ysis of Os DNA with cDNA
or genomic probes from the
500-9 homologous BACs.
(A) EcoRI restriction map of
the 16-kb HindIII fragment
that contains the 500-9
novel sequence. The posi-
tion of the restriction sites
was confirmed by sequenc-
ing. The fragment was ori-
ented by comparison with
the sequence of contig
NT_081826 and is shown in
a (left to right) centromere-
to-telomere orientation. The
EcoRI fragments are num-
bered according to size (1–
5). A polymorphic HindIII
site present in C57BL/6
and some other strains is in-
dicated with an asterisk.
Solid rectangles below the
line mark the position of
cDNAs (isolated by cDNA se-
lection or library screening),
as determined by sequencing.
The 500-9 novel sequence is
contained within cDNA clone
R1/R5. The arrow under-
neath 500-9 indicates the 5�
to 3� orientation of the se-
quence in the 500-9 hybrid
transcript. The position of the
breakpoint in EcoRI fragment
3 is indicated above the line.
(B–D) Rearrangements in
Os/� mice detected follow-
ing HindIII digestion. (B)
Rearrangement detectedwith
cDNA clone R1/R5. (C) Os-
specific novel fragment de-
tected with cDNA 15. (D)
Os-specific novel fragment
detected with Anapc10 re-
gion probe b (Figure 1A).
Mouse DNA was digested
with HindIII and Southern
blots were hybridized with
the indicated cDNA or ge-

nomic probes. All samples in B–D are from progeny of an ROP/GnLe � FVB/N cross. Os/� lanes contain DNA from mutant
mice; �/� lanes contain DNA from normal mice. Wt indicates the normal fragment recognized by the probe. Os-A and Os-B
designate the two novel fragments homologous to the probes in Os mice. All probes were consecutively applied to the same blot.
As previously reported (Pravtcheva and Wise 1996), Anapc10 region probe b detects a HindIII fragment that is polymorphic
between the normal ROP/GnLe chromosome 8 (where it has a size of �8 kb) and FVB/N mice (�12 kb size). Mutant mice in
this cross have the large FVB/N fragment and fragment Os-B, whereas normal mice have the FVB/N fragment and the smaller
�8-kb fragment from the ROP/GnLe strain normal chromosome 8. (E) Southern analysis of EcoRI-digested Os/� and �/�
DNA with EcoRI fragment 3. Arrows indicate the position of the two novel fragments detected in Os/� mice. The lower-molecular-
weight band seen in all the lanes represents cross-hybridizing sequences located elsewhere in the genome.

with the mutation, even though they may be located at of strains with probes from the 16-kb HindIII fragment
did reveal a polymorphism, most clearly illustrated after hy-a significant distance from the actual breakpoints. We

had previously examined a number of different mouse bridization with cDNA clone 64/3. Several strains, including
A/HeJ, C3H, C57BL/6, and the normal chromosome 8strains for polymorphisms in the 94-A/K region (Prav-

tcheva and Wise 1996). Examination of the same set of the ROP/GnLe strain, contain a short, 1.3-kb HindIII



2104 T. L. Wise and D. D. Pravtcheva

Figure 3.—Strain polymorphism of the 16-
kb HindIII fragment. The polymorphic frag-
ment is indicated by an asterisk. (A) DNA of a
strain 101 mouse and an Os mouse backcrossed
with FVB/N (lane Os/F), probed with cDNA
clone 64/3. (B) DNA from mice containing
the FVB/N chromosome 8 (F), normal ROP/
GnLe chromosome 8 (R), or the mutant chro-
mosome 8 (Os) probed with cDNA clone 64/3.
This cDNA extends beyond the 16-kb HindIII
fragment and detects an additional nonpoly-
morphic fragment of �5 kb. The large HindIII
fragment present in 101 mice has the same size
as the normal FVB/N fragment and is distinct
from the mutation-associated fragment Os-A;
the normal chromosome 8 in the ROP/GnLe
strain has the polymorphic HindIII site (Figure
2A) resulting in the �1.3-kb fragment hybridiz-
ing to the probe.

fragment, whereas the large 16-kb HindIII fragment is that span the proximal and distal chromosome 8 breaks.
The primers for each PCR are normally 10 Mb apartpresent in AKR, BALB/c, CBA, SJL, 129, 101, and FVB/N

mice (fragments present in FVB/N, 101, and ROP/ and run in the same direction on normal chromosome
8 (Figure 4A). We first amplified a 10-kb PCR productGnLe are illustrated in Figure 3, A and B). This polymor-

phism is due to the presence/absence of a HindIII site from the distal breakpoint (Figure 4C). Our Southern
analysis indicated that this PCR product should containclose to the proximal end of the 16-kb HindIII fragment

(Figure 2A). cDNA 64/3 extends beyond the end of a 4.3-kb EcoRI fragment (Figure 2E) that contains the
breakpoint, so we subcloned this fragment and se-the 16-kb HindIII fragment and also hybridizes to the

adjacent nonpolymorphic fragment of �5 kb. Strains quenced it (Figure 5A). The sequence indicates that
the centromeric side of the distal breakpoint containsthat contain the short HindIII fragment detected with

cDNA clone 64/3 (e.g., the normal chromosome 8 in an inverted sequence precisely from the region of the
normal chromosome that is 10 Mb away on the telo-ROP/GnLe mice) show a slight decrease in the size of

the normal fragment hybridizing with cDNA clones to meric side of the proximal breakpoint. We then used
this sequence information to design primers that am-the right of the polymorphic HindIII site (R1/R5, 15,

and 84; not shown). These results demonstrate that plify a fragment spanning the proximal breakpoint (Fig-
ure 4B) and sequenced the fragment (Figure 5B). Thethe Os-A and Os-B fragments represent rearrangements

specific to the mutant Os chromosome and not a poly- sequence indicates that the telomeric side of the proxi-
mal breakpoint contains an inverted sequence preciselymorphism specific for the 101 strain of mice.

Os is associated with a chromosome inversion: Several from the region of the normal chromosome that is 10
Mb away on the centromeric side of the distal breakpoint.lines of evidence indicate that the rearrangement in Os

is a chromosome inversion of the fragment between the The centromeric side of the proximal breakpoint con-
tains 11 kb of LINE elements, so there are other verybreaks in the Anapc10 and the 500-9 regions: (i) On

the normal chromosome 8 the 500-9 novel sequence is closely related sequences from other regions of chromo-
some 8 and other chromosomes that match with thelocated �10 Mb away from the Anapc10 locus, on the

centromeric side of the distal break (http://ncbi.nlm. relatively short sequence of the PCR product on the
centromeric side of the breakpoint. But the sequencenih.gov; Figures 2A and 6, A and C). The orientation

of the normal 500-9 sequence is opposite to the orienta- directly adjacent to the breakpoint is the only one on
chromosome 8 that perfectly matches with the sequencetion of the Anapc10 transcript. The production of a hy-

brid transcript indicates that on the Os chromosome 8 of the PCR product, and the size of the PCR product
is exactly what is predicted from the genomic sequence.the distal end of the 10-Mb fragment is joined to Anapc10

exons 1–4 in an inverted orientation. (ii) Probes on the These results confirm that the proximal breakpoint is
5 kb centromeric of probe b (Figure 1A) and the distaltelomeric side of the Anapc10 break (probe b in Figure

1A) and on the telomeric side of the 500-9 region break breakpoint is 444 bp from the telomeric end of EcoRI
fragment 3 (Figure 2A). They also indicate that the 10-(cDNA 15) detect the same novel fragment in Os mice

(Figure 2, A, C, and D). (iii) We have been able to Mb region between the proximal and distal breakpoints
has been inverted on the Os chromosome. There is onlyamplify Os-specific fragments by PCR with primer pairs
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away from the 500-9 breakpoint (Figure 6). Southern
analysis of Os/� DNA with cDNA clones of mouse Hhip
(EST BU053222) and Sall1 (EST AI426947) genes dem-
onstrated that both genes have normal structure and copy
number in Os/� mice (not shown), further strengthening
our conclusion that the rearrangement in Os mice is not
accompanied by loss of sequences between the break-
points. We also detected no rearrangement or loss of the
Abce1 gene (using EST AI930292 as a probe), located close
(centromere proximal) to the proximal Os breakpoint,
but outside of the inverted segment (Figure 6). This is in
agreement with an earlier report demonstrating retention
(and lack of recombination) of strain 101-specific poly-
morphisms over a large segment of DNA, including the
Anapc10–500-9 region (Lenz et al. 1998).

Cytogenetic analysis of the Os mutation: The G-band-
ing pattern of chromosome 8 in Os mice has been de-
scribed as grossly normal (Lenz et al. 1998). The exact
positions of the Anapc10 and 500-9 loci on the cytoge-
netic map of chromosome 8 are currently unknown.
According to Map Viewer (http://ncbi.nlm.nih.gov) the

Figure 4.—Amplification of Os-specific fragments with positions of the proximal and distal Os breakpoint re-
primers from the proximal and distal breakpoint regions. (A) gions (Anapc10 and 500-9) would be in bands C1 and
Diagram of the breaks and the relative position of primers.

C3, respectively, whereas according to Ensembl (http://Centromere to telomere is left to right. (B) PCR of Os/� and
www.ensembl.org) these loci would reside in bands C3�/� mouse DNA with primers p1 and p2 located on the
and C5. An ideogram of chromosome 8 is shown incentromeric side of the proximal and distal breaks. (C) PCR

of Os/� and �/� mouse DNA with primers p3 and p4 lo- Figure 7A. Our analysis of G-banded chromosomes from
cated on the telomeric side of the proximal and distal breaks. liver cultures of Os mice indicated some subtle differ-
The location of the primers is shown in their normal orienta-

ences in the morphology of the two chromosome 8tion. A PCR product will be amplified by these primers only
homologs, mainly a weaker band C2 in one of the homo-if the ends of the broken fragments are joined through an
logs. This difference, however, did not exceed the vari-inversion.
ability that can be due to technical factors and could not
be associated with the normal vs. mutant chromosome 8
because of the absence of cytologically distinguishinga small loss of sequences at each breakpoint (13 bp at the

distal breakpoint and 29 bp at the proximal breakpoint). characteristics of the two chromosomes 8. To distin-
guish the normal chromosome 8 from its Os homolog,The normal sequence spanning the proximal breakpoint

contains a LINE element. In addition to the 11 kb of we crossed an Os female with a male homozygous for a
Robertsonian translocation between chromosomes 8LINE elements on the centromeric side of this break-

point, 5 kb of LINE elements are on the telomeric side. and 12. E15 embryos were classified as normal or Os on
the basis of their limb phenotype and were used toThe normal sequence spanning the distal breakpoint

also contains a LINE element and a number of LINE establish individual cell cultures. The derivation of the
cells used for karyotype analysis from an Os embryo waselements are interspersed in the nearby sequence on

either side. There is no homology, however, between the confirmed by genotyping (not shown). Examination of
G-banded chromosomes of these cells confirmed thesequences directly at the proximal and distal breakpoints.

Genes between Anapc10 and 500-9 show no evidence weaker appearance of band C2 in one of the homologs
and indicated that in the vast majority of the cases, thisof loss and rearrangement in Os mice: A schematic of

the rearrangement, based on the sequence information weakened band is seen on the (free) Os chromosome
8 (Figure 7C). Under our conditions of banding, bandand our molecular analysis of Os mice, is shown in Figure

6. We used genes within the Anapc10–500-9 segment as C4 is not detected (Figure 7B). A very faint band distal
to C2, however, was observed in some of the cells onadditional molecular probes to determine if this seg-

ment is intact in Os mice. The Hedgehog-interacting pro- the Os chromosome 8 (e.g., the Os chromosome in Fig-
ure 7D). These observations, together with our molecu-tein (Hhip) gene (Chuang and McMahon 1999) is the

closest confirmed gene 3� of Anapc10 and is located lar analysis described above, lead us to propose the
following explanation of the cytogenetic observations:�200 kb away on the telomeric side of the Anapc10

locus. The mouse Spalt-like 1 (Sall1) gene (Buck et al. one of the breaks of the Os inversion is located in band
8C2, whereas the other break is in an adjacent G-light2000) is the closest confirmed gene on the left (centro-

mere-proximal) flank of 500-9 and is located �400 kb band. The inversion would split band C2, accounting
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Figure 5.—Sequence across the proximal
and distal breakpoints. (A) Sequence from
the distal breakpoint PCR product. (B) Se-
quence from the proximal breakpoint PCR
product. Arrows in dark gray indicate se-
quence from the inverted segment of chro-
mosome 8. Arrows in light gray are from non-
inverted sequence. The direction of the
arrows indicates the direction of the sequence
on normal chromosome 8, from centromere
to telomere. Numbers indicate the corre-
sponding sequence on chromosome 8. The
slash in each sequence indicates where the
breakpoint is. Only part of the distal
breakpoint PCR product sequence is shown.

for its weak appearance. The origin of the very faint haps juxtaposed to the difficult-to-detect band C4. Ac-
cording to this interpretation, the second break wouldband distal to C2 is less certain. It could represent the

distal portion of band 8C2 in its inverted position, per- occur in the light band, which in our preparations corre-
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Figure 6.—Map of the
Anapc10–500-9 region. (A)
Position of Anapc10, 500-9,
and neighboring genes (see
text) on the physical map of
chromosome 8. Only genes
in the vicinity of the break-
points (indicated by arrows)
are shown. Anapc10 and
500-9 are separated by �9.9
Mb (http://ncbi.nlm.nih.
gov). The Fts deletion
(Peters et al. 2002) is indi-
cated by a dashed line. (B)
Detailed view of the proxi-
mal breakpoint region. An-
apc10 and Abce1 are sepa-
rated by �200 bp and are
transcribed from opposite
strands. The proximal Os
breakpoint is located within
a large intron of Anapc10
(Pravtcheva and Wise
2001). Some of the exons of
Abce1 are very closely spaced
and cannot be resolved on
this scale. (C) Detailed view
of the distal breakpoint re-
gion. The position of the
Gnomon-predicted gene
hnm39311 that includes the
500-9 novel sequence is in-
dicated. The distal
breakpoint is located within
an intron of this hypothetical
gene. 219f4, 96h13, 210g14,
128m20, and 68i8 are BAC
clones from the 500-9 re-
gion. The extent of the BAC
clones was determined by
sequencing of the BAC ends
and comparing the se-
quence with the assembled
mouse genome sequence.

sponds to the region C3-C5. The faint distal band may ations, with the goal of producing a congenic FVB/N
Os strain. There has been no disappearance or ameliora-also be due to an effect of the rearrangement on the

degree of contraction of this segment of the chromo- tion of the dominant effects of Os, except for a greater
tendency for splitting at the distal end of the fused digitssome, which might make the usually elusive band 8C4

somewhat easier to detect. 2 and 3 on the front legs (which remain unambiguously
syndactylous). In addition, we noticed a decline in theThe different phenotypes of 94-A/K and Os mice are

not due to strain background effects on the mutation: number of surviving Os mice in the colony after 3
months. A more controlled comparison of the life spanThe identification of a second chromosome region af-

fected by the rearrangement present in Os suggested of Os mice on their original background and on the
FVB/N background is in progress. We have not observedthat the more complex phenotype of these mice may be

due to the involvement of additional genes. It remained a similar effect of the 94-A/K mutations on the life
span of the mice. These results clearly indicate that thepossible, however, that the different phenotypes of 94-

A/K and Os are the result of strain background effects absence of dominant effects in 94-A/K mice is not due
to the ameliorating influence of their FVB/N geneticon the haplo-insufficiency of Anapc10. To determine

the effect of the FVB/N strain background on the Os background on Anapc10 haplo-insufficiency and indi-
cate that, if anything, the FVB/N background may ag-phenotype, we have backcrossed Os mice from the ROP/

Le-Os Es 1a/� Es 1a/J with FVB/N mice for seven gener- gravate the dominant effects of Os. Inactivation of the
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Figure 7.—Cytogenetic analysis of the Os mutation. (A) Ideogram of chromosome 8 (from Lyon et al. 1996). (B) G-banded
chromosomes 8 from wt cells. (C) Chromosome 8 pairs from e15 Os embryos from a cross between an Rb(8.12) homozygous
male and an Os/� female. The Rb(8.12) chromosome is shown on the left. In all pairs shown in C, band 8C2 appears weaker
on the Os chromosome. (D) Magnified view of the first chromosome pair shown in C. A faint distal band (at the approximate
position of the usually undetectable band C4) can be seen on the Os chromosome 8. A semicircle marks band 8C2 on the normal
chromosome 8; short lines mark the position of the two weak bands that can be seen on the mutant chromosome 8.

gene encoding another component of the APC/C, tissues by RT-PCR and we have not been able to detect
any longer versions of this transcript by 5� or 3� RACEAPC2, is also not associated with abnormalities in the

heterozygous state (Wirth et al. 2004). in normal mice.
We used two additional approaches to identify tran-Transcribed sequences from the region surrounding

scribed sequences from the distal chromosome 8 region:the distal breakpoint on chromosome 8: Comparison of
(i) screening of a day e10–e12 cDNA library made inthe sequence of the 500-9 RACE clone with the mouse
the laboratory with the 500-9 sequence [four identicalgenomic sequence indicates that the novel portion of

the cDNA sequence spans a small intron. The presence
of this intron is confirmed by the small difference in
size observed between DNA and RT-PCR products (Fig-
ure 8). The computer program Genscan also predicts
the position of the intron and identifies the 3� exon as
a terminal exon. These data thus suggest that either the
500-9 sequence is derived from a gene that has been
disrupted by the Os rearrangement or cryptic splice sites
have been activated by the rearrangement. Hybridiza-
tion of the 500-9 novel sequence to multiple tissue
Northerns and embryo Northerns of normal mice did
not detect an unambiguous signal (a broad smear was
detected at low stringency), whereas hybridization to

Figure 8.—Expression analysis of 500-9. RT-PCR of testis RNAtissue Northerns from Os/� mice detected the abnor-
from normal and Os/� mice with 500-9 sequence primers ismal, short mRNA species with the Anapc10 5� end (not shown. An RT-PCR product is visible only in the Os/� lane. The

shown). We have so far been able to detect only very RT-PCR product is smaller than the amplified genomic DNA
fragment, as a result of splicing.weak expression of the 500-9 transcript in some normal
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clones of �1 kb (two of them designated R1 and R5), fying transcripts with the 500-9 clone and selected
cDNAs from this region, suggest that if transcripts fromwhich include the 500-9 sequence, were isolated] and

(ii) cDNA selection with one of the distal chromosome this region are produced, they are of low abundance
and/or restricted expression.8 BACs (96h13; Figure 6). Three of the 30 cDNA clones

with homology to the BAC (15, 64/3, and 84) were A BAC clone that spans the distal breakpoint does not
restore normal development to Os mice: One possiblelocated in proximity to the distal break (Figure 2). All

of the isolated cDNAs (including R1/R5), however, are explanation for the dominant effects of Os is that they
are due to haplo-insufficiency of a gene(s) at the distalnot spliced and lack large open reading frames. We

have not detected a clear signal on multiple tissue break inactivated as a result of the rearrangement. If
so, it should be possible to restore normal developmentNortherns or embryo Northerns from normal mice with

any of these clones. They also show no homology to in Os mice by providing an additional copy of the inacti-
vated gene. To determine if this will be the case, wecDNA sequences or ESTs in the public database. The

16-kb HindIII fragment containing the distal Os micro-injected FVB/N mouse embryos with a linearized
mouse BAC clone (96h13) that spans the distal breakbreakpoint contains a sequence of 313 bp that is 87%

identical to a segment in the orthologous region of in the Os chromosome 8. We identified four founders
by PCR with primers from the vector sequences (nothuman chromosome 16. Several characteristics of the

cDNA clones from this region—lack of correspondence shown). None of the transgenic founders or their prog-
eny exhibited any obvious abnormalities. The extentto annotated genes, lack of ESTs in the public database,

low-level and difficult-to-detect transcription, absence of the injected sequences retained in the individual
founders was determined by Southern hybridizationof long ORFs, and proximity to evolutionarily conserved

noncoding sequences—are similar to the characteristics with probes from both ends of the linearized construct
and with a probe within the 16-kb HindIII fragmentof a recently described class of transcripts in humans

(Kapranov et al. 2002; Kampa et al. 2004). Although (cDNA clone 64-3; not shown). Two of the lines, 4 and
6, gave a positive signal with all of the probes, indicatingthere are a large number of such transcripts, their func-

tion is currently unknown. that they probably have retained intact BAC copies. A
cross between a line 4 male and an Os female producedKnown and predicted genes in the vicinity of the distal

Os breakpoint: There are no known genes in the distal a litter of nine, five of which were phenotypically Os. Two
of the Os mice had also inherited the 96h13 transgene.breakpoint region, but there are several predicted genes

in the vicinity of the breakpoint. One of the predicted There was no apparent difference in the phenotype of
these two mice compared with their transgene-negativegenes (hmn39311) that would be the strongest candi-

date for the dominant effects of Os is shown in Figure 6C. Os littermates. We have also crossed homozygous fe-
males from transgenic line 6 with an Os male at the N5The gene is predicted to contain 9 exons, and sequences

from the last two exons are present in the 500-9 tran- generation of backcrossing with FVB/N. Six of 11 mice
from this cross were phenotypically Os, despite the factscript (where they are spliced in a manner identical to

that of the predicted transcript). This hypothetical gene that all of them contained one copy of the transgene.
In addition, four of the six Os mice were dead by thewould be interrupted by the Os rearrangement in an

intron (Figure 6) and its 3� portion would be placed in age of 7 weeks (while none of the wt mice had died by
that time), indicating that they have a shortened lifethe correct transcriptional orientation with regard to

Anapc10 as a result of the inversion. The predicted pro- similar to the Os mice backcrossed to FVB/N (see
above). This analysis indicated that the presence of thetein shows some homology to a hepatocyte growth fac-

tor-related gene, Livertine (Ruiz i Altaba and Thery transgene does not restore normal development to mice
with the Os mutation.1996). No ESTs with homology to the predicted mRNA

are present in the public databases, and there is no
analogous gene prediction in the corresponding region

DISCUSSION
of human chromosome 16. We have so far detected no
transcripts from this predicted gene by RT-PCR. Several The radiation-induced Os mutation has a complex phe-

notype, affecting cell cycle progression and limb and kid-additional predicted genes are in proximity to the
breakpoint (not shown). The closest ESTs are located ney development. The results presented here further char-

acterize the rearrangement in Os mice, as a step toward�41 kb centromeric and �75 kb telomeric to this pre-
dicted gene and are unspliced (UCSC web site: http:// identifying the mechanism by which it disrupts normal

development.genome.ucsc.edu). There are also no CpG islands in
a �500-kb region around the 500-9 sequence (http:// We have determined that the novel 500-9 sequence

from the Os-specific hybrid transcript originates from agenome.ucsc.edu). CpG islands are associated with the
promoters of 100% of housekeeping genes and with genomic region that is normally �5 cM (by genetic

mapping) and �10 Mb (by physical mapping) telomericpromoters or internal gene regions of �40% of the
tissue-specific genes (Larsen et al. 1992). These data, to the Anapc10 locus on chromosome 8 (Figure 6).

Molecular analysis of Os/� DNA with probes flankingtogether with the difficulty we have had so far in identi-
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the proximal and distal breaks and within the interven- elements in their entirety or that the abnormal Os phe-
notype is caused by another mechanism, e.g., abnormaling 10-Mb segment showed no evidence for loss of se-

quences as a result of the Os rearrangement (Figures 1 activation of a neighboring gene or the production of
a hybrid protein with novel properties. The latter possi-and 2). We have presented molecular evidence that the

Os mutation is associated with a chromosome inversion bility can be addressed by producing transgenic mice
that express the abnormal hybrid transcript.(Figures 4 and 5). One break of this inversion is within

an intron of the Anapc10 gene, whereas the other break Genes located near the rearrangement breakpoints
may be affected through long-range effects on theiris a few kilobases telomeric to the 500-9 sequence (Fig-

ures 1, 2, and 4–6). These results are in agreement expression. The nearest confirmed gene 3� of Anapc10
is the Hhip gene, at a distance of �200 kb (Figure 6).with previous studies (Lenz et al. 1998) that have shown

suppression of recombination between the normal and Hhip encodes the hedgehog- interacting protein, which
is an important modulator of the signaling from allmutant chromosomes 8 over a region of 12–27 cM,

leading these authors to hypothesize an inversion. The three vertebrate hedgehog genes [Sonic hedgehog (Shh),
Indian hedgehog (Ihh), and Desert hedgehog (Dhh)] andregion showing suppression of recombination in this

previous report (defined on the centromeric side by attenuates their effects (Chuang and McMahon 1999;
Chuang et al. 2003). Shh plays an important role in limbthe recombining marker D8Mit193 and on the telo-

meric side by the nonrecombining D8Mit210) spans the morphogenesis (Capdevila and Izpisua Belmonte
2001; Ingham and McMahon 2001; Sanz-EzquerroAnapc10 and 500-9 loci and extends further in both

the centromeric (�6 Mb) and the telomeric (5–6 Mb) and Tickle 2001; Litingtung et al. 2002). Interestingly,
several mouse mutations affecting limb patterning havedirection. The size of the nonrecombinant flanks of the

inversion is comparable to the estimated size of the been associated with long-range position effect on the
activity of Ihh or Shh over a distance of 1.3–1.8 cM (Yanggenomic segment of donor origin retained in a con-

genic strain (Flaherty 1981). et al. 1998; Sharpe et al. 1999; Lettice et al. 2002, 2003).
The Abce1 gene (ATP-binding cassette, subfamily E,Comparison of the 500-9 transcript sequence with

that of genomic DNA indicates that 500-9 contains two member 1, or ribonuclease L inhibitor, RNS4I, Rli) is
located in close proximity to the 5� end of Anapc10 andexons separated by a small intron. The 500-9 sequence

and four unspliced cDNAs isolated by cDNA library is transcribed in the opposite orientation (Figure 6).
Abce1 belongs to a family of proteins that contain ascreening show overlap with a Gnomon-predicted tran-

script in the 500-9 region (Figure 6). The inversion conserved ATP-binding domain, and many are believed
to function as transporters across cell membraneswould place the 3� portion of the predicted gene, in-

cluding the 500-9 sequence, in proximity to and in the (Schriml and Dean 2000). Abce1 is an inhibitor of ribo-
nuclease L (Bisbal et al. 1995), and both play a role insame transcriptional orientation as the Anapc10 gene

(Figure 6). While these results support the idea that the controlling cell differentiation (Bisbal et al. 2000). We
have not detected any difference in Abce1 expression500-9 sequence is part of a normal gene that has been

interrupted as a result of the Os rearrangement, so far between normal and Os adult tissues (our unpublished
observations).we have not been able to unambiguously identify a tran-

script corresponding to the 500-9 sequence in any tissues Sall1 is located �400 kb away from 500-9 (Figure 6)
and is the closest confirmed gene on its centromericof normal mice by Northern analysis or RACE. A large

number of low-level transcripts that map outside of an- side. The human homolog of Sall1 (SALL1) has been
implicated in a developmental syndrome with limb andnotated exonic and EST sequences was found in a study

of the transcriptional activity of human chromosomes kidney involvement [Townes-Brocks syndrome (TBS);
Kohlhase et al. 1998]. Mice that lack the mSall1 gene21 and 22 (Kapranov et al. 2002; Kampa et al. 2004),

and they share some of the characteristics of the 500-9 (Nishinakamura et al. 2001) failed to develop kidneys,
but showed no abnormalities in their limbs. On theregion cDNA clones. Further analysis of these cDNAs

will determine what is the effect of the Os rearrangement other hand, a targeted mutation producing a truncated
Sall1 protein similar to the one found in TBS patientson their transcription and what if any role they play in

the Os phenotype. resulted in abnormal kidney and limb development
(Kiefer et al. 2003). A position effect on SALLI ex-If a gene in this region is interrupted and inactivated

by the rearrangement, the abnormal Os phenotype tending over �180 kb has been described in a patient
with Townes-Brocks syndrome (Marlin et al. 1999). Thewould be due to haplo-insufficiency for this gene’s prod-

uct. To test this hypothesis, we have produced transgenic closest gene known to code for a protein on the telo-
meric side of 500-9 (C230068E13) is located �770 kbmice with one of the 500-9 region BACs (96h13; Figure

6). The transgenes, however, were not able to restore away.
The results presented here also clarify the relativenormal development to Os mice. While a positive effect

of the transgene would have been informative, the lack chromosome position of Os and another mutation on
chromosome 8 associated with abnormal limb develop-of an effect is less so. It could indicate that the transgene

did not contain the interrupted gene and its regulatory ment, Fused toes (Fts ; Van der Hoeven et al. 1994). Fts
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