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of the signal transduction mediator phosphatidylinosi-
Atm, the mouse homolog of the human ATM gene tol 3-kinase (PI 3-kinase). Such a domain is also ob-

defective in ataxia–telangiectasia (A–T), has been served in several large proteins in yeast, Drosophila,
identified. The entire coding sequence of the Atm tran- and mammals that are involved in maintenance of ge-
script was cloned and found to contain an open read- nome stability, cellular responses to DNA damage, or
ing frame encoding a protein of 3066 amino acids with cell cycle regulation (Savitsky et al., 1995b; Zakian,
84% overall identity and 91% similarity to the human 1995).
ATM protein. Variable levels of expression of Atm were No clinical entity corresponding to A–T has been
observed in different tissues. Fluorescence in situ hy- described to date in the mouse. We have identified the
bridization and linkage analysis located the Atm gene murine ATM homolog, Atm, and report here the se-
on mouse chromosome 9, band 9C, in a region homolo- quence of its coding region and its chromosomal loca-gous to the ATM region on human chromosome 11q22–

tion.q23. q 1996 Academic Press, Inc.

MATERIALS AND METHODS
INTRODUCTION

Library screening. An oligo(dT)-primed mouse brain cDNA li-
brary in a Uni-Zap XR vector, a mouse 129Sv genomic library (Stra-Ataxia–telangiectasia (A–T) is a human autosomal
tagene, San Diego, CA), and a randomly primed mouse brain cDNArecessive disorder affecting multiple systems of the hu- library in lgt10 (Clontech, Palo Alto, CA) were used; 106 PFU were

man body. The main features of A–T are cerebellar screened with each probe. The libraries were plated at a density of
degeneration, immunodeficiency, acute cancer predis- 5 1 104 PFU per 140-mm plate, and two sets of replica filters were

made using Qiabrane nylon membranes (Qiagen, Hilden, Germany)position, chromosomal instability, radiation sensitiv-
according to the manufacturer’s instructions. Filters were prehybrid-ity, and defects in cell cycle checkpoints activated by
ized for 2 h at 657C in 61 SSC, 51 Denhardt’s, 1% N-laurylsarcosyl,radiation damage (see Harnden, 1994; Shiloh, 1995, for 10% dextran sulfate, and 100 mg/ml sheared salmon sperm DNA.

recent reviews). The A–T locus was mapped to chromo- Hybridization was performed at 657C for 16–18 h in the same solu-
tion containing 106 cpm/ml of probe labeled with [32P]dCTP by ran-some 11q22–q23 (Gatti et al., 1988), and the responsi-
dom priming. Final washes were performed for 30 min in 0.51 SSC,ble gene, ATM, was subsequently identified in our labo-
0.1% SDS at 507C. Positive clones were plaque-purified using stan-ratory by positional cloning (Savitsky et al., 1995a,b).
dard techniques.

ATM extends over 150 kb and produces a major tran-
RT-PCR. First-strand synthesis was performed using 2 mg of to-

script of about 13 kb (Uziel et al., 1995; Savitsky et tal RNA from mouse 3T3 cells with an oligo(dT) primer and Super-
al., 1995a,b, and unpublished data). This transcript script II (Gibco-BRL, Gaithersburg, MD). The reaction products

served as templates for PCR with gene-specific primers.contains an open reading frame of 9168 nucleotides
Sequence analysis. The insert of cDNA clone 15-1 (see below)predicting a large protein containing 3056 amino acids,

was excised from a gel, self-ligated to form concatemers, and soni-with a molecular mass of 350 kDa and a carboxy-termi-
cated to obtain random fragments. These fragments were size-nus region showing similarity to the catalytic domain
fractionated by gel electrophoresis, and the 1.0- to 1.5-kb fraction
was extracted from the gel and subcloned in a pBluescript vector
(Stratagene). The end portions of individual clones were sequenced* Sequence data from this article have been deposited with the

EMBL/GenBank Data Libraries under Accession No. U43678. with vector-specific primers in an automated sequencer (Model
373A, Applied Biosystems Division, Perkin –Elmer), and the se-1 To whom correspondence should be addressed. Telephone: 972-

3-6409760. Fax: 972-3-6407471. quences were aligned with the AutoAssembler program (Applied
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The presence or absence of the 5.6- and 4.3-kb M. spretus-specific
fragments, which cosegregated, was followed in the backcross mice.

A description of the probes and RFLPs for the loci linked to Atm,
including glutamate receptor, ionotropic kainate 4 (Grik4); thymus
cell antigen-1 u (Thy1); Casitas B-lineage lymphoma (Cbl); CD3 anti-
gen, g polypeptide (Cd3g); and dopamine receptor 2 (Drd2), has been
reported previously (Kingsley et al., 1989; Regnier et al., 1989;
Szpirer et al., 1994). The mouse chromosomal locations of mitochon-
drial acetoacetyl-CoA thiolase (Acat1) and src-kinase (Csk) were de-
termined for the first time and are reported in this paper. Recombina-
tion distances were calculated as described (Green, 1981), using the
computer program SPRETUS MADNESS. Gene order was deter-
mined by minimizing the number of recombination events required
to explain the allele distribution patterns.

FIG. 1. Molecular cloning of the coding region of the Atm tran- The Csk probe, a 2.2-kb EcoRI/XhoI fragment derived from the
script. The solid box depicts the entire length of the cloned sequence. mouse cDNA (Thomas et al., 1991), was labeled with [a-32P]dCTP
(…) cDNA clones. (ø) RT-PCR product. (º) PCR products obtained using a nick-translation labeling kit (Boehringer Mannhein); wash-
from a cDNA library. See text for details. ing was performed to a final stringency of 0.11 SSPE, 0.1% SDS,

657C. A fragment of 9.4 kb was detected in HindIII-digested C57BL/

Biosystems). In the final sequence, each nucleotide position repre-
sents at least three independent overlapping readings. In smaller
cDNA inserts, sequencing was initiated with vector-specific prim-
ers, and additional sequencing primers were designed for both
strands as sequencing progressed. Sequencing of RT-PCR products
was performed with the PCR primers.

Fluorescence in situ hybridization (FISH). Preliminary chromo-
somal localization of the Atm gene was determined by FISH analysis.
Mouse metaphase chromosomes were prepared from concanavalin
A-stimulated lymphocytes obtained after splenectomy as described
(Boyle et al., 1992), with slight modifications. Briefly, homogenized
spleen tissue was cultured for 48 h in RPMI 1640 medium supple-
mented with 20% fetal bovine serum, 6 mg/ml concanavalin A, and
86.4 mM b-mercaptoethanol. The cell cycle was synchronized by incu-
bation with methotrexate (17 h, 4.5 mM). The S-phase block was
released with BrdU (30 mM) and FUdR (0.15 mg/ml) for 5 h. Colcemid
was added for 10 min; the cells were incubated in KCl (0.55%) and
fixed with methanol:acetic acid (3:1).

The mouse Atm genomic clone used for FISH analysis was obtained
by screening the mouse 129Sv genomic library with a human 236-
bp PCR probe corresponding to nt 5381–5617 of the human ATM
cDNA. Sequence analysis confirmed that this clone contains a 177-
bp exon corresponding to nt 5705–5881 of the mouse Atm cDNA.

The mouse Atm genomic clone was labeled by nick-translation with
digoxigenin-11–dUTP (Boehringer Mannheim, Indianapolis, IN). To
facilitate chromosome identification, a biotinylated mouse chromo-
some 9-specific painting probe (Vector Laboratories, Burlingame, CA)
was used for cohybridization. The probe sequences and metaphase
chromosomes were heat denatured separately. Hybridization was
performed for 15 h at 377C in a solution containing 50% formamide,
21 SSC, and 10% dextran sulfate. Posthybridization washes were
performed as described (Ried et al., 1992). The biotinylated probe
sequences were detected by incubation with avidin conjugated to
FITC (Vector Laboratories), and the digoxigenin-labeled sequences
were detected by incubation with mouse anti-digoxin and goat anti-
mouse conjugated to TRITC (Sigma Chemicals, St. Louis, MO). Chro-
mosomes were counterstained with DAPI. The fluorescent signals
were sequentially acquired using a cooled CCD camera (Photomet-
rics, Tucson, AZ) coupled to a Leica DMRBE microscope. Gray scale
images were converted to tintscale using Gene Join (Ried et al., 1992).

Linkage analysis. Interspecific backcross progeny were gener-
ated by mating (C57BL/6J 1 Mus spretus) F1 females and C57BL/
6J males, as described (Copeland and Jenkins, 1991). A total of 205
N2 mice were used to map the Atm locus. Southern blot analysis was
performed as described (Jenkins et al., 1982). All blots were prepared
with Hybond-N/ membrane (Amersham). The Atm probe, REF3, a
PCR-amplified fragment from the Atm mouse cDNA representing nt
6000–7264, was labeled with [a-32P]dCTP using a random priming
labeling kit (Stratagene); washing was performed to a final strin-
gency of 0.51 SSCP, 0.1% SDS, 657C. Fragments of 4.9, 3.6, and 1.4 FIG. 2. Amino acid sequence of the Atm protein. The leucine
kb were detected in HindIII-digested C57BL/6J DNA, and fragments zipper and the PI 3-kinase signature are underlined and shown in

boldface letters.of 5.6 and 4.3 kb were detected in HindIII-digested M. spretus DNA.
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FIG. 3. Comparison of amino acid sequences of the human ATM and mouse Atm proteins. (A) Alignment of amino acid sequences
spanning the carboxy-terminal portions that contain the PI 3-kinase domains of the two proteins. Identical amino acids are highlighted by
vertical bars, and similar amino acids by one or two dots. (B) A dot plot showing an amino acid sequence comparison throughout the entire
length of both proteins, obtained using the PROSIS program. Sequential blocks of 12 amino acids were compared, and a dot was marked
on the diagonal when 11 of 12 residues were identical in both sequences.

6J DNA, and a fragment of 5.8 kb was detected in HindIII-digested a mouse brain cDNA library were screened with a PCR
M. spretus DNA. The presence or absence of the 5.8-kb M. spretus- product corresponding to nt 4021–8043 of the human
specific fragment was followed in the backcross mice. The Acat1

ATM cDNA (Savistky et al., 1995b; the first nucleotideprobe, a 1.4-kb fragment from the Acat rat cDNA (Fukao et al., 1990),
of the open reading frame was numbered 1). Fifteenwas labeled by nick-translation and washed from the blots to a final

stringency of 0.81 SSCP, 0.1% SDS, 657C. A fragment of 23 kb was positive clones were identified, and the longest one, of
detected in EcoRI-digested C57BL/6J DNA, and fragments of 22 and 8.5 kb (designated 15-1; Fig. 1), was further analyzed.
5.4 kb were detected in EcoRI-digested M. spretus DNA. The presence High-stringency hybridization of this clone to panels ofor absence of the 22- and 5.4-kb M. spretus-specific fragments, which

radiation hybrids, YAC, and cosmid clones represent-cosegregated, was followed in the backcross mice.
ing the human ATM locus (Rotman et al., 1994; Shiloh,

RESULTS 1994; Savitsky et al., 1995a,b) (not shown) showed
Molecular Cloning of the Coding Sequence strongly hybridizing sequences within the ATM locus.

of Atm Gene Northern blotting analysis and subsequent sequencing
and alignment with the human ATM transcript (seeIn search of a cDNA clone derived from a murine
below) confirmed that 15-1 corresponded throughoutgene corresponding to the human ATM, 106 PFU from
its length to the human gene but was missing the 5*
end of the corresponding mouse transcript.

Screening of a randomly primed mouse brain cDNA
library with a probe corresponding to the 5* region of
the human ATM transcript (nt 1 –2456) identified two
clones, MRP1 and MRP2, of 1.3 and 0.6 kb, respectively
(Fig. 1). The gap between clones 15-1 and MRP1 was
subsequently bridged using RT-PCR with primers de-
rived from these clones, which produced the fragment
m4m5 of 840 bp. Finally, a primer derived from the
MRP1 sequence was designed and used with vector-
specific primers to obtain two PCR products, 23m9 and
24m9, from the randomly primed brain cDNA library.FIG. 4. Expression of the Atm gene. (a) A Northern blot repre-

senting various mouse tissues was probed with a fragment spanning All these clones and PCR products hybridized exclu-
nucleotides 2297–5311 of the Atm transcript. (b) The same blot was sively to the ATM locus in the human genome (not
probed with an actin probe. The upper band of 2.0 kb was used to shown). Their sequences were assembled and formedassess the differences in RNA amounts between lanes. 1, heart; 2,

a contig of 9620 nucleotides (Fig. 1; GenBank Accessionbrain; 3, spleen; 4, lung; 5, liver; 6, skeletal muscle; 7, kidney; 8,
testis. No. U43678).
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Sequence Comparisons

The sequence of the contig shown in Fig. 1 shows an
open reading frame (ORF) of 9201 nt and includes a
41-nt 5* UTR and a 378-nt 3* UTR. These UTRs are
probably not complete, in view of the length of the
UTRs of the ATM transcript and the lack of a poly(A)
tail in 15-1. The ORF encodes a putative protein of
3066 amino acids with a molecular mass of 349.5 kDa
(Fig. 2). When the nucleotide and amino acid sequences
corresponding to the coding regions of the mouse and
human ATM transcripts were aligned, there was an
overall identity of 85% at the nucleotide sequence level
and 84% identity and 91% similarity at the amino acid
level. The difference of 10 amino acids between the
human and the mouse proteins is the net sum of several
insertions and deletions in both proteins when com-
pared to each other. The PI 3-kinase domain found in
ATM and other related proteins was identified in the
mouse sequence, as was the leucine zipper present in
the human ATM protein (Fig. 2). These results indi-
cated that we had obtained the entire coding sequence
of Atm, the murine homolog of the human ATM gene.
It is noteworthy that the human and mouse proteins
were most similar within the PI 3-kinase domain at
the carboxy terminus (94% identity, 97% similarity),
while the other portions of these proteins showed vari-
able identity and similarity, reaching a minimum of 70
and 82%, respectively, in some regions (Fig. 3).

Expression Pattern

A Northern blot representing several mouse tissues
(Clontech) was probed with a fragment representing nt
2297–5311 of the Atm transcript (Fig. 4). This probe
identified a message of about 13 kb in brain, skeletal
muscle, and testis that was barely detectable in heart,
spleen, lung, and kidney. In the testis, another band
of about 10.5 kb was observed at about 50% intensity
compared to that of the 13-kb band (Fig. 4). This pat-

FIG. 5. (A) Mouse metaphase spread after dual-color fluores-tern seems to represent greater differences in expres-
cence in situ hybridization using the mouse Atm probe (pseudocol-sion levels between tissues compared to the more uni- ored in yellow) and a mouse chromosome 9-specific painting probe

form pattern observed in human tissues (Savitsky et (pseudocolored in red). (B) Separate visualization of the hybridiza-
tion on banded mouse chromosomes. The signal localizes to chromo-al., 1995a). In addition, the 10.5-kb band, which may
somal band 9C. The idiogram depicts chromosome 9 schematically.represent mRNA species with alternative polyadenyla-

tion (Savitsky et al., in preparation), was not detected
in any of 16 human tissues tested previously, but was metaphases were analyzed. Signals were observed in
clearly observed in cultured human fibroblasts (Savit- 90% of the cells on mouse chromosome 9C (Fig. 5).
sky et al., 1995a). Other chromosomal positions were not observed.

Chromosomal Localization of the Atm Gene by FISH Genetic Mapping of the Atm Gene

The Atm gene was further localized on the geneticInitial chromosomal localization of the mouse Atm
gene was determined by dual-color FISH. A digoxi- map of mouse chromosome 9 using interspecific back-

cross analysis and progeny derived from matings ofgenin-labeled probe was cohybridized with a chromo-
some painting probe specific for mouse chromosome 9, [(C57BL/6J 1 M. spretus) F1 1 C57BL/6J] mice. This

interspecific backcross mapping panel has been typedwhich confirms the identification of DAPI-stained
mouse chromosomes. Mouse chromosome 9 contains for over 2000 loci that are well distributed among all

the autosomes as well as the X chromosome (Copelandhomologous regions of human chromosomes 11q, in-
cluding 11q22–q23, the region to which the human and Jenkins, 1991). C57BL/6J and M. spretus DNAs

were digested with several enzymes and analyzed byATM gene was assigned. Twelve randomly selected
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FIG. 6. Chromosomal location of Atm in the mouse genome. The locus was mapped by interspecific backcross analysis. The segregation
patterns of Atm and flanking genes are shown at the top. Each column represents the chromosome identified in the backcross progeny that
was inherited from the (C57BL/6J 1 M. spretus) F1 parent. The black boxes represent the presence of a C57BL/6J allele, and the white
boxes represent the presence of a M. spretus allele. The number of offspring inheriting each type of chromosome is listed at the bottom of
each column. A partial chromosome 9 linkage map showing the location of Atm in relation to linked genes is shown at the bottom. The
number of recombinant N2 animals over the total number of N2 animals typed plus the recombination frequencies, expressed as genetic
distance in centimorgans ({ one standard error), is shown for each pair of loci to the left of the map. When no recombinants were found
between loci, the upper 95% confidence limit of the recombination distance is given in parentheses. The positions of loci in human chromo-
somes are shown to the right of the map. References for the human map positions of loci cited in this study can be obtained from GDB
(Genome Database), a computerized database of human linkage information maintained by The William H. Welch Medical Library of Johns
Hopkins University (Baltimore, MD).

Southern blot hybridization for informative restriction bination frequencies using the additional data. The ra-
tios of the total number of mice analyzed for each pairfragment length polymorphisms (RFLPs), using a

probe representing nt 6000–7264 of the Atm tran- of loci and the recombination frequencies between the
loci are shown in Fig. 6.script.

The results indicated that Atm is located in the proxi-
mal region of mouse chromosome 9 linked to Grik4, DISCUSSION
Thy1, Cbl, C3g, Drd2, Acat1, and Csk (Fig. 6). Ninety-
one mice were analyzed for every marker and are The ATM gene is highly conserved across a wide

range of species, as indicated by hybridization analysisshown in the segregation analysis (Fig. 6); however, up
to 203 mice were typed for some pairs of markers. Each (Y. Ziv et al., unpublished data). A growing family of

yeast and Drosophila proteins that typically containlocus was analyzed in pairwise combinations for recom-
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the PI 3-kinase domain was recently found to be in- that in humans. Attempts currently in progress to con-
struct a mouse model of A–T by targeted inactivationvolved in cellular phenotypes that partly overlap that

of A–T (Savitsky et al., 1995b; Zakian, 1995). It is not of Atm may provide an answer to this question.
Identification of the Atm gene should lead to betterclear, however, if these proteins are the true ATM ho-

mologs in these organisms, since the sequence similari- understanding of its evolutionary aspects and develop-
mental regulation. It will also enable manipulation ofties between them and ATM are less pronounced out-

side the PI 3-kinase domain. The degree of sequence this gene in the mouse, which should provide better
understanding of the molecular pathology of A–T.similarity throughout the entire length of the mouse

protein reported here and the human ATM protein, as
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