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RESEARCH

A Region of Mouse Chromosome 16 Is
Syntenic to the DiGeorge, Velocardiofacial
Syndrome Minimal Critical Region

Naomi Galili,"® H. Scott Baldwin,’? }Jim Lund,* Roger Reeves,*
Weilong Gong,® Zhili Wang,® Bruce A. Roe,® Beverly S. Emanuel,’
Sudhir Nayak,' Craig Mickanin,? Marcia L. Budarf,> and
Clayton A. Buck'-2

Wistar Institute, Philadelphia, Pennsylvania; “Divisions of Pediatric Cardiology and *Human Genetics and
Molecular Biology, Children’s Hospital of Philadelphia, Philadelphia, Pennsylvania; *Department of
Physiology, Johns Hopkins University Medical School, Baltimore, Maryland; *Department of Chemistry and
Biochemistry, University of Oklahoma, Norman, Oklahoma

DGS and VCFS, haploinsufficiencies characterized by multiple craniofacial and cardiac abnormalities, are
associated with a microdeletion of chromosome 22qll.2. Here we document synteny between a 150-kb region on
mouse chromosome 16 and the most commonly deleted portion of 22qll.2. Seven genes, all of which are
transcribed in the early mouse embryo, have been identified. Of particular interest are two serine/threonine
kinase genes and a novel goosecoid-like homeobox gene (Gscl). Comparative sequence analysis of a 38-kb segment
reveals similarities in gene content, order, exon composition, and transcriptional direction. Therefore, if deletion
of these genes results in DGS/VCFS in humans, then haploinsufficiencies involving this region of chromosome 16

should recapitulate the developmental field defects characteristic of this syndrome.

[The sequence data described in this paper have been submitted to GenBank under accession no. U70231.]

DiGeorge syndrome (DGS) is a developmental field
defect of the third and fourth branchial arches
(Kirby and Bockman 1984; Lammer and Opitz
1986). The resulting phenotypes in the neonate in-
clude hypoplasia of the parathyroid gland and thy-
mus, abnormalities of the cardiac outflow tract, and
mild craniofacial dysmorphia (Conley et al. 1979).
Velocardiofacial syndrome (VCFS) shares pheno-
typic overlap with DGS. Nearly 90% of DGS pa-
tients, 85% of VCFS patients, and 10-30% of pa-
tients with isolated conotruncal defects carry a mi-
crodeletion on the long arm of one copy of
chromosome 22 at band q11.2 (Driscoll et al. 1993;
Goldmuntz et al. 1993), suggesting that these syn-
dromes are related etiologically (Stevens et al. 1990).
The deletion at 22q11.2 segregates as an autosomal
dominant genetic disorder that results in a haploin-
sufficiency of products encoded by genes within the
deleted region. Although the majority of deletions
include a >1.4-Mb segment of 22q11.2, a number of
patients carry deletions involving only some por-
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tion of this domain (Driscoll et al. 1992; Budarf et al.
1995). However, regardless of the size of the indi-
vidual deletion, nearly all share a 250-kb minimal
deleted region designated previously as the minimal
DiGeorge critical region (MDGCR) (Budarf et al.
1995; Gong et al. 1996; M. Li, M.L. Budarf, B. Sel-
linger, M. Jaquez, R. Matalon, S. Ball, R.A. Pagon,
S.S. Rosengren, B.S. Emanuel, and D.A. Driscoll,
pers. comm.). Hence, it is likely that early cardiac
and craniofacial development is sensitive to the dos-
age of a product encoded by one or a combination
of genes within the MDGCR.

Despite the fact that numerous candidate genes
have been identified, none has been shown to be
directly involved in either DGS or VCFS (Halford et
al. 1993; Demczuk et al. 1995, 1996; Heisterkamp et
al. 1995; Wadey et al. 1995; Goldmuntz et al. 1996;
Kedra et al. 1996; Lindsay et al. 1996; Sirotkin et al.
1996; Sutherland et al. 1996). It has been suggested
that a gene disrupted by a balanced translocation,
t(2;22), from a patient designated as ADU, would be
a particularly good candidate gene (Augusseau et al.
1986). Unfortunately, sequence analysis across the
ADU breakpoint failed to implicate unequivocally a
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specific gene (Budarf et al. 1995; Sutherland et al.
1996). In addition, a DGS patient in which the ADU
domain remains intact has been reported recently
(Levy et al. 1995), suggesting that this region does
not encode a single gene critical to the DGS/VCSF
phenotype. Thus, at the present time, there is no
evidence that a single gene within the MDGCR is
responsible for this complex phenotype.

Here we describe an alternative approach for
identifying candidate genes. Advantage is taken of
two facts: (1) A human cosmid contig of the
MDGCR recently has been constructed and used to
assemble a transcription map including 11 different
genes (Gong et al. 1996). (2) A region of mouse Chr
16, encompassing 4.2 ¢cM on a composite map,
shows conserved synteny with 22q11.1 (Cabin et al.
1996). In order to determine the extent of synteny
and the degree of conservation between this portion
Chr 16 and the MDGCR, a detailed analysis was
undertaken. PCR-based simple sequence length
polymorphism (SSLP) markers and landmark hu-
man genes were used to screen murine yeast artifi-
cial chromosome (YAC) and bacterial artificial chro-
mosome (BAC) libraries. A region corresponding to
much of the human 250-kb MDGCR domain, in-
cluding the ADU translocation breakpoint, was
identified and used for sequence comparisons with
the contig and transcription map assembled from
the human MDGCR.

The power of comparative sequencing to eluci-
date subtle features of genomic regions has been
illustrated clearly in the analysis of human and
mouse a/y T-cell receptors (Koop and Hood 1994).
Sequence comparisons provide a powerful tool for
finding genes, identifying gene components that di-
verge from consensus signals used by sequence
analysis algorithms, highlighting conserved non-
coding regions that may have important functions
(gene regulatory domains or sites affecting local
DNA structure), and differentiation of pseudogenes

and “junk” DNA from sequences whose functions
cannot be predicted based upon current knowledge
of structure/function relationships at the genome
level. Comparative physical mapping and sequenc-
ing reported here demonstrate a high level of con-
served synteny between mouse Chr 16 and the
MDGCR on human Chr 22. The comparison illumi-
nates several features of the region that were not
evident from human sequence alone and establishes
the genetic basis for creating long-range deletions of
this region in the mouse (Ramirez-Solis et al. 1995).

RESULTS
Genetic Mapping of Potential Markers of Synteny

The MDGCR is expected to map to mouse Chr 16
based on the known conserved synteny between
Chr 22 and mouse Chr 16 (Nadeau et al. 1992; Bu-
can et al. 1993; Cabin et al. 1996). Mouse homologs
of two genes in or near the MDGCR, Tsk1 (Bielke et
al. 1994; Gong et al. 1996) and gene fragment N41
(Emanuel et al. 1993), were mapped in the mouse to
refine the comparative map of this region. Two large
intersubspecific backcrosses, BXBM and BMXB,
were characterized previously to identify all DNAs
with recombination between Prm2 and Igl1 on
mouse chromosome 16 (Reeves et al. 1991). Restric-
tion fragment length variants (RFLVs) between the
founder strains, BALB/c (Mus musculus domesticus)
and MOLD/Rk (M.m. molossinus), were identified for
several markers from human Chr 22 (Igl5, Comt, and
N41) and informative DNAs from the backcross
panel were typed to determine the gene order (Fig.
1). The three SSLP markers were included to link this
map to that of the Whitehead Center for Genome
Research (Cambridge, MA). Not all recombinant
DNAs were typed for all markers, giving rise to “frac-
tional mice” in this interval mapping procedure as
described by Irving et al. (1993). The genetic dis-
tances (recombination fractions) were: D16Mit88-

1.9 = 0.7 <M (7/376.8)-Igl5-

0.3 = 0.3 cM (1/376.8)-Tskl1,

3 Tsk2, Mit143-0.5 + 0.4 cM (2/

g 391)-Comt, N41, Igll-

z 3 0.3 + 0.2 cM (1/407)-Mit144.

o N Because D16Mit143 showed

s 3 3 3 no recombination with Tsk1,

é - 3 N é the homolog of which is in the

a ) ) 8 a middle of the MDGCR, either
oz p—yff—o1 t t i == probe could be used to screen

1.9£0.7cM 0.3+0.3cM 0.510.4cM 0.3+0.2cM

Figure 1 Composite genetic map of the region of mouse Chr 16 syntenic to
the human DGS locus. Numbers refer to sex averaged distances.
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mouse YAC and BAC libraries
for genomic segments possibly
syntenic to the MDGCR.
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Homologs of Human MDGCR Genes Are Located
within a 150-kb Segment of Chr 16

Screening a mouse YAC library (Research Genetics)
with D16Mit143 resulted in the selection of a single
410-kb YAC (097C12) that was subsequently sub-
cloned into cosmids. The presence of the Tsk1 gene
within this YAC was confirmed using PCR primers

MOUSE CHR16 SYNTENY AND DGS

(Table 1) specific to the unique carboxyl terminus of
the gene. An independent screening of a BAC li-
brary (Research Genetics) using Tskl PCR primers
identified a single 125-kb BAC 40-O20 (designated
BAC-020) (Fig. 2). Two additional BACs (98D3 and
146]J20, designated D3 and J20) were isolated with
PCR primers from mS$95, a mouse genomic frag-
ment mapping centromeric of Lan (see Methods).

Table 1. PCR Primers and Annealing Temperatures
A. Primers used for YAC and BAC library screens
Annealing Fragment
Name Sequence (5'-3") temperature size
Miti43 F GAATCCCTCCTCTGGACCTC 55 192
RACAGTTTTTGTTAGGCTACGTATCG
Tsk1 F CCTGGTGCTGATAAGAAGTC 57 333
R GGGGGGGAGAAGAAAGTGAC
m595 F ACGTCTGTGGGAACGACC 56 229
RCTTTGCTTCTGGCTTTACGG
A. Primers used for RT-PCR of total RNA from 12 day mouse embryos
Annealing Fragment
Name Sequence (5'-3") temperature size
Lan F CTTGCCGCGGCCCAGCTGGAT 64 210
R CGGCTCGGTGACAGTGAGAAC
Tsk1 1. F CAGCCAGATGTCAACCGC 57 477
R GGGGGGGAGAAGAAAGTGAC
2 FCCTGGTGCTGATAAGAAGTC 57 238
R GCTCTGCCTCATTCCCTG
Tsk2 1. F CCATGTCTTCTGCCTCCTTCAAG 57 240
R CCACTAGGTACTTGCTTTCTCCAC
2. F GCAAGTTGGATACTCGACCAGG 58 162
RTTTAGCTCTGGAAGTCTCAGCCAG
Dgsh 1. F TGGATGAGTCCTAGAGAAAAAGAC 64 154
RTTCGTCAATTAAACCACTATGTTG
2. F TCCCCACTGGGCACTCTCAAT 64 102
RTACGTTCTATTAGCTTTCTTCCAC
Dgsi F TTCCAGGAGATCATGGAGGTGG 60 291
R TGCTCAAAGCCTGACTGAAGGG
Gscl 1. F GGATTAGCTCTGAGGACTGGCGACGGGATT 70 798
RCTTGTGCTCTACTTCATAAAGCCAGATAAACT
2. F CTTCAGCGAGGAGCAGCTGC 57 207
RTTGGGAGTTTTCTTAGTCCC
Dgsj F GCGTCCTGGGCCTGTACCGCG 64 389
R CCAGTTGCCTAGGGAGGTCATG
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Figure 2 Comparison of the human MDGCR with the homologous region in
the mouse by Southern blotting and sequence analysis. (Top) Schematic repre-
sentation of the human MDGCR showing the positions of transcribed genes
(Gong et al. 1996) as well as the location of partial cDNA probes (LAN-3', LAN
7-9, Lan 2-8) within the LAN gene (W. Gong and M.L. Budarf, in prep.). The
position of the ADU balanced translocation is indicated by the broken vertical
arrow. The direction of transcription is noted by the horizontal arrows. The
enlarged insert represents the portion of the mouse syntenic region identified
within the cosmids. This includes only the first exon of Lan. The exact distance
distal to the open square is unknown. Grouped in the lower half of the figure is
a schematic summary of the BACs and cosmids. The genes identified on the
BACs by hybridization are noted. The cosmid contig was assembled by the
hybridization pattern of 150 cosmids with the noted probes. Five representative
cosmids are arrayed below the contig. Cosmid 103 (c143-103) was sequenced
(see text). The open circle indicates a deletion. The 120 kb size of the BACs
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the most distal gene repre-
sented within the BACs and
cosmids. Restriction analysis
of D3 and J20 with the LAN
probes revealed homology
with a telomeric 60-kb Notl
fragment from these BACs. D3
and J20 failed to hybridize
with the human ADU translo-
cation breakpoint probe.
However, preliminary se-
quence analysis of D3 suggests
the presence of a region with
59% nucleotide identity to the
ADU translocation break-
point. Both BACs were positive
for the DGS-B probe, which rep-
resents a gene mapped 5 kb
proximal to the ADU break-
point in the human MDGCR
(Gong et al. 1996). DGS-B was
the most proximal of the hu-
man gene homologs found
within these BACs even though
they carried an additional 40-
50 kb of DNA presumably ex-
tending proximal to Dgsb.
Over 150 cosmids were
constructed from YAC 097C12
for more detailed compari-
sons. Various combinations of

D3/J20 is off scale as indicated by the break.

cDNA probes designed to detect the presence of
additional genes found within the human MDGCR
were used to further characterize the YAC-derived
cosmids and the three BACs. A comparison of the
three BACs and the cosmids with the human
MDGCR is shown in Figure 2. Three probes (Lan-3’,
Lan 7-9, Lan 2-8) representing different regions of
the 85-kb human gene LAN (W. Gong and M.L.
Budarf, in prep.) were detected in two of the three
BACs. BAC-O20 was negative for Lan 3’, suggesting
a deletion of this region. However, the deletion can-
not exceed 20 kb because probes m595 and Lan 7-9
are both present on a 20-kb lambda clone isolated
from a mouse genomic library (see Methods). The
cDNA probes designed from the human genes DGS-
H, DGS-I, and CTP (Gong et al. 1996) hybridized
with BAC-020, but not with BACs D3 and J20. In
the human, DGS-I occupies 11 kb of genomic DNA
distal to DGS-H, and CTP, a tricarboxylate transport
protein gene, is located telomeric to DGS-I. CTP was

20 & GENOME RESEARCH

DGS-H, DGS-1, and CTP were

detected on each of the cos-

mids by Southern blotting and
hybridization. The restriction digest fragment sizes
for the cosmids were the same as for the YAC, indi-
cating that the cosmids were intact. No cosmids
were detected using probes mapping centromeric to
DGS-G or telomeric to CTP, suggesting that only a
part of YAC 097C12 was subcloned. These data,
combined with those of the BACs, account for a
segment of mouse Chr 16 that appears syntenic to
150 kb of the MDGCR starting 5 kb proximal to the
ADU breakpoint and extending distally to CTP.

Comparative Sequence Analysis Indicates Highly
Conserved Genomic Synteny

The cosmid ¢143-103, likely to contain the greatest
number of genes (Fig. 2), was selected for sequenc-
ing (GenBank accession no. U70231) and more de-
tailed comparisons with the human MDGCR (Fig.
3). Five complete genes and an exon of one other
were identified within this cosmid. These genes and
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Figure 3 Sequence comparisons of the mouse cosmid c143-103 with a ho-
mologous portion of the human MDGCR. All comparisons are based on se-
quence analysis of cosmid c143-103 (accession no. U70231) and the homolo-
gous region of the human MDGCR (Gong et al. 1996). The regions of greater
than 67% homology between the mouse and human sequences were deter-
mined using the Genetics Computer Group CG COMPARE and DOTPLOT
programs. The Grail 1.3 software was used. Gene names are noted above the
exons. Roman numerals identify exons. Grail 1.3 repeat sequences (blue box)
identify mouse interspersed repeat sequence families (B1, B2, L1, and MT).

Other color codes are noted on the figure.

gene fragments accounted for 17 exons, all of which
were within regions showing >67% homology to
genes within the human 22q11.2 detected by cDNA
selection (Gong et al. 1996) (Fig. 3, yellow boxes).
Interestingly, only nine of these exons were pre-
dicted by Grail 1.3 (Genetics Computer Group,
Madison, WI) (Fig. 3, green boxes). Grail 1.3 also
failed to accurately identify the promoter and
poly(A) signal sequences. However, Grail 1.3 was
able to identify most of the mouse repetitive se-
quences (Fig. 3, blue boxes) found by sequence
analysis. The order of these 17 exons is identical to
that of the corresponding fragment of human
22q11.2. Specifically, the proximal end of cosmid
¢c143-103 commenced within the first intron of Lan
and extended 8 kb distally through the first Lan
exon. The coding region of this exon showed a 93%
identity, at the amino acid level, to that of the hu-
man. Interestingly, two serine/threonine Kkinase
genes, Tsk1 and Tsk2, were identified starting 2.9 kb
distal to the Lan exon. They are separated by 3.3 kb

MOUSE CHR16 SYNTENY AND DGS

and consist of single exons

Lan Exon 1
——® 10 (Figs. 3 and 4A). Tskl is pre-
dicted to encode a protein con-
taining 364 amino acids,
X KX whereas Tsk2 encodes a protein
{#-20 f 357 amino acids. The two ki-

nase domains share 87% amino
acid identity. However, the car-
boxy-terminal regions are
highly divergent, allowing the
two genes to be distinguished
by Southern blot and PCR
analysis. Tsk1 is the previously
described mouse testicular ser-
ine-threonine kinase gene
(Bielke et al. 1994). Tsk2, on the
other hand, most closely re-
sembles DGS-G, identified pre-
viously in the human by cDNA
selection (Gong et al. 1996).
These two genes share a 95%
amino acid identity within the
kinase domain and a 83%
amino acid identity within the
variable carboxyl terminus. As
with DGS-G, transcription for
the two mouse genes is pre-
dicted to be in a centromeric to
telomeric direction. Immedi-
ately distal to Tsk2 is Dgsh,
which appears to be similar to
DGS-H in the MDGCR. This
gene is represented by a 1145-
bp intronless cDNA of unknown function (Gong et
al. 1996). However, sequence analysis shows signifi-
cant homology (75%) between the mouse and hu-
man gene only within the last 240 bp. Distal to Dgsh
is Dgsi, a second gene of unknown function, which
is similar to a gene in Caenorhabditis elegans (acces-
sion no. P34420). Mouse Dgsi shows 92% amino
acid identity to the human DGS-I and, like the hu-
man gene, consists of 10 exons with a predicted
telomeric to centromeric direction of transcription.
Its last exon is 2.0 kb distal to Tsk2. Finally, a Grail-
predicted exon containing a homeobox motif was
identified. This exon is part of a gene located 3.8 kb
distal to Dgsi. As seen in Figure 4B, the homeobox is
highly homologous to that of mouse goosecoid (Gsc)
(Blum et al. 1992) and, like Gsc, consists of three
exons. The mouse Gsc and the Gsc-like (Gscl) gene
identified here show 73% identity within the pre-
dicted homeobox. In both cases, the second helical
domain of the homeobox is split between two exons
(Scott et al. 1989; Blum et al. 1992). The re-

38.3 kb
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The etiology of congenital defects asso-
ciated with DGS and VCFS is unknown.
Although the current consensus is that
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the result of an interruption in devel-
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Figure 4 Amino acid sequence comparison of Tsk1, Tsk2, and Gscl
with previously reported homologs. (A) Comparison of the human and
mouse serine-threonine kinases. The unique carboxy-terminal region of
the protein is boxed. Dots indicate amino acid identity. Asterisks indi-
cate the amino acids conserved in serine-threonine kinases. Roman
numerals identify consensus subdomains (Hanks and Hunter 1995). (B)
Comparison of the homeobox domains of Gscl to those of Xenopus and
mouse Gsc (Blum et al. 1992). The four invariant amino acids typical of
most homeodomains (Scott et al. 1989) are shown in bold. The posi-
tion of the conserved exon boundaries are indicated by an arrow. The
asterisk indicates the lysine in Gsc and Gscl that replaces the glutamine

found in other homeodomains (see text).

maining cosmid sequence extends 6.6 kb distally
from the first Gscl exon, and although a 500-bp re-
gion with >67% homology to a similar segment of
the MDGCR was noted, no additional genes were
identified.

Presumptive Transcription Products for Shared Genes
are Detected in the Early Mouse Embryo

Total RNA was extracted from 12 day post concep-
tion (dpc) mouse embryos, and screened by RT-PCR
for the presence of mRNA transcribed from each of
these genes. The primers used are shown in Table 1.
Care was taken to eliminate and control for ge-
nomic DNA contamination, as several of these
genes consist of a single exon. All samples were di-
gested with DNAse I, and control PCR reactions
were run without prior reverse transcription. Where
possible, primers were designed across predicted in-
trons. As shown in Figure 5, presumptive transcripts
from Lan, Tsk1, Tsk2, Dgsi, Gscl, Dgsh, and Ctp were

22 & GENOME RESEARCH

KRRHRTIFTDEQLEALENLFQETKYPDVGTREQLARKVHLREEKVEVWPKNRRAKWRRQK

opmental processes involving the cra-
nial neural crest (Kirby and Bockman
1984; Lammer and Opitz 1986), the
molecular events leading to the disrup-
tion of normal cardiac and craniofacial
development have not been eluci-
dated. At the genetic level, several pos-
sibilities are suggested. These include
an autosomal dominant mutation or
deletion involving a single gene within
the MDGCR of 22q11.2, a dominant
cumulative effect on embryonic devel-
opment resulting from the loss of
multiple genes within this region, or
position effects resulting in aberrant
regulation of genes near the site of
chromosome breakage and reunion. To
test these possibilities, it is necessary to
develop a model in which genetic
changes similar to those associated
with DGS might be induced. The mouse is the ob-
vious animal in which to develop such a model.
However, there is no single mouse chromosome ho-
mologous to human 22. Thus, the suitability of the
mouse as a model depends upon the existence of a
genomic segment syntenic to the 250-kb MDGCR
on chromosome 22q11.2 (Budarf et al. 1995; Gong
et al. 1996).

The results reported here demonstrate that the
150-kb segment of mouse Chr 16 carried by the
isolated BACs and YAC- derived cosmids is syntenic
to a large portion of the human MDGCR. Southern
blot analysis confirms the presence of homologs to
six of the 11 genes within the MDGCR identified
by transcriptional analysis (Gong et al. 1996).
Sequence comparisons of four of the six mouse
genes with their human counterparts reveal that
they are present in the same order, consist of the
same number of exons, and are transcribed in the
same direction. Further, RT-PCR analysis of 12-dpc
embryos provides an initial indication of the
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to the ADU breakpoint that are

1 2 3 4 5 6 7 8 9 10

Figure 5 RT-PCR products corresponding to mouse homologs of genes
within the human MDGCR are detected in the developing embryo. RT-PCR
products from total RNA isolated from 12-dpc mouse embryos are shown in
lanes 2-15. The corresponding genes are noted above each lane. All total RNA
samples were treated with DNAse |, and reverse transcriptase was omitted from

. l conserved in mouse by hybrid-
ization based approaches. This is
consistent with the idea that the
genomic segments used as
probes to date do not represent
coding regions. Given the dem-
onstrated ability of sequence
comparison to pick up homolo-
gies missed by hybridization,
completion of the comparative
sequence analysis currently un-
der way, which already has re-

control reactions shown in lanes 3,5,7,9,11,13, and 15. The positions of vealed regions with at least 59%

(X174 markers are noted in lane 1.

presence of transcripts from the genes identified by
comparative sequencing. Assessment of their bio-
logical activity and their relevance to DGS will re-
quire a detailed analysis of expression throughout
development.

Although the similarities between these corre-
sponding regions of the mouse and human ge-
nomes are striking, there are several interesting dif-
ferences. Two genes predicted to encode serine-
threonine kinases, Tskl1 and Tsk2, were identified
from the cosmid sequence. They are similar through
the kinase domain, but diverge at the carboxyl ter-
minus (Fig. 4A). Strong homology throughout, in-
cluding the carboxyl terminus, shows Tsk2 to be the
homolog of the human DGS-G gene (Gong et al.
1996). The second more proximal mouse serine—
threonine kinase is identical to the TskI gene iden-
tified as a transcript in mouse testis but not mapped
previously (Bielke et al. 1994). TskI shows signifi-
cant homology to a Grail-predicted exon sequence
from the corresponding region of human Chr 22.
Although the human TSK1 has several in frame stop
codons (E. Goldmuntz, B.A. Roe, and M.L. Budarf,
pers. comm.), the mouse sequence predicts a func-
tional gene, and a TskI-specific transcript was de-
tected in 12-dpc mouse embryos.

Another interesting difference identified by
comparative sequencing is divergence in DGS-H and
Dgsh. Although these genes reside at corresponding
positions in mouse and human, they share strong
homology only within the last 240 bp of the 1.2-kb
predicted exon. Neither sequence contains an open
reading frame, bringing into question whether
these sequences represent true genes. Their conser-
vation through evolution, however, suggests that
these sequences might be functionally important.

We have been unable to identify sequences close

identity, should be very useful in
identifying conserved features
around this important site.

A gene of particular interest, Gscl, is located dis-
tal to the first exon of Dgsi. A human homolog,
GSCL, has been identified in the genomic sequence
of the MDGCR (S. Gottlieb, B.S Emanuel, D.A.
Driscoll, B. Sellinger, Z. Wang, B.A. Roe, and M.L.
Budarf, in prep.). Both genes are composed of three
exons and show a >70% identity at the amino acid
level to the mouse Gsc gene (Blum et al. 1992). Like
Gsc, the homeobox domain of Gscl is encoded in
the last two exons, with a splice site in the second
helix. As with Gsc and the related Drosophila gene
bicoid, Gscl encodes a lysine residue in the ho-
meodomain at a position occupied by a glutamine
in most other homeobox genes (Scott et al. 1989),
Interestingly, whereas mice with two inactivated
copies of the Gsc gene develop to term, the pups are
born with craniofacial and rib abnormalities
(Rivera-Perez et al. 1995). However, heterozygous
litter mates (haploid equivalents) with a single func-
tional Gsc gene show no developmental defects.

Direct sequence comparisons of DNA from the
MDGCR and the region of putative mouse synteny
was essential for evaluating gene homology, gene
order, and direction of transcription. Thus, whereas
Grail analysis of the mouse sequence predicted only
nine exons, direct sequence comparison identified
seventeen, and showed them to be organized in the
same order as in the MDGCR. In addition, Grail pre-
dicted two other highly conserved regions between
exons I and II of Dgsi. One was identified as a pro-
moter, but the function of the second is unknown.
Clearly, comparative sequencing, as well as Grail
analysis, is required to facilitate the identification of
subtle differences and pinpoint cryptic conserved
genomic segments and thus enable accurate struc-
tural and functional comparisons between genomic
fragments.
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Finally, the data presented here show that al-
though there are some differences, there are striking
similarities in gene content, order, exon composi-
tion, and direction of transcription between a 150-
kb segment of mouse Chr 16 and the human
MDGCR. These similarities are sufficient to suggest
that the genetic perturbations of this region of the
mouse chromosome will provide insight into the
origins of the molecular basis of the DGS and VCFS

phenotypes.

METHODS
Recombinational Mapping

Markers were mapped on (BALB/cJ] X MOLD/RK)F1 x BALB/
c] and BALB/c] x (BALB/cJ] x MOLD/RK)F1 backcrosses by
Southern blotting or PCR as described (Reeves et al. 1990).
Mapping of Igl1 on this panel was reported previously (Reeves
et al. 1990). Probes and RFLVs used: Igl5 was mapped using
pAS (Miller et al. 1993) with an EcoRV RFLV (19.7-, 6.3-, 3.6-kb
BALB/cJ, 16.0-, 8.2-kb MOLD/Rk); a human DGS-G cDNA
probe was used to map Tsk2 with a Hincll RFLV (4.6-, 1.7,
0.5-, 0.3-kb BALB/cJ, 6.7-, 4.5-, 0.3-kb MOLD/Rk) and Tsk1
with a BamHI RFLV (8.3-, 3.4-kb BALB/c]J, 8.4-, 4.1-kb MOLD/
RK); Comt was mapped using a rat Comt cDNA probe (Gross-
man et al. 1992) with a Bgll RFLV (4.3-, 2.6-kb BALB/cJ, 5.0-,
2.4-kb MOLD/Rk); and N41 was mapped using a human
c¢DNA probe (Emanuel et al. 1993) with a BamHI RFLV (12.6-,
7.3-,5.1-,2.7-, 1.7-kb BALB/cJ, 14.4-, 7.3-, 5.1-, 2.7-kb MOLD/
Rk). D16Mit88, 143, and 144 primers were obtained from Re-
search Genetics (Dietrich et al. 1992) and mapped using a
nonradioactive protocol and PCR conditions as described pre-
viously (Irving et al. 1994) with the modification that PCR
was performed for 45 cycles.

Isolation of Murine YAC and BAC Clones

The YAC clone 097C12 was isolated by PCR screening of the
mouse YAC DNA pools of Research Genetics using primers for
D16Mit143. The BAC 40-O20 clone was isolated by PCR
screening of the mouse BAC DNA pools, Release 1 of Research
Genetics, with primers for Tskl, whereas BACs 98D3 and
146J20 were isolated from Release II of the Mouse BAC DNA
pools with the primers for m595. All primers are listed in
Table 1.

Cosmid Library Construction

Total yeast DNA containing the YAC clone was partially di-
gested with Sau3A and subcloned into the SuperCos cosmid
vector (Stratagene). Several thousand cosmids were plated and
probed with radiolabeled total mouse genomic DNA. A total
of 150 mouse clones were isolated and analyzed by Southern
blot.

Electrophoresis and Southern Blots

The size and stability of the YAC and BAC DNA was analyzed
in a contour-clamped homogeneous electric-field electropho-

24 & GENOME RESEARCH

resis gel system (Bio-Rad CHEF-DRIII) as described (Ausubel et
al. 1995). Southern blots of EcoRI digests of BAC and cosmid
DNA were carried out as described (Sambrook et al. 1989).
High-stringency final washes of 0.1 X SSC, 0.1% SDS at 64°C
were used with murine probes, while low-stringency final
washes of 0.5-1.0X SSC, 0.1% SDS at 50°C were used with
human probes.

Probes

Human probes with the DGS designation are partial cDNAs
and are described in detail elsewhere (Gong et al. 1996). The
human probes for the LAN gene are derived from the cDNA as
described in W. Gong and M.L. Budarf (in prep.) and refer to
the 3’ untranslated region (LAN-3’), exons 2-8 (LAN 2-8), and
exons 7-9 (LAN 7-9). The human ADU breakpoint spanning
probe (ADU) is described as pf13-rnex40 in Budarf et al. (1995).
The murine probe m595 was isolated from a lambda phage
mouse genomic library screened with the LAN-3’ probe as a
0.6-kb SstI-HindlIll fragment mapping 8 kb proximal to LAN.
This fragment was subcloned and partially sequenced, and
primers were derived for PCR (Table 1). Probes for the unique
carboxyl terminus of both of the murine serine-threonine
kinase genes were generated by PCR of either total genomic
mouse DNA or isolated cosmid DNA. The primers (Table 1)
were designed from sequence entirely within the unique car-
boxy-terminal region to prevent any possible cross-reactivity
with other serine-threonine kinases. Mapping probes are de-
scribed under recombinational mapping.

PCR Primers

Primer pairs are listed in Table 1. Nested PCR primers for RT-
PCR are listed as the second set where appropriate. Primers for
Dgsi, Gscl, and Ctp cross at least one intron.

PCR and RT-PCR

YAC and BAC DNA pools were screened by PCR according to
supplier recommendations. Annealing temperatures used for
all primers are noted in Table 1. Thermocycling was per-
formed in either a Perkin Elmer Cetus thermal cycler or a
Perkin Elmer Cetus Geneamp system 9600 using Tagq polymer-
ase (Boehringer-Mannheim) in standard buffer conditions ex-
cept where noted below. For RT-PCR, total RNA, isolated from
12-dpc embryos using Ultraspec RNA (Biotecx) according to
supplier instructions, was treated with RNAse-free DNAse 1
(Boehringer-Mannheim) at 1 U/ug RNA. Approximately 5 ug
of DNase [-treated RNA was used for oligo(dT)-primed reverse
transcription (RT) using Super Script RNase H- reverse tran-
scriptase (GIBCO-BRL). Controls were processed identically
with the omission of the reverse transcriptase. One-tenth of
the RT reaction was used for PCR amplification. Dgsi, Lan, and
Ctp gene transcripts were readily detected after one round
of amplification of 35 cycles. Nested PCR was required in or-
der to readily detect transcripts from Tsk1, Tsk2, Dgsh, and
Gscl. The first amplification consisted of 30 cycles and the
nested amplification consisted of 12 cycles. Because of the
extremely high GC content of the Gscl gene, a two-step PCR
program (98°C for 1 min, 70°C for 5 min) using native Pfu
polymerase (Stratagene) was used for the first round of am-
plification (Dutton et al. 1993). The nested amplification of
12 cycles was performed with Taq polymerase (Boehringer-
Mannheim) in the presence of 5% formamide.
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DNA Sequencing

The sequence of the entire mouse genomic DNA cosmid clone
was determined at a level of 4.5-fold redundancy via the pre-
viously described, double-stranded, shotgun-based approach
(Bodenteich et al. 1993) using ABI-PRISM fluorescent-labeled
terminators and either forward or reverse universal primers.
Regions corresponding to the sequencing vector (pUC-18)
were removed from the individual sequence reads, and the
resulting data was assembled into contiguous fragments using
the TED and XGAP programs (Dear and Staden 1991). The
individual contigs were joined into a final, unique sequence
using custom, synthetic primers and Taq DNA polymerase
cycle sequencing with fluorescent terminators.
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