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ABSTRACT The region of human chromosome 22ql1 is
prone to rearrangements. The resulting chromosomal abnor-
malities are involved in Velo-cardio-facial and DiGeorge syn-
dromes (VCFS and DGS) (deletions), “cat eye” syndrome (du-
plications), and certain types of tumors (translocations). As a
prelude to the development of mouse models for VCFS/DGS by
generating targeted deletions in the mouse genome, we examined
the organization of genes from human chromosome 22q11 in the
mouse. Using genetic linkage analysis and detailed physical
mapping, we show that genes from a relatively small region of
human 22q11 are distributed on three mouse chromosomes
(MMU6, MMU10, and MMU16). Furthermore, although the
region corresponding to about 2.5 megabases of the VCFS/DGS
critical region is located on mouse chromosome 16, the relative
organization of the region is quite different from that in humans.
Our results show that the instability of the 22q11 region is not
restricted to humans but may have been present throughout
evolution. The results also underscore the importance of detailed
comparative mapping of genes in mice and humans as a prereq-
uisite for the development of mouse models of human diseases
involving chromosomal rearrangements.

Constitutional and somatic rearrangements of human chromo-
some 22ql1 (HSA22qll) are associated with various clinical
disorders. Several tumor-associated chromosomal translocations
involving 22q11 have been described including the t(8;22) of
Burkitt’s lymphoma (BL, MIM 113970), the t(9;22) of acute
lymphocytic leukemia (MIM 159555) and chronic myeloid leu-
kemia (MIM 151410), as well as various 22q11 translocations of
malignant rhabdoid tumors (MIM 601607). In the latter tumors,
deletions of the 22q11 region also have been described (1). In
addition, predisposition to breast cancer has been reported in
carriers of the constitutional translocation t(11;22)(q23;q11), the
most frequently occurring reciprocal translocation in humans
(MIM 600048). Finally, constitutional duplications and deletions
of human chromosome 22ql1 have been observed in several
syndromes involving developmental abnormalities including “cat
eye” syndrome (CES, MIM 115470), derivative 22 syndrome (2),
Velo-cardio-facial syndrome (VCFS, MIM 192430), and Di-
George syndrome (DGS, MIM188400).

Analysis of the chromosomal abnormalities in these disor-
ders showed the presence of sites of frequent chromosomal
rearrangement and defined the relative location of the regions
involved in the rearrangements. About 80% of VCFS and DGS
patients exhibit a large, approximately 3 megabases (Mb)
interstitial deletion with breakpoints that occur within a
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defined interval (3-7). In CES patients, extra copies of the
22q11 region are due to the presence of a supernumerary
dicentric chromosome characterized as an inv dup(22)(qll)
(8). By analyzing the breakpoints of the duplicated regions of
CES patients, the CES critical region has been localized
immediately proximal to the large deleted region of VCFS/
DGS patients (9). Derivative 22 patients have extra copies of
the 22q11 region due to a 3:1 missegregation of the constitu-
tional t(11;22) (q23;q11) translocation (2). Because the 22q11
breakpoint of this translocation falls in the distal segment of
the VCFS/DGS deleted region, the region duplicated in
derivative 22 patients encompasses both the CES critical
region and most of the 2.5-Mb VCFS/DGS deleted region
(10). Finally, the 22q11 tumor-associated breakpoints seen in
BL, acute lymphocytic leukemia, chronic myeloid leukemia,
and rhabdoid tumor translocations have all been localized
telomeric to the large deleted region of VCFS/DGS patients
(1, 11, 12). Thus, it seems that DNA sequences prone to
rearrangements are located at several different positions
within the 22q11 region. A further indication of the instability
of the 22ql1 region is found in the fact that the sequences
mapping to the sites of frequent chromosomal rearrangements
in CES, VCFS/DGS, and various tumors are unstable when
cloned in yeast (6, 13). The fact that most cases of VCFS/DGS
associated with deletions are sporadic also suggests that the
DNA sequences at the breakpoint are inherently unstable.
Human chromosome 22q11 has a high gene density, but it also
contains several duplicated regions and low-copy repeat fam-
ilies. It has been suggested that the instability of the 22q11
region may be related to the presence of these numerous
repeats (14, 15).

Efforts to identify the genes involved in the various disorders
associated with 22q11 rearrangements have been successful in
a few instances involving balanced translocations, for example
in BL and chronic myeloid leukemia. However, identification
of the responsible gene(s) in syndromes resulting from aneu-
ploidy of a large chromosomal segment is more complex, and
the etiology of the disease in these cases is likely to involve
more than a single gene. Therefore, to fully understand the
disease etiology in these cases, it will be important to evaluate
the consequences of similar rearrangements in other experi-
mentally manipulable mammals such as mice. Techniques have
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become available recently for generating specific chromosomal
translocations and deletions in mice (16-19). As a prelude to
such experiments, we compared the organization of the human
22q11 region with the orthologous region in mice. The results
show that the genes from 22ql1 are distributed on three
different mouse chromosomes. Because a large number of
genes and other markers have been identified in the region
deleted in VCFS/DGS, we further analyzed the corresponding
region in mice. Our results show that most of the genes in the
VCFS/DGS region are located in one region of mouse chro-
mosome 16 but that the organization of these genes is quite
different from that in humans. These differences might reflect
an intrinsic property of the DNA sequences in the region to
undergo rearrangement.

MATERIALS AND METHODS

Probes. Mouse probes for Arvef and Idd genes were pre-
pared from partial cDNA clones isolated by screening at low
stringency a mouse newborn brain cDNA library (Stratagene).
Sequencing confirmed their similarity to ARVCF and IDD/
DGCR2, respectively (20-22). Arvcf (1.8-kb EcoRI fragment)
and Idd (1.3-kb BamHI fragment) probes were obtained by
digestion of plasmids mp120b and mIdd2.3, respectively (BSJ and
AP, unpublished data). Human probes for CLTD, TMVCEF,
DGS-1, ATP6E, and GPIBB genes were prepared from cDNA
clones. TMVCEF (1.5-kb HindIII-NotI fragment), CLTD (1.1-kb
PstI fragment), GP1BB (600-bp HindIII fragment), and ATP6E
(800-bp HindIII fragment) were obtained by digestion of plasmids
V2-12, FB13 (23, 24), 295D12, and 214C10, respectively. GP1BB
and ATP6E were identified as ESTs from the arrayed NIB library
by Blast search using the human gene sequences (25-27). Partial
sequencing of the plasmids confirmed their identity to GP/BB
and ATP6E sequences, respectively. The human probe for COMT
(400-bp EcoRYV fragment) was described previously.

Interspecific Mouse Backcross Mapping. Interspecific back-
cross progeny were generated by mating (C57BL/6J X Mus
spretus) F1 females and C57BL/6J males as described (28). This
interspecific backcross mapping panel has been typed for over
2500 loci that are well distributed among all the autosomes as well
as the X chromosome (28). C57BL/6J and M. spretus DNAs were
digested with several enzymes and analyzed by Southern blot
hybridization for informative restriction fragment length poly-
morphisms (RFLPs) using cDNA probes. A total of 205 N, mice
were used in this study (see figure legends for details). DNA
isolation, restriction enzyme digestion, agarose gel electrophore-
sis, Southern blot transfer, and hybridization were performed
essentially as described (29). The presence or absence of M.
spretus-specific fragments was followed in backcross mice. Only
major restriction fragments detected with each probe are listed
below. The fragments that were followed in the backcross analysis
are underlined. In all cases, when more than one fragment was
followed, the fragments cosegregated. GP1BB detected Hincll
fragments of 7.4, 7.0, 3.0, 2.3 (C57BL/6J), 4.7, and 3.1 (M. spretus)
kb. Idd detected HindIIl fragments of 9.8, 5.2, 2.3, 21, 1.9
(C57BL/6J), 10.0, 5.4, 3.2,2.4, 2.0, and 1.8 (M. spretus) kb. Arvcf
detected Bg/II fragments of 7.6 (C57BL/6J) and 14.5 (M. spretus)
kb. COMT detected BglII fragments of 5.1 (C57BL/6J) and 15.0
(M. spretus) kb and Tagql fragments of 6.7 (C57BL/6J) and 6.0 (M.
spretus) kb. In this case, the data for Bg/ll and Tagql were
combined. TMVCF detected Sphl fragments of 7.3 (C57BL/6J)
and 13.5 (M. spretus) kb. ATP6E detected Sphl fragments of 13.0,
6.8,2.5,1.7,1.3,0.6 (C57BL/6J), 13.0,7.7,4.9,1.7,1.3, and 0.6 (M.
spretus) kb. CLTD detected EcoR1 fragments of 4.7, 2.3 (C57BL/
6J), 1.5, and 1.0 (M. spretus) kb. The probes and RFLPs for Ret,
Mopr, Glut3, and Cd4 (30, 31), Prml1, Ntanl, Htf9, Cebpd, Igl,
Thpo, and Smst (32-34), and Nfl, Scya2, and Nog have been
reported previously (35, 36). Each locus was analyzed in
pairwise combinations for recombination frequencies using
the additional data. Recombination distances were calculated
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using MAP MANAGER, version 2.6.5. Gene order was deter-
mined by minimizing the number of recombination events
required to explain the allele distribution patterns.

Physical Mapping on Mouse Chromosome 16. Mouse YAC
clones are from the Whitehead Center for Genome Research
(WCGR, http://www-genome.wi.mit.edu/) C57BL/6J library
that consists of 40,000 YACs with an average insert size of 820 kb
(37). YAC:s reported as positive for D16Mit143 and D16Mit29
were identified, and the corresponding singly or doubly linked
contigs were purchased from Research Genetics. These YACs
were analyzed by PCR reactions on template DNA developed
from yeast clones as described (6). In the WCGR database, the
sequence of primers used to detect D16Mit28 and D16Mit29 are
identical, and consequently they are shown as a single locus
(D16Mit29/28) on our map. Primers for D22S680E, Ufd1l, Htf9c,
Thpo, Igl, Hira, TbxI, and Gscl were developed from gene
sequences deposited in the GenBank database. Primers for
D16H22S1742E, Comt, Dgcr6, Gplbb, Ctp, and Tmvcf were
developed from mouse EST sequences that were identified by
Blast search and had a similarity greater than 80% to the human
or rat gene sequences. Primers for Dgsi and Arvcf were developed
from mouse sequences homologous to DGS-I and ARVCEF (see
probes). Primers for Idd introns and exons were developed from
genomic plasmid subclones that were derived from mouse
genomic phage clones shown to contain the Idd gene (AP and
BSJ, unpublished results). D numbers were assigned for each
amplimer, and the corresponding primer sequences were depos-
ited in the Mouse Genome Database (http://www.informatics.
jax.org/).

Physical Mapping of D60871 and RANBP1 on HSA22ql1.
Sequence tagged sites (STSs) were developed as described by
Morrow et al. (6) or from sequences retrieved from the
GenBank database (genes D22S680E and RANBPI, ESTs
D60871 and R25516). Each primer pair was used to perform
PCR reactions on template DNA prepared from bacterial
clones as described (6). D numbers were assigned for each
amplimer, and the corresponding primer sequences were
deposited in the Genome data base (http://gdbwww.gdb.org./
gdb/gdbtop.html).

RESULTS

Genes from Human Chromosome 22ql1 Are Present on
Three Different Mouse Chromosomes. To determine the
location of the region in the mouse genome corresponding to
the human 22q11 region and to assess its integrity, we per-
formed linkage analysis in mice on seven genes from
HSA22q11. These genes had been ordered unambiguously by
physical mapping along the human 22q11 chromosomal axis as
centromere-ATP6E-IDD-CLTD-TMVCF-GP1BB-COMT-
ARV CF-telomere (6, 38). The region containing these genes is
estimated to span about 1.5 Mb. The mouse chromosomal
locations of the corresponding genes were determined by
interspecific backcross analysis using progeny derived from
matings of [(C57BL/6J X M. spretus)F1 X C57BL/6J] mice.

We found that five of the seven genes analyzed, Idd, Gp1bb,
Tmvcf, Arvef, and Comt, are located on mouse chromosome 16
linked to Ig/ and Htf9, two other genes from HSA22ql1 that
were already mapped to MMU16 (Fig. 14) (10, 32). These five
genes also were linked to several other genes mapped previ-
ously to this region: Prml, Ntanl, Cebpd, Thpo, and Smst (33,
34) (Fig. 14). The ratios of the total number of mice exhibiting
recombinant chromosomes to the total number of mice ana-
lyzed for each pair of loci as well as the most likely gene order
are centromere-Prmli-4/168-Ntanl-1/166-Cebpd-0/185-Htf9-
0/164-Gp1bb-0/141-1dd-0/158-Arvcf-0/180-Comt-1/159-
Tmvcf-0/161-Igl-0/176-Thpo-1/121-Smst. These data show
that the region of human 22ql1 from IDD (centromeric) to
IGL (telomeric), corresponding to the VCFS/DGS deleted
region, is present in one region of mouse chromosome 16 (Fig.
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Fic. 1. Genetic mapping of human 22q11 homologous genes on mouse chromosomes. The genes were placed on mouse chromosomes by
interspecific backcross analysis. The segregation patterns of human 22q11 genes and flanking genes in backcross animals that were typed for all
loci are shown at the left of each panel. For individual pairs of loci, more animals were typed. Each column represents the chromosome identified
in the backcross progeny that was inherited from the (C57BL/6J X M. spretus) Fi parent. Shaded boxes represent the presence of a C57BL/6J allele,
and white boxes represent the presence of an M. spretus allele. The number of offspring inheriting each type of chromosome is listed at the bottom
of each column. Partial chromosome linkage maps showing the location of human 22q11 genes in relation to linked genes are shown at the right
of each panel. The positions of loci on human chromosomes, where known, are shown to the left of the chromosome linkage maps. References
for the human map positions of loci cited in this study can be obtained from GDB. (4) GpIbb, Idd, Arvcf, Comt, and Tmvcf map to the proximal
region of MMU16. Although 54 mice were analyzed for all markers and are shown in the segregation analysis, up to 185 mice were typed for some
pairs of markers. The recombination frequencies expressed as genetic distances in cM * the standard error are Prml-2.4 * 1.2-Ntan1-0.6 *
0.6-[Cebpd, Htf9, Idd, Gp1bb, Arvcf, Comt]-0.6 £ 0.6-[Tmvcf, Igl, Thpo]-0.8 = 0.8-Smst. No recombinants were detected between Cebpd and Htf9
in 185 mice typed in common, Hf9 and GpIbb in 164 mice, Gplbb and Idd in 141 mice, Idd and Arvcf in 158 mice, Arvef and Comt in 180 mice,
suggesting that the two loci in each pair are within 1.6, 1.8, 2.1, 1.9, and 1.7 cM of each other, respectively (upper 95% confidence limit). In addition,
no recombinants were detected between Tmvcf and Igl in 161 mice typed in common or between Ig/ and Thpo in 176 mice, suggesting the two loci
in each of these pairs are within 1.9 and 1.7 cM of each other, respectively (upper 95% confidence limit). (B) Atp6e maps to the distal region of
MMUG. Although 105 mice were analyzed for all markers and are shown in the segregation analysis, up to 150 mice were typed for some pairs
of markers. The recombination frequencies expressed as genetic distances in cM * the standard error are Ret-0.7 = 0.7-Atp6e-0.7 = 0.7-M6pr-0.7 =
0.7-Glut3-0.7 = 0.7-Cd4. (C). Cltd-rs maps to the central region of MMUT11. Although 114 mice were analyzed for all markers and are shown in
the segregation analysis, up to 151 mice were typed for some pairs of markers. The recombination frequencies expressed as genetic distances in
cM = the standard error are Nfl-4.1 + 1.6-[Scya2, Cltd-rs]-2.7 + 1.3-Nog. No recombinants were detected between Scya2 and Cltd-rs in 134 animals

typed in common, suggesting that the two loci are within 2.2 ¢cM of each other (upper 95% confidence limit).

3). However, we found that two genes from the human 22q11
region, ATP6E and CLTD, were not present on MMU16.

Atp6e, mapped to the distal region of mouse chromosome 6,
linked to several genes, Ret, M6pr, Glut3, and Cd4, that had been
mapped previously to this region (Fig. 1B) (30, 31). The ratios of
the total number of mice exhibiting recombinant chromosomes to
the total number of mice analyzed for each pair of loci as well as
the most likely gene order are centromere-Ret-1/137-Atp6e-1/
137-Mo6pr-1/150-Glut3-1/150-Cd4. Because ATPOE lies at the
proximal end of the group of five 22q11 genes that are present in
one region of MMU16, the data indicate that the proximal
boundary of the HSA22q11/MMU16 homologous region lies
between ATP6E and IDD. Likewise, as four genes that map to the
telomeric part of human chromosome 22q11, BCR, GNAZ, MIF,
and GSTTII, were reported previously to map to mouse chro-
mosome 10 (10, 39-43), the distal boundary of the homologous
region must lie between IGL and these four genes. As the
distance between ATP6E and BCR has been estimated to be
about 6.5 Mb, our data indicate that genes from a relatively small
region of human 22q11 are distributed on three different mouse
chromosomes.

A Gene from the Central Region of Homology between
HSA22q11 and MMU16 Is Not Present on Mouse Chromosome
16. Although genes from an extensive region of HSA22ql1
constituting the VCFS/DGS chromosomal region were found on
MMUI16, CLTD, a gene localized in the central portion of this
region, did not map to mouse chromosome 16. Instead, sequences
hybridizing with the CLTD probe seemed to be located in the
central region of mouse chromosome 11, linked to genes that had
been mapped previously in this region: Nf, Scya2, and Nog (Fig.
1C) (35, 36). The ratios of the total number of mice exhibiting
recombinant chromosomes to the total number of mice analyzed
for each pair of loci as well as the most likely gene order are
centromere-Nfl-6/148-Scya2-0/134-Cltd-rs-4/151-Nog. The cen-
tral region of mouse chromosome 11 shares a large region of
homology with human chromosome 17 (Fig. 1C). Interestingly, a
second clathrin heavy chain gene CLTC, which is 84.7% identical

to CLTD, maps to 17qll-qter (44). Two cosegregating RFLPs
were detected with the CLTD probe. These data suggest that
either Cltc and Cltd are tandemly duplicated loci that map to the
central region of mouse chromosome 11 or that the mouse
genome does not contain a gene corresponding to CLTD. We
favor the latter hypothesis, as hybridization of a mouse RNA blot
with a human CLTD probe showed an expression pattern more
similar to the CLTC gene than to the CLTD gene (45). Because
the exact identity of the clathrin-related sequences on mouse
chromosome 11 remains to be determined, the locus has been
designated Cltd-rs. However, in either case, the absence of a
homolog of CLTD on MMU16 suggested that the region of
mouse chromosome 16 orthologous to human 22q11 is disrupted.

Multiple Changes in Gene Order in the 22q11/MMU16 Ho-
mologous Region. To further assess the integrity of the region in
mice orthologous to HSA22q11, we compared the order of genes
in this region in the two species. As the Htf9 locus maps to the
region in the mouse that is orthologous to HSA22q11 (Fig. 14)
and since its exact location in human 22q11 was unknown, we first
integrated its location onto our high resolution physical map of
the VCFS/DGS region. The Htf9 locus was isolated as a CpG
island that serves as a bidirectional promoter for two genes,
Htf9a/Ranbpl and Htf9c (32, 46). To precisely map RANBPI and
HTF9c,we performed PCR analysis on a cosmid and PAC contig
that spans the human VCFS/DGS chromosomal region (6, 7).
First, the contig was extended distally, which also allowed us to
integrate at a high resolution the location of D22S680F and an
EST, R25516 (Fig. 24). PCR analysis also allowed us to map both
RANBPI and HTF9c genes to this contig and showed that they lie
distal to ARVCF, COMT, and D22S680E (Fig. 2A). The two genes
map on the same cosmids in the distal part of the VCFS/DGS
chromosomal region, showing that, as in the mouse, RANBPI and
HTF9c are extremely close physically. According to our extended
physical map, the gene order in human 22ql11 is centromere-
IDD-TMVCF-GPIBB-COMT-ARVCF-HTF9c-RANBPI-IGL-
telomere. Comparing this gene order in humans with the mouse
genetic map suggests that the relative order of some of the genes
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FI1G.2.  Physical map of a portion of MMU16 and HSA22ql11. The

markers used to construct the physical maps are indicated above the
line representing either a portion of HSA22q11 (4) or MMU16 (B).
For expressed sequences, the name of the gene or EST has been added
in parentheses. The YAC and cosmid clones were ordered based upon
the presence of genes (triangles) and monomorphic STS markers
(squares). Closed symbols represent the markers that were tested and
that are present on a particular clone, and open symbols represent
markers that were not tested for the particular clone. The distance
between each marker is arbitrary and does not reflect the actual
physical distance. (A4) Partial physical map of HSA22q11. The line at
the top presents the relative order of genes from HSA22qll as
determined by high resolution physical mapping (6, 7). The markers
used to extend the physical map are indicated above the line repre-
senting the region mapped in this study. (B) Physical map of the mouse
region homologous with HSA22q11. A line above the symbols iden-
tifies genes or markers for which the relative order is not known. Order
of markers D16Ais4 to D16Ais9 was inferred from the published 38-kb
sequence of a portion of MMU16 (60).

is different in the two species. That is, in mice, [Idd, Gp1bb, Arvcf,
Comt, and Htf9] are nonrecombinant, and this cluster maps
proximal to [Tmvcf and Igl] (Fig. 14). On the other hand, in
humans, whereas IDD lies proximal to TMVCF, the other mem-
bers of its recombinant group in mice, namely GP1BB, ARVCEF,
COMT, and HTF9, map distal to TMVCF, although they remain
proximal to IGL (38). A simple explanation of this observation is
that during evolution an inversion occurred involving Gplbb,
Arvef, Comt, and Tmvcf (Fig. 3).

To determine more precisely the boundaries of the inverted
region, we established a physical map in this region of the mouse
genome. On the Copeland/Jenkins RFLP map (WCGR data-

homologous region in mice. On the left is represented the relative
order of genes from the HSA22q11 (this paper and refs. 6, 7, and 10).
On the right is represented the relative order of genes in the homol-
ogous region in mice as shown by physical and genetic mapping. The
distance between each marker is arbitrary. The middle portion of the
figure shows the gene order of a hypothetical, ancestral chromosome
and possible recombination events leading to the differences in the
gene order in mice and humans (see text for details). Gene names
within boxes in the map of one species indicate genes that are not
present in the homologous region of the other species.

base), Igl and Htf9 are closely linked to two simple sequence
length polymorphisms (SSLPs), D16Mit143 and D16Mit29, re-
spectively. These data allowed us to identify singly and doubly
linked YAC contigs reported as containing these SSLP markers
(47-49). Primer pairs were developed from exon or intron
sequences of 17 homologs of genes from human chromosome
22q11 and from Thpo, a gene linked to Tmvcf and Igl but present
on human chromosome 3 (Fig. 14). PCR analysis was performed
on the mouse YAC contigs. As shown on Fig. 2B, we were able
to place these 18 genes as well as 3 SSLPs on the different
overlapping YACs. A contig was established by minimizing the
number of deletions introduced in each YAC. The centromere to
telomere orientation of the contig is provided by two independent
maps: the Copeland/Jenkins map that places D16Mit143 cen-
tromeric to D16Mit29 and a high resolution recombinational map
of mouse chromosome 16 that places D16Mit143 centromeric to
Comt and Igl, themselves centromeric to D16Mit144 and
D16Mit29 (50). The deduced order of genes and markers is
centromere-Hcf2-1dd-Dgsi-Gscl-Slc20a3-D16Mit143-Dgcro6-
Htf9c-D22S680E-Arvcf-Comt-[Tbx1, Gplbbl-[Tmvcf, Ufdil]-
[D16H22S1742E, Hira, Igl]-D16Mit144-D16Mit29/28-Thpo-
telomere. Our genetic mapping data that places [Idd, Arvcf, Comt,
Htf9] centromeric to [Tmvcf, Igl, Thpo] is consistent with the gene
order established by physical mapping. The most telomeric YAC,
447h1, was found to contain Thpo (Fig. 2B). This result localizes
physically in the mouse an evolutionary breakpoint in the vicinity
of markers D16Mit28 /29 and D16Mit144. It also shows that the
mouse region orthologous to the human VCFS/DGS region is
immediately adjacent to a region orthologous to human chromo-
some 3. From these data, the minimal tiling path containing most
of the genes from HSA22q11 consists of only three mouse YACs:
224b7, 152c11, and 181b4. Assuming a mean size of 820 kb for
each YAC, the MMUI16 region orthologous to HSA22ql1 is
likely to be about 2.5 Mb. As we have placed 17 genes and 2 SSLPs
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on this minimal tiling path, it provides a resolution of at least one
marker every 130 kb.

A comparison of the mouse and human physical maps
confirms the results detected by genetic mapping: the presence
of an inverted gene order between mice and humans spanning
from HIRA to HTF9 (Fig. 3). In addition to this inversion, our
results also show that more complex rearrangements must have
occurred in this region during evolution. For example, Hcf2
and Dgcr6 seem to be placed at two completely different
positions in the two species (Fig. 3). However, rearrangements
of these two genes during evolution does not seem to involve
a simple inversion as three genes, Idd, Dgsi, and Gscl, which are
located between Hcf2 and Dgcro6, have the same centromere to
telomere orientation in mice and humans (Fig. 3). Thus, it
seems that two recombination events would be required to
account for the observed gene order.

DISCUSSION

The instability of human chromosome 22q11 has been well
documented by numerous reports of rearrangements in this
region including the most frequently occurring constitutional
translocation t(11;22) in humans, various tumor-associated
translocations between 22q11 and other chromosomal regions,
and rearrangements within the 22q11 region associated with
several syndromes involving developmental abnormalities.
The sites of these various rearrangements occur throughout
22ql1, suggesting that the entire region is susceptible to
rearrangement.

Through a combination of genetic and physical mapping
techniques, we investigated the chromosomal locations of a
large number of genes and ESTs from human 22ql11 in the
mouse genome. The results show that genes present within a
region of 22ql1, which we estimate to be about 6.5 Mb in
length, are found on three different mouse chromosomes,
MMU6, MMU16, and MMU10. By comparison, 18 genes in
another part of human chromosome 22 (22q13), which is much
larger than 22ql1, are all located on mouse chromosome 15
(10, 51-53). These results, together with the fact that the
average length of conserved segments between humans and
mice was estimated to correspond to 8.8 cM (54), suggest that
the region corresponding to 22q1l1 was prone to rearrange-
ments during evolution.

Further evidence for the evolutionary instability of the
22q11/MMU16 homologous region was found in our detailed
comparison of the gene order in the VCFS/DGS region on
22q11 and the corresponding region on mouse chromosome
16. This comparative gene mapping study was facilitated by the
very high resolution, human physical map of this region
available in our laboratory (7). Although we found that 17
genes and ESTs from the VCFS/DGS region were localized to
one region of mouse chromosome 16, we detected three
separate segments within the region in which the gene order
was different between mice and humans. Furthermore, we
found that CLTD, a gene from the central portion of this
region, is either located on mouse chromosome 11 or more
likely absent from the mouse genome. This seems to be an
unusually high rate of evolutionary change in a region that we
have estimated in both species to be about 2.5 Mb. Studies of
the organization of HSA22q11/MMU16 homologous regions
in other mammals are required to determine whether this
apparent high rate of change has been present throughout
mammalian evolution.

As shown in Fig. 3, the several differences in gene order
within the region of HSA22q11/MMU16 homology between
mice and humans might be explained by the existence of an
ancestral chromosome that diverged in two different ways
during evolution. On the one hand, HSA22q11 might have
been derived by a simple inversion spanning from HIRA to
HCFII. On the other hand, MMU16 may have evolved by an

Proc. Natl. Acad. Sci. USA 94 (1997)

exchange of segments including HCFII and DGCR6. The fact
that in humans, VPREBI is located near the /GL locus and that
in mice this gene has been mapped centromeric to D16Mit143,
further supports our hypothesis (55, 56).

The reasons for the evolutionary differences and the insta-
bility of chromosome 22q11 in humans are not well under-
stood. The 22ql11 region contains a large number of highly
repetitive as well as intermediate repetitive sequences (10, 13,
14). There also is evidence that several genes may be dupli-
cated in the region (15, 57). The regions in which we have
mapped the evolutionary breakpoints of human chromosome
22q11 correspond to regions containing these repetitive se-
quences. Similarly, Blair et al. (58) described the presence of
duplicated sequences in the vicinity of evolutionary break-
points in the proximal region of the human X chromosome. A
correlation might exist between evolutionarily unstable re-
gions and the presence of repetitive sequences. Furthermore,
these regions on 22ql1 are also the sites of frequent consti-
tutional and somatic rearrangements in man, and the same
repetitive sequences might be responsible for this instability. A
complete DNA sequence of the region and definition of the
breakpoints at the molecular level will be needed to under-
stand the basis for this instability.

The existence of regions of homology to HSA22qll on
MMU6 and MMUI10 could suggest that homologs of genes
responsible for certain 22q11 associated disorders will also be
found on these mouse chromosomes. For example, ATP6E has
been reported to delineate the distal boundary of the CES
critical region (59). Our finding that Atp6e maps to MMU6
suggests that homologs of genes responsible for CES may be
localized on mouse chromosome 6. Likewise, the breakpoints
of various tumor-associated translocations reside in the region
containing GNAZ, GSTTII, and MIF, lying distal to BCR. As
the mouse homologs of these four genes map to mouse
chromosome 10, it is possible that genes associated with
various malignancies might reside on this mouse chromosome.

Our results also have important implications for efforts to
investigate the molecular basis of 22q11 syndromes by genetic
manipulations of mice. For example, as most of the VCFS/DGS
patients have large deletions encompassing the region from
DGCR6 to ARVCF/COMT, the creation of a deletion spanning
this region in mice would be an efficient approach for generating
a mouse model of VCFS/DGS. However, because of the inverted
arrangement of genes in this region, the order of some of the
genes as well as their transcriptional orientations differ in the two
species. The knowledge gained in the present study will allow us
to design more precise genetic manipulations in mice, permitting
tests of specific sets of genes in the VCFS/DGS critical region for
their role in the etiology of these syndromes. More generally, our
results indicate that detailed comparative mapping of genes in
mice and humans is essential for the development of mouse
models of other human deletion syndromes by generating defined
chromosomal deletions in the mouse genome.
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