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The ATM gene was recently identified and found to
be responsible for the human genetic disorder ataxia-
telangiectasia. The major ATM transcript is 13 kb. Us-
ing long-distance PCR, we determined the genomic
structure of this gene and identified all of its exon-
intron boundaries. The ATM gene spans approxi-
mately 150 kb of genomic DNA and consists of 66 exons.
The initiation codon falls within exon 4. The last exon
is 3.8 kb and contains the stop codon and a 3'-untrans-
lated region of about 3600 nucleotides. © 1996 Academic

Press, Inc.

Ataxia-telangiectasia (A-T) is an autosomal recessive
disorder characterized by progressive cerebellar degen-
eration, oculocutaneous telangiectasia, immunodefi-
ciency, and cancer predisposition manifested primarily
by lymphoreticular malignancies. A-T cells are hyper-
sensitive to ionizing radiation and radiomimetic chemi-
cals and are defective in cell cycle checkpoints activated
by DNA damage (reviewed in Refs. 7, 8 and 15). A-T
heterozygotes show moderate radiosensitivity and an
increased susceptibility to cancer (5, 17, 18).

The gene responsible for A-T was recently cloned in
our laboratory using a positional cloning approach and
was designated ATM (13). The open reading frame of
the ATM transcript is 9168 nucleotides and predicts a
putative large protein of 350 kDa consisting of 3056
amino acids (14). The ATM gene product is a member
of a novel family of large proteins that share a highly
conserved carboxy-terminal region of about 300 amino
acids that shows high similarity to the catalytic domain
of PI-3 kinases (14, 19, and references therein).

The major ATM transcript of 13 kb (13, 14, and un-
published data) is observed in every tissue tested to
date. Northern blots of several tissues, and analysis of
cDNA clones and RT-PCR products from various tis-
sues, failed to disclose any evidence of alternative
forms within the coding sequence. However, in differ-
ent tissues we have found extensive alternative splic-
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FIG. 1. Products of long-distance PCR using primers flanking
introns 61 (A), 58 (B) and 63 (C). The following templates were used:
Lanes 1 and 2, genomic and YAC DNA, respectively. Lanes B3 and
C3, cosmid DNA. Lanes A3, B4, and C4, cDNA. Long-distance PCR
was performed using the Expand Long Template PCR system (Boeh-
ringer Mannheim, Germany). Electrophoresis was performed on a
0.7% agarose gel.

ing of noncoding 5’ exons resulting in a multitude of
5’-untranslated regions (UTRs) (K. Savitsky et al., in
preparation).

We report here the genomic organization of the ATM
gene and present its exon—intron boundaries. These
boundaries and the intron sizes were determined using
long-distance PCR (2, 3, 6). Primers were designed
based on the ATM cDNA sequence (13, 14) at 200- to
300-bp intervals. Templates for these reactions were
cosmid and YAC clones and human genomic DNA. PCR
products were obtained in all cases, including those
that span the largest intron of 11 kb. An example is
shown in Fig. 1. In the large majority of cases, PCR
products of the same size were obtained with all tem-
plates, and those obtained from genomic DNA were
used for sequencing the exon—intron junctions. Follow-
ing initial reactions, new primers were designed as
needed, based on the evolving knowledge of the gene
structure. Exon—intron boundaries were determined at
the sites where genomic and cDNA sequences diverged.
Typical splice acceptor and donor sequences were found

GENOMICs 33, 317-320 (1996)

ARTICLE NO. 0201

0888-7543/96 $18.00

Copyright © 1996 by Academic Press, Inc.

All rights of reproduction in any form reserved.



TABLE 1

Exon-Intron Organization of the ATM Gene

Exon Exon Exon Size of
Exon first length last 3" intron
No. 5’ intronic sequence base® (bp) base® 3’ intronic sequence (kb)
1aP —-915 AGGTAG 120 GCAGTG 796 gtaggggcgcggaggcaacgcageggctte 0.18
1bP —795 TCCTCC 634 TTTGAG —162 gtatgagcggaagaagagatatcaggagac 0.09
2 tgatcattgctaacatttgctgtgtttcag —-161 GCACTG 43 ATAGAG —119 gtaggtactagtattgtttttccttttatc 0.65
3 ttttctattactgtgtttttgtttcctcag —-118 AGGCAT 88 ATGAGG —31 gtaggatttgtatctgtttagttcattatt 2.75
4 tatatatacctatatgtattttttttacag —30 ACAGTG 102 CGAAAG 72 gtagtaaattacttaaattcaatttttcct 0.08
5 aacccattattatttcctttttattttcag 73  AAAGAA 113 TTTTAG 185 (gtattctattcaaatttattttactgtctt 1.30
6 tttctgaaattgcattttgttttcttgaag 186 ATTTTT 146 ACAGAA 331 gtaagtgatgttataaattataaataaatggc 6.35
7 gtttttctttatttgtttattttgaaatag 332 GAGCAC 165 GGTTAG 496 gtatgttttgaaggttgttgtttgtgaattttt 8.10
8 catgactaataatttttttttttttttaag 497 AATTGT 166 TGCGAG 662 gtaatctaatctctttttcttttgttttgt 0.67
9 cccagttgagcttgtttgtttcttcacag 663 ACAAGA 239 AAAAAG 901 gtataaaggaaatgtttactgttttgaattt 1.94
10 aaaaattacattttaattttttggattacag 902 GTGCTT 164 CACCAG 1065 gtacagtaagtaggtcatgtcacatttaga 1.80
11 gaaaaaagtggatttatttttattttacag 1066 GTTTTT 170 GCCTTG 1235 (gtaaagtgttaccattttctcattcagtgt 1.60
12 ttcaaattatccttttttttttttttttag 1236 GCTACA 372 TTCATG 1607 gtaagttcagcatgcattatgtctgactta 0.80
13 ttttcacaattgtcctttgttttgttatag 1608 TCCTGC 195 TCACAG 1802 gtaatttaagttcattagcatgctgctgtt 0.80
14 ctaagtgaagctttttgtttttctttgtag 1803 TAATTT 96 AGAATG 1899 gtatgttatctaataatgctctttatcatt 0.90
15 ttatatattaaagatcttactttcttgaag 1899 TGAACA 226 TCTGAG 2124 gtgagattttttaaaaaaagaactaagctt 2.20
16 tatatatttttatttgtggtttactttaag 2125 ATTACA 126 GCCAAC 2250 gtaggagaatttatactaataaagtttcgg 1.15
17 aatttgcatttttccttctattcacaatag 2251 TCTCTA 126 ACCAAG 2376 gtaagattttcttcttcttgttttgttttt 1.40
18 ttgcttggttctttgtttgtcttaattgcag 2377 AAGAGT 90 AGTTTA 2466 gtaagtatgcttcctgttttgctatcatat 8.10
19 cttgaacatctttgtttctcttccttgaag 2467 GCATCC 172 CCATAG 2638 (gtaaatacatatttactacttgggatttct 1.10
20 ttagtgttaatgagtgctttttatttttag 2639 GTGCCA 200 CATATG 2838 gtgagttacgttaaatgaagaagctcttgg 2.50
21 cctgatttttttccctcctaccatcttag 2839 TATCTA 83 ACTATC 2921 (gtaagaaattaaaaccttatgttatgttca 0.10
22 aagttgaactttttttttttttttaccacag 2922 CAATGT 156 ATTTTG 3077 gtaggtacagtctattttgtggtcctatt 1.20
23 tttaactttggaaaacttacttgatttcag 3078 GCATCT 76 CTTGAG 3153 gtgagtttttgcatttttttagtaagatct 0.10
24 tcatatttaaccacagttcttttcccgtag 3154 GCTGAT 131 CAATAG 3284 gtaatgggtcaaatattcatgaagtatttg 7.00
25 tttgtttgtttgtttgettgcttgttttaag 3285 ATTGTT 118 GAAATG 3402 gtaattttaagtaacatgtatttgctgtta 1.30
26 ttacaatttttttttaaatttctttttaag 3403 TCCCAT 174 AAAAAG 3576 gtatatatggatgagtattttattagaagc 1.50
27 cttaacacattgactttttggttcgtgcag 3577 GTTTTA 170 CTATAG 3746 (gtaagtttatacatgacatatgtgaaattt 1.35
28 aacctgtatattttaaatttttctatttttag 3747 ATCTTG 247 AAACAG 3993 gtatggcttcaatttttatgtacttttcat 3.12
29 taaatatattttaattttgtgcccttgcag 3994 ATTGAT 116 TTCAGG 4109 gtatgtacattttaaacttagagaactagc 1.30
30 tgactgtattttttcccttaactctgttag 4110 GGATTT 127 AGCCCT 4236 gtaagtatacatgatgagtttaataataga 0.50
31 aagtttttactaaatctgtttattttctag 4237 GATTCC 200 CCAAAG 4436 (taaataacatatttagaccaatatataag 2.80
32 ttgttgttgtttttttttctccctatattag 4437 GCCTTC 175 AAACAG 4611 gtaattttctgactcatcttcaaaatggta 0.52
33 tataattttttctttttaaattatatttag 4612 GTATTG 165 TTGGAG 4776 gtaataaaaatttcatcatctactattttt 1.45
34 gttaaaagcaagttacattttctcttttag 4777 GAAATT 133 CTCAGG 4909 gtgctaattttaaatgacatgggctattt 2.25
35 ttaaactaatttttaaaaaattatttctag 4910 ATAATC 96 TTCTAG 5005 gtaaactacagtcatgcgctgcgtgacattt 2.35
36 actctactgaaatagaatttctatatgtag 5006 AGGCTG 172 AGATTG 5177 gtgagtatttattgataccttatatgtaat 1.76
37 cttgataggcatttgaattgtttttttcag 5178 TGTCAA 142 AAAAAG 5319 gtctcttaagtaataaatgtttattgaata 1.05
38 atttacattttctaatccctttctttctag 5320 TTTTTA 177 TGTGAA 5496 (gtaagaagattaattagtctgatataattc 1.65
39 tattgggtggatttgtttgtatattctag 5497 GTGAAA 178 ATTCAG 5674 gtattctattaaatttttaacattaatact 3.05
40 ggactgaggggagatatttttgtttgtcag 5675 AGTCAG 88 AAAGAG 5762 gtaatgtaatgagtgttgcttcttacgttt 2.15
41 tgaatgacattatatctcatttttctttag 5763 ACCTTC 156 GAAAAG 5918 gtaatggaatttagaatttttggtttttaa 2.10
42 cattaaaagaggtgttcttgtgacaaacag 5919 AAGTCT 88 TTACAG 6006 gtaaatattagaggctctattatttatgac 3.30
43 cttcaatttttgttgtttccatgttttcag 6007 GATCTT 89 TACTAG 6095 (gtaaattgcatttttctaaacaacggtatag 0.10
44 cccaaagctattttcacaatcttttcttatag 6096 ACTACG 103 ATTCAG 6198 gtacattttttcccagatttggtaaagcca 1.26
45 aacttaaaaacaaaataactcctgtttag 6199 GCCTTG 149 CGTCAG 6347 gtaagaaatttgacttgatttttttttttt 2.50
46 gtatatttttttctttgacttatctcacag 6348 CAAAGA 105 TGCCAG 6452 gtattatgaaaagacaaagttactgtatttt 1.25
47 tttcagagtgtcttttcttttttgctactag 6453 AGTAAA 120 CTCAAG 6572 gtatgtaattcgtatgactttgttatccta 4.00
48 cttacatgaactctatgtcgtggcattcag 6573 ATCAGT 235 ACTCAG 6807 gtaaatacaatttaaaactatgtcatctta 0.51
49 atttattcccatatgtcattttcatttcag 6808 CTCCCT 168 GCAGCG 6975 gtttgttttttttattggctggattagtgt 1.40
50 tatattttaagattttgcctttcttatacag 6976 AACAAT 114 GAAAAG 7089 gtaagatttttggagcaacccttaagatag 1.30
51 tataatttaaattggttgtgttttcttgaag 7090 GCAGTA 218 AAACAG 7307 gtaactaggtttctacaagtgacaatttta 1.00
52 ttgtgttttaccttaattattctatgcaag 7308 ATACAC 208 ATGAAG 7515 (gcaagtgttactcagcccaatattctacce 1.00
53 cttattttgtgtcttttttttaatggtag 7516 AGAGAC 114 AATAAT 7629 (gtaagtaaacctgaaaatcaaaccacaata 0.32
54 tgcataaatctaatagttcttttcttacag 7630 CTAATC 159 GATGAG 7788 gtatttggattaaacatacgtaccttttag 0.70
55 tatgtaatgttttttgttttttattaatag 7789 GATCGA 139 AGAGAA 7927 gtatgttttttttaaagaagaaacgttact 1.00
56 tcactaaaatctcttcatttttaaatacag 7928 AAGGCA 83 ATTAAG 8010 gtaatttgcaattaactcttgatttttttt 1.00
57 ctattatcaatcatgtttatacttttattag 8011 GTGGAC 141 GTTAAG 8151 gtgagccttcccttctectggettagecctt 0.80
58 acttgtttattcatgcttaattattctgaag 8152 GGCCGT 117 TATAAG 8268 gtaactatttgtacttctgttagttcacca 7.50
59 aattaaaaggtatttaatctgtaactccag 8269 GTGGTT 150 ATGATG 8418 (gtgagtgacacccaaaattaaaggttattg 2.40
60 aaaataattatatatattctctatttaaag 8419 GAGGTG 166 CTATTG 8584 gtaatcttcttgtacatatagtagattgag 1.40
61 tttcagattgtttgtttcttttttctccag 8585 TTGGTT 87 ATCTAG 8671 gtaagtaataaaatctatgtatctattctt 6.00
62 cctcctaacttcactgtattctttactttag 8672 GTGTTG 115 CAGAAG 8786 (gtaagtgatatgaagtaaaggagggaaat 1.00
63 atccgtatttataatgtgtttgactctag 8787 ATGCTG 64 GTAGAG 8850 (gtaaagtattttataaggaagactttatttt 11.00
64 cagatgttctctctgtttag 8851 GTCCTT 137 TCTCAG 8987 gtgagcagtattttaagaaggtcctgttgt 0.10
65 actgaaacctttgtgtttttgtccttag 8988 TGATAT  ~3800

@ The first nucleotide of the open reading frame was designated +1.

b 1a and 1b are alternative leader exons.
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FIG. 2. A schematic representation of the exon—intron organization of the ATM gene. Vertical lines denote the positions of the ATM
exons. The 3’ exon and all introns (except very small ones) are drawn to scale.

around these sites in all cases. During the search for
the A-T gene, six exons were isolated by exon trapping
(16) using the vectors pSPL3 (4) and \GET (10, 11).
Their boundaries coincided with those obtained by
long-distance PCR.

Parallel with these experiments, an effort was initi-
ated to sequence the entire ATM gene. The sequence
of several cosmids, spanning about 120 kb, has been
completed (unpublished data). Comparison of this ge-
nomic sequence to the cDNA sequence yielded exon
boundaries that coincided with those obtained by long-
distance genomic PCR.

The ATM gene is composed of 66 exons (Fig. 2 and
Table 1). The first two are alternative leader exons
and were designated la and 1b (K. Savitsky et al., in
preparation). The first methionine of the open reading
frame is located in exon 4, whereas the stop codon is
located in the 3’ and largest exon of 3.8 kb. This exon
includes a 3" UTR of about 3600 nucleotides. With the
exception of the 3’ exon, ATM exons range from 43 to
634 bp, with an average of 152 bp. The introns vary
considerably in size, from 100 bp to about 11 kb, with
the majority in the range 1-3 kb. The consensus dinu-
cleotides GT and AG were found at the donor and ac-
ceptor splice sites of all introns, except for a variant
donor site with a GC dinucleotide (reviewed in Ref. 9)
present in the intron 3’ to exon 52.

The ATM gene contains one of the largest numbers
of exons reported to date for a human gene. However,
these exons are spread over a relatively compact geno-
mic region of about 150 kb. The dystrophin gene, for
example, consists of 79 exons spanning 2.4 Mb of geno-
mic DNA (12), while the Huntington disease gene con-
sists of 67 exons spread over 180 kb (1).

This report demonstrates the use of genomic long-
distance PCR for rapid analysis of gene organization,
even when relatively long introns are involved. The
data presented here are indispensable for the amplifi-
cation of ATM exons from genomic DNA and should be
particularly useful for the identification of mutations
in splice junctions and in regulatory elements.
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