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Ataxia-telangiectasia (A-T) is an autosomal recessive neurological disorder caused by mutations in the ATM
gene. Classical splicing mutations (type I) delete entire exons during pre-mRNA splicing. In this report, we
describe nine examples of nonclassical splicing mutations in 12 A-T patients and compare cDNA changes to
estimates of splice junction strengths based on maximum entropy modeling. These mutations fall into three
categories: pseudoexon insertions (type II), single nucleotide changes within the exon (type III), and intronic
changes that disrupt the conserved 3’ splice sequence and lead to partial exon deletion (type IV). Four patients
with a previously reported type Il (pseudoexon) mutation all shared a common founder haplotype. Three
patients with apparent missense or silent mutations actually had type III aberrant splicing and partial deletion of
an exon. Five patients had type IV mutations that could have been misinterpreted as classical splicing
mutations. Instead, their mutations disrupt a splice site and use another AG splice site located nearby within the
exon; they lead to partial deletions at the beginning of exons. These nonclassical splicing mutations create
frameshifts that result in premature termination codons. Without screening cDNA or using accurate models of
splice site strength, the consequences of these genomic mutations cannot be reliably predicted. This may lead to
further misinterpretation of genotype—phenotype correlations and may subsequently impact upon gene-based

therapeutic approaches. Hum Mutat 23:67-76, 2004. © 2003 Wiley-Liss, Inc.
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DATABASES:

ATM - OMIM: 208900; GenBank: U82828.1;
ARG2 - OMIM: 107830; GenBank: NM_001172;
CFTR - OMIM: 602421; GenBank: NM_000492;

www.benaroyaresearch.org/bri_investigators/atm.htm (ATM mutation database); http://genes.mit.edu/burgelab/
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INTRODUCTION

Ataxia-telangiectasia (A-T, MIM# 208900) is an
autosomal recessive neurological disorder that is caused
by mutations in the ataxia-telangiectasia mutated
(ATM) gene [Boder and Sedgwick, 1958; Gatti et al.,
1991; Gatti et al., 2001]. ATM spans approximately 150
kb of genomic DNA; it contains 66 exons and a 9,168-bp
coding region [Savitsky et al., 1995; Uziel et al., 1996;
Platzer et al., 1997]. Most A-T patients inherit a
different mutation from each parent, i.e., they are
compound heterozygotes.

Because sequencing the large ATM gene is laborious
and costly, we use a series of screening tests for mutation
detection. Initially, cDNA is synthesized from lympho-
blastoid cell lines (LCLs) and analyzed by the protein
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truncation test (PTT) [Telatar et al., 1996]. If mutations
remain undetected, we continue to screen either gDNA
or cDNA by the SSCP assay [Castellvi-Bel et al., 1999].
Other labs have also used dHPLC [Thorstenson et al.,
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2001; Bernstein et al., 2003] or DOVAM [Buzin et al.,
2003] to screen for ATM mutations. Although these two
methods have reached the highest efficiency rates for
mutation detection, both use gDNA as a template and
do not detect unconventional splicing defects.

To date over 400 mutations have been described for
this gene, and they are observed over the entire coding
region with no true “hot spots” (www.benaroyaresearch.
org/bri_investigators/atm.htm) [Mitui et al., 2003]. In
A-T patients, most of these changes are predicted to give
rise to truncated proteins that are highly unstable,
effectively producing a null phenotype (~85%). How-
ever, a significant number of missense mutations have
been recorded (~10%) and recent data suggest that
many of these have dominant interfering effects [Scott
et al., 2002; Spring et al., 2002; Concannon, 2002].
Some of the mutations described below would not have
been detected at the gDNA level and, more importantly,
some would have been misconstrued to be missense
mutations.

Unconventional splicing defects often occur at exons
with weak homology to canonical splicing sequences.
Scoring all splice sites in the ATM gene with a splice-site
model that accounts for adjacent as well as nonadjacent
pairwise dependencies (maximum entropy [MaxENT]
website:  http://genes.mit.edu/burgelab/maxent/Xmax-
entscan_scoreseq.html) [Yeo and Burge, 2003] suggests
that many “weak exons” exist, making the gene more
susceptible to splicing mutations. In addition, these weak
exons may render the ATM gene especially amenable to
alternative splicing in various cell types. An under-
standing of such mechanisms may allow better inter-
pretation of genotype/phenotype relationships and may
impact upon subsequent gene-based therapies.

Herein we report a series of nonclassical splicing
mutations in the ATM gene. We describe three types of
nonclassical splicing mutations in 12 A-T patients, and
their consequences. We compare the MaxENT scores of
wild-type and mutant splice junctions to predict usage of
the splice site. Classical (type I) splicing mutations in the
ATM gene delete entire exons during pre-mRNA
splicing. Nonclassical type II splicing mutations introduce

cryptic or pseudoexons into the mRNA and have been
described previously by McConville et al. [1996] and
Pagani et al. [2002]. We have found three type III splice
mutations that would be incorrectly interpreted as
missense or silent mutations if cDNA changes were not
analyzed or if the newly created splice site were not
scored with the MaxENT model. Five new type IV
mutations have been analyzed that involve intronic
changes that delete only portions of exons. We provide
here the first comprehensive analysis of such splicing
mutations in the ATM gene.

MATERIALS AND METHODS
Subjects

We selected from our mutation inventory nine mutations in
12 A-T patients whose PTT truncation results did not appear
to be caused by classical exon skipping or whose genomic
mutations were suspected to involve aberrant splicing (Table 1).
The patients were representative of various ethnic groups:
German, Polish, Brazilian, Guatemalan, Hispanic American,
American, Costa Rican, Turkish, and Iranian. LCLs were
established for most patients so that both ¢cDNA and gDNA
could be analyzed.

Mutations

DNAs were prescreened by PTT using eight overlapping
cDNA regions; this only identifies mutations that lead to
premature termination codons (PTC) [Telatar et al., 1996, Den
Dunnen and Van Ommen, 1999]. SSCP prescreening followed;
this method efficiently identifies mutations in >70% of samples if
fragments are <300 nucleotides in length [Castellvi-Bel et al.,
1999]. Lastly, targeted regions of cDNA or gDNA were directly
sequenced in forward and reverse directions by automated
methods.

Mutation nomenclature follows that required by the journal.
The ¢cDNA numbering, where appropriate, is based on +1 being
the A of the initiation codon for GenBank sequence version

U82828.1.

Haplotypes. Standardized short tandem repeat (STR) haplo-
typing was used to identify founder effect haplotypes in patients
with type II mutation, IVS20-579delAAGT [Mitui et al., 2003].
Four markers were used: A4 (S1819), NS22, S2179, and A2
(S1818) [Rotman et al., 1994; Uhrhammer et al., 1995; Vanagaite

TABLE 1. A-T Patients With Non-Classical Splicing Defects in the ATM gene™

Proband Ethnicity Splicing mutation Type Consequence ATM protein levels (%)
GAT1 German IVS20-579delAAGT? II  Insertion of 65 nt between Ex 20 and 21 10
WAR28  Polish IVS20-579delAAGT II  Insertion of 65 nt between Ex 20 and 21 0
AT195LA Hispanic American IVS20-579delAAGT II  Insertion of 65 nt between Ex 20 and 21 NT
AT10LA  Guatemalan IVS20-579delAAGT II  Insertion of 65 nt between Ex 20 and 21 NT
CRAT [C] CostaRican 7449 > A (W2483X)>® III Deletion of last 70 nt of Ex 52 0
TAT [C] Turkish 7865C >T (A2622V)>® 11  Deletion of last 64 nt of Ex 55 0
IRAT9 Iranian 513C>T (Y171Y)>® Il Deletion of first 22 nt of Ex 8 0
AT201LA Hispanic American IVS29-IG>A IV Deletion of first nt of Ex 30 0
BRAT [T] Brazilian IVS11-2A >G IV Deletion of first 7 nt of Ex 12 0
AT202LA Caucasian American [VS37-5deITCTA? IV Deletion of first 7 nt of Ex 38 0
TIAT 28 Turkish IVS21-2A >G® IV Deletion of first 32 nt of Ex 22 0
GAT3 German IVS38-2A>C IV Deletion of first 61 nt of Ex 39 0

*Mutation nomenclature: nucleotide numbering is based on +1 being the A of the initiation codon for GenBank sequence version U82828.1.

2Mutation reported previously.
®Indicates homozygosity.
NT, not tested.



et al., 1995; Udar et al, 1999]. In addition, single nucleotide
polymorphism (SNP) haplotyping was performed, as described by
Campbell et al. [2003].

Maximum entropy scores. In order to estimate the strengths
of 5" and 3’ splice junctions in the ATM gene, splice site sequence
motifs were scored using the splice site models introduced by Yeo
and Burge [in press] and the software available at: http:/
genes.mit.edu/burgelab/maxent/Xmaxentscan_scoreseq—acc.html.
Briefly, splice site models that take into account adjacent
and nonadjacent dependencies are built under the MaxENT
framework using large datasets of human splice sites [Yeo and
Burge, in press]. These splice site models assign a log-odd ratio
(MaxENT score) to a 9-mer (5 splice site) or a 23-mer (3’ splice
site) sequence. The higher the score, the higher the probability
that the sequence is a true splice site. Also, it can be argued that
given two sequences of differing scores, the higher scoring
sequence has a higher likelihood of being used.

RESULTS

We analyzed nine examples of nonclassical splicing
mutations (type II, III, and IV) in 12 A-T patients.
Ethnicity, mutations, and consequences are listed in
Table 1, as well as ATM protein expression in LCLs from
these patients. We also tried to compare the strength of
splice-site junctions for wild-type and mutated ATM
sequences, as estimated by MaxENT scores, to actual
changes observed in cDNA for each mutation. As can be
surmised from the analyses below, MaxENT scores
generally correlated well with actual cDNA changes for
these splicing mutations, and appeared to provide a
possible alternative to cDNA analysis in interpreting
gDNA changes.

Weak Exons in the ATM Gene

MaxENT scores were calculated for each of the 5 and
3’ splice sites in the ATM gene (GenBank U82828.1)
and compared to those of ARG2 (MIM# 107830;
GenBank NM_001172) and CFTR (MIM# 602421;
GenBank NM_000492), two unrelated genes selected at
random (Table 2). This identified weak exons that might
be prone to splicing mutations or contain auxiliary
cis-acting splicing elements [Faustino and Cooper, 2003].
Note, for example, the weak splice sites at [VS1, IVS34,
IVS37, and IVS51. The ATM gene appeared to contain a
greater number of weak exons. The average MaxENT
scores for all 5’ splice sites in ATM was 7.74, as compared
with the MaxENT score averages of 9.63 for ARG2 and
8.59 for CFTR. The 3’ splice sites of ATM are only
slightly weaker in comparison: MaxENT average of 7.46
for ATM vs. 8.76 and 8.60 for ARG2 and CFTR,

respectively.

Type II (Pseudoexon) Splicing Defects

Mutation IVS20-579del AAGT, found in four patients
of diverse ethnicity, defined a new intronic splicing
processing element (ISPE) within intron 20 [Pagani et al.,
2002]. This mutation deletes part of a Ul snRNA
binding site, which normally suppresses the retention of a
65-nucleotide segment in intron 20 during pre-mRNA
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splicing. When the Ul snRNA cannot bind, a pseudoex-
on is retained in the cDNA. This ultimately leads to a
frameshift and PTC downstream and truncates the ATM
protein (Fig. 1).

Pagani et al. [2002] first described the IVS20-
579delAAGT mutation in a German A-T patient
(GAT1). We have detected the same mutation in three
additional unrelated A-T families of Polish, Hispanic-
American, and Guatemalan backgrounds. All four
patients carry this mutation on the same SNP H2
haplotype. The Polish patient’s STR haplotype is
identical to the original patient; however, the two New
World A-T patients have a slightly altered allele at
S2179, probably reflecting polymerase slippage during a
previous generation. The other alleles are identical,
suggesting that IVS20-579delAAGT can be traced to a
common ancestor and represents a single mutational
event (Fig. 2) [Campbell et al., 2003; Mitui et al., 2003].
LCLs from two of the four patients were deficient in the
expression of ATM protein and were radiosensitive by
colony survival assay [Huo et al., 1994; Sun et al., 2002]
(data not shown).

Type III (Exonic) Splicing Defects

We reanalyzed three mutations that had been
misinterpreted as missense or silent changes. These
single nucleotide changes, which occur within exonic
regions, did not appear to involve exonic splicing
enhancer (ESE) motifs for SR proteins SF2ZASE SC35,
SRp40, SRp55 (http://exon.cshl.edu/ESE/) (data not
shown). After cDNA and MaxENT analyses, these
mutations are now interpretable as nonclassical type III
(exonic) splicing mutations.

The mutation 7449G>A (W2483X) is found on the
CRAT [C] haplotype and has been observed in
approximately 13% of Costa Rican patients [Telatar
et al., 1998b]. It results in a deletion of the last 70
nucleotides of exon 52. It converts the low-scoring
hexamer GTGGGT sequence (MaxENT = —0.50) to the
high scoring GTGAGT (5.56) and competes as a 5’ splice
site with the normal, but weak GCAAGT (3.24) (Fig. 3a).

The mutation 7865C>T (A2622V) is found on the
TAT [C] haplotype and has been identified in approxi-
mately 4.5% of Turkish patients [Teraoka et al., 1999]. It
deletes the last 64 nucleotides of exon 55. It converts a
GCACTT. (MaxENT=0.07) to a GTACTT (Max-
ENT =7.82) and competes as a 5’ splice site with the
normal GTATGC (MaxENT=6.97). This effect on
aberrant splicing was confirmed in LCLs from different
A-T patients who were homozygous for the 7865C>T
(A2622V) mutation (Fig. 3b).

A third example of a type III (exonic) splicing
mutation, 513C>T (Y171Y), was found in the homo-
zygous patient, IRAT9. It converts the ACTTCAG
heptamer (MaxENT=8.54) to ATTTCAG (Max-
ENT =10.42), which then competes more readily as a
3’ splice site with the normal TTTTAAG (Max-
ENT=17.84). This gDNA change deletes the first 22
nucleotides of exon 8 in the cDNA (Fig. 3c).



70 ENGETAL.

TABLE 2. Strength of Splice Junctions (Maximum Entropy)*

A. ATM exons
IVS 5'SS 3’'SS IVS 5’'SS 3’'SS IVS 5’'SS 3'SS
1 4.20 —19.92 23 10.03 8.27 45 10.77 792
2 8.55 8.29 24 7.57 743 46 7.26 7.83
3 6.45 8.35 25 6.49 790 47 9.76 6.70
4 5.69 9.72 26 7.84 8.52 48 8.76 817
5 4.57 6.72 27 9.66 994 49 4.02 9.04
6 9.82 719 28 9.99 11.38 50 10.57 701
7 7.76 7.84 29 8.34 5.58 51 8.63 1.87
8 7.05 942 30 7.52 10.50 52 3.24 6.03
9 7.08 7.63 31 8.88 9.92 53 8.62 6.96
10 8.68 10.82 32 8.55 8.27 54 7.63 9.87
11 4.05 12.11 33 796 11.06 55 6.97 5.38
12 11.01 9.78 34 —-2.26 5.52 56 8.83 711
13 8.55 8.85 35 5.88 246 57 9.60 497
14 8.35 2.57 36 9.27 8.39 58 9.01 6.65
15 7.66 5.66 37 0.90 8.60 59 10.13 6.53
16 945 6.62 38 6.42 10.05 60 3.39 10.09
17 10.57 8.06 39 6.49 490 61 9.66 8.74
18 779 8.81 40 873 8.80 62 11.00 8.29
19 6.62 9.90 41 899 3.03 63 8.27 11.33
20 10.13 8.07 42 8.76 1044 64 9.60 1046
21 6.29 8.55 43 6.62 844
B. ARG2 exons
IVS 5'SS 3’'SS
1 9.22 490
2 10.24 7.95
3 9.88 7.90
q 8.68 11.34
5 949 7.35
6 10.08 12.59
7 9.80 9.29
C. CFTRexons
VS 5'SS 3’'SS IVS 5’'SS 3’'SS IVS 5’'SS 3’'SS
1 911 9.32 10 9.88 510 19 6.99 912
2 7.83 12.20 11 8.88 799 20 10.47 8.97
3 849 940 12 9.79 750 21 6.65 12.30
4 6.97 12.13 13 7.84 6.62 22 9.60 8.27
5 6.13 416 14 11.08 9.58 23 10.28 11.27
6 9.35 9.58 15 8.40 10.92 24 8.31 7.09
7 8.63 8.65 16 8.17 706 25 10.27 9.87
8 7.66 5.66 17 744 947
9 8.56 7.84 18 8.04 4.89

*Ideal splice site scores: 11.81 (5’SS) and 13.59 (3'SS).

Type IV (Intronic) Splicing Defects

Type IV (intronic) splicing mutations would be
interpreted as classic (type I) splice defects if only gDNA
were sequenced; however, further analyses demonstrated
that these mutations do not involve exon skipping but
instead result in the activation of new 5’ or 3’ splice sites
and only partial exonic deletions.

The mutation IVS29-1G> A, identified in a Hispa-
nic-American patient, disrupts the original 3’ splice site
and activates a cryptic splice site only one nucleotide
downstream of the mutation site. This change causes the
deletion of the first nucleotide of exon 30 and leads to a
frameshift (Fig. 4a).

The mutation IVS11-2A>G was observed in two
ostensibly unrelated Brazilian A-T patients [Coutinho

et al., in press]. It disrupts the original 3’ splice site and
activates a new cryptic 3’ splice site seven nucleotides
downstream of the mutation site, resulting in the
deletion of the first seven nucleotides of exon 12 and a
frameshift (Fig. 4b). Both patients shared the same
haplotype.

The mutation IVS37-5delTCTA was previously
reported by Gilad et al. [1996] in an American patient
(AT2SF) as the cDNA change 5320del7. We observed
the same change in another American A-T patient
(AT202LA) (Table 1). In gDNA, the mutation deletes
part of the intronic 3’ AG splice site. The cDNA
showed that the mutation leads to splicing at another
nearby downstream AG within the exon, resulting in
the deletion of the first seven nucleotides of exon 38

(Fig. 4c¢).
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Type Il (pseudo-exon) Splicing Mutation

Exon 20

V520 — 579 del AAGT

l

ins 65 nt

1861nt

524nt

Intron 20

atgattatctotgctttocaaaattcattaatagttttoaaccac tggt
ctattatccccaagrattatt ttydyagagtygayac ttac agrt tcocady
aatcttgcbcaagctottaac tgoaacagtggtaataatas tocat ttat
tgaattoccacaatagaagotagacttitacgtttattttctotaatect
cacagttatctggcoccaggtaagtgatatatcttcact ctac tyat gagy
gtacgaagygcoct agat gacataaggcaagttttttaccagaasagtta
aggctgtggtactgggatttgaatttictgtttgact tcaaagcc Lttt
grttttactatacacctottaaaratttacagc Lytyrytyryrgrgta
Cytytygtycatgratgaatttatyrttatatac ttasaaaaaatt it

Exon 21

FIGURE 1. Typell (pseudoexon) splicing mutation IVS20-579delAAGTresults in the insertion of 65 nucleotides between exons 20 and
21 in the cDNA. Adjacent sequences are shown at bottom,; the retained intronic sequences are underlined and the genomic deleted

sequences are shaded. [Color figure can be viewed in the online issue, which is available at www.interscience.wiley.com.]

GAT1
STR haplotype Ad 131
NS22 165
52178 138
A2 160
SNP haplotype H2
Ethnicity German
Haplovariant A

WAR26 AT195LA ATI10LA

131 131 131

165 165 165

138 141 141

160 160 160

H2 H2 H2

Polish Hispanic Guatamalan
A B B

FIGURE 2. Comparison of haplotypes for four patients with IVS20-579delAAGT. [Color figure can be viewed in the online

issue, which is available at www.interscience.wiley.com.]

The mutation IVS21-2A>G was found in a homo-
zygous Turkish patient. It disrupts the 3’ AG splice site,
instead using the next downstream AG, which is in the
exon. This results in the deletion of the first 32
nucleotides of exon 22 (Fig. 4d).

The mutation IVS38-2A>C was identified in a
heterozygous German patient. Analysis of cDNA showed
that it leads to splicing at a downstream AG within the
exon, resulting in the deletion of the first 61 nucleotides
of exon 39. It is interesting that in this case the next
potential downstream AG site after the mutation was

skipped over and not used; this would have resulted in an
in-frame deletion of only 21 nucleotides (Fig. 4e).

DISCUSSION

Splice site consensus sequences are located at exon—
intron junctions and are conserved phylogenetically
[Shapiro and Senapathy, 1987; Cartegni et al., 2002].
Each nucleotide in the splice site motif has a differing
rate of variance, with the 5 GT and the 3’ AG motifs
being the most highly conserved. Recognition of such
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1 .
TEES C>T (ATGI7V)
Exon 55

CATCRARCACAGE D TR ARATAGAA TAATATOTAC
TATCAGALGTAGGAGKL CTCAGATEGTCAGAAGTS
TTOARGCACTTTGTGAT GCOTTATATTATATIAGER
AACTTAGATGOCCACTCAGTGORAGA CTCAGADALY
TACHLCLCCCLCAAANSSYaa Ayt CAILTTITTY

U] —

homomgous  —a
dalaticn of 64 nt

by

| Type Il (exonic) Splicing Mutation|

nonmal
R mozwgous
deletion of 22 nt

(c)

FIGURE 3.

new 3" A4G splice site

A|frrcn=§ Exon 8

513 C>T [v171Y)

[Eicnan B

CLLCCCAMARTT FTTC TCTETCTANTICAE
GCTCTATCTGARACCTTCACAAGATGTTCAT
AGACTTTTAGTOGCTRGAATAATTCATGCTE
TTACCAMAGGATGCTGTTCTC AGAL TGAC G
ATTARATTC CARATTTTTRRACTTTTTTTCL
AAGGCTATTCAGTGTSC GAR

a:Type III (exonic) splicing mutation 7449G >A (W2483X) results in the deletion of the last 70 nucleotides of exon 52,

most likely due to the increased splicing efficiency of GTGAGT over GTGGGT or GCAAGT. Adjacent sequences are shown at bottom
right, with the deleted nucleotides underlined and the mutated site shaded. An agarose gel showing the homozygous cDNA deletion of
70 nucleotides is shown at bottom left. b:Type Il (exonic) splicing mutation 7865C >T (A2622V) results in the deletion of the last 64
nucleotides of exon 55, most likely due to the increased splicing efficiency of AG/GTACTT over AG/GCACTT or AA/GTATGC. Adja-
cent sequences are shown at bottom right with the deleted nucleotides underlined and the mutated site shaded. An agarose gel show-
ing the homozygous cDNA deletion of 64 nucleotides is at bottom left. c: Type III (exonic) splicing mutation 513C >T (Y171Y) results
in the deletion of the first 22 nucleotides of exon 8, most likely due to the increased splicing efficiency of ATTTCAG overACTTCAG or
TTTTAAG. Adjacent sequences are shown at bottom right, with the deleted nucleotides underlined and the mutated site shaded. An
agarose gel showing the homozygous cDNA deletion of 22 nucleotides is at bottom left. [Color figure can be viewed in the online

issue, which is available at www.interscience.wiley.com.]

motifs is important for understanding splicing mechan-
isms and helps to predict the consequences of changes
identified in genomic DNA.

The ATM gene has many exons. We attempted to
analyze the relative strength of the splice sites for each
exon using newly-available software developed by Yeo
and Burge [2003] (Table 2). The ideal MaxENT score is
11.81 for a 5 splice site and 13.59 for a 3’ splice site.
Theoretically, the larger the MaxENT value, the more
efficient the splicing. The estimated MaxENT average
for all the 5 splice sites in ATM was 7.74. When
compared with the MaxENT score averages of ARG2
(9.63) and CFTR (8.59), this lower average suggests that
weak 5’ splice sites exist in the ATM gene and implies a

susceptibility to both splice mutations and to physiolo-
gical alternative splicing. Furthermore, exons with weak
splice sites have been predicted to contain more
abundant auxiliary cis-elements, such as ESEs and ISEs
[Faustino and Cooper, 2003], perhaps allowing for even
more intricate regulation of alternative splicing.

We describe herein a group of nine nonclassical
mutations in the ATM gene in 12 A-T patients
(Table 1). The mutations have been grouped into three
subtypes: type II, type III, and type IV. A maximum
entropy model [Yeo and Burge, in press] was used to
estimate the strengths of new splice sites created by these
mutations as a partial explanation for the splices
observed.



Type Il (pseudoexon) splicing mutations occur in the
deep intron and involve the insertion of a pseudoexon at
the cDNA level [McConville et al., 1996; Pagani et al.,
2002]. We observed three patients (AT195LA, WAR2S,
and AT10LA) with the same type II IVS20-579del-
AAGT mutation that Pagani et al. [2002] described in
a German patient (GAT1). All four patients had
identical H2 SNP haplotypes. The STR haplotypes were
similar but not identical (Fig. 2). Human migration
patterns would suggest that the German and Polish
haplotypes are ancestral to the haplovariants of the
Guatemalan and Hispanic-American patients [Underhill
et al., 2001; Campbell et al., 2003].

Type III (exonic) splicing mutations involve mutations
that lie within the coding region. Some of these are easily
misinterpreted as missense mutations. This distinction
becomes especially important because ATM missense
mutations have been associated with cancer as well as
with milder A-T phenotypes. Interestingly, missense
mutations constitute only ~10% of mutations in A-T
patients but are far more frequent in breast cancer
patients, some of them creating dominant interfering
effects [Gilad et al., 1998; Stankovic et al., 1998;
Gatti et al., 1999; Li and Swift 2000; Chenevix-Trench
et al., 2002; Scott et al., 2002; Spring et al., 2002;
Concannon, 2002].

The type Il mutation, 7449G> A, deletes the last
70 nucleotides of exon 52. The normal 5’ splice site
of intron 52 is predicted to be weak, with a MaxENT
of 3.24 (Fig. 3a). The normal intronic sequence is
GCAAGT, instead of the highly conserved GTAAGT.
The G> A mutation at 7449 creates a new and stronger
5" splice site motif upstream within the exon, becoming
GTGAGT, with a MaxENT value of 5.56. Although the
new site contains an AT in the exonic sequence
preceding the splice junction (shown at the lower right
in Fig. 3a), instead of the highly conserved AG, the new
AT/GTGAGT splice site is still considerably stronger
than the original (5.56 vs. 3.24). We postulate that if this
mutation occurred in a strong exon (i.e., in an exon with
a strong 5 splice site motif), this change would be
unlikely to result in aberrant splicing or disease because
the original 5’ splice site would have had a higher 5’
splice site MaxENT score and, thus, would have been
used preferentially,. On the other hand, Shapiro and
Senapathy [1987] suggested that 5’ splice sites, which do
not contain GT, might involve special recognition
mechanisms for gene regulation or cell differentiation.

Another type III (exonic) splicing mutation,
7865C>T, appears at first to be a missense muta-
tion (A2622V). However, in reality it causes the deletion
of 64 nucleotides at the end of exon 55 (Fig. 3b). The
normal 5" intronic donor splice site of exon 55 (AA/
GTATGC) is weakened by the presence of a Tat position
four (underlined) instead of the conserved A. It is further
weakened by the exonic AA, which differs from the
highly conserved AG. The 7865C > T mutation creates a
new 5 splice site upstream within exon 55, with the
motif, AG/GTACTT. Although this new site is not much
stronger (MaxENT of 7.82, versus 6.97), it is apparently
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strong enough in this A-T patient to bypass the normal 5’
splice site and use the new splice site within the exon,
thereby causing an out-of-frame deletion, truncating the
protein, and causing disease.

The last type III mutation is 513C>T. This genomic
change preserves the amino acid codon, thus suggesting
that it is a silent change (Y171Y) [Sandoval et al., 1999].
However, cDNA analysis indicated that, more impor-
tantly, the mutation results in the aberrant splicing
within exon 8. The change creates a polypyrimidine
tract, which typically precedes a 3’ splice site, and
induces the usage of a new intronic 3’ splice site using a
nearby downstream AG. The normal 3’ splice site has a
MaxENT score of 7.84, while the new 3’ splice site has a
score of 8.54 when not mutated and a MaxENT score of
10.42 when mutated. In the absence of RNA, it may be
possible to utilize MaxENT scores to analyze nearby
splice sites for interpreting potential type III splicing
mutations.

Type IV (intronic) splicing mutations are somewhat
difficult to describe succinctly in the absence of a
subtype classification. They are also easily misinter-
preted as classic splicing mutations that would delete
an entire exon unless mRNA/cDNA were analyzed.
Instead, they lead to partial deletions of exons. The
IVS29-1G > A mutation disrupts the 3’ conserved splice
site sequence where the normal AG is mutated to an
AA. However, the first nucleotide of exon 30 is a G,
creating another 3’ splice site by using the mutated A
from the intron and the G in the exon. The mutation
then deletes the first nucleotide of exon 30, causing a
frameshift.

In the cases of type IV mutations IVS11-2A>G,
IVS37-5delTCTA, IVS21-2A>G, and IVS38-2A>C,
AG sites downstream of the normal 3’ splice sites were
used. Typically, the next AG site is located 35-40
nucleotides away from the 3’ splice site, with less than
2% of species genomes containing an AG within 10
nucleotides of the 3’ splice site [Shapiro and Senapathy,
1987]. Despite this rule, in both IVS11-2A>G and
IVS37-5delTCTA mutations, AG sites were present
within six nucleotides. In the case of IVS38-2A >C, an
AG site at position 20 with a MaxENT of 2.51 was
bypassed; use of this site would have resulted in the in-
frame cDNA deletion of 21 nucleotides. Instead, 61
nucleotides are deleted by the usage of the next AG site
further downstream, with a MaxENT of 2.59. The
mechanism for how one AG is selected over another
within the exon is unclear. These limited data suggest
that small in-frame deletions that result from type IV
splicing mutations may produce a milder phenotype that
is not recognizable as A-T. If true, a possible therapeutic
approach in a patient with the IVS38-2A > C mutation
might be to encourage the use of the bypassed AG
splice site.

Splicing mutations are a prevalent and important
class of mutations in A-T patients [Teraoka et al., 1999].
They are difficult to predict without analyzing mRNA/
cDNA. The exact mechanism of a mutation may
prove to be important in predicting the effects of
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future therapeutic agents on specific A-T patients,
such as in the possible use of complementary Ul
snRNPs [Pagani et al.,, 2002] or in the use of agents
that effect read-through of PTCs [Howard et al., 2000;
Lai et al., 2003]. We conclude that the ATM tran-
script is susceptible to aberrant splicing, which can be
induced by subtle sequence alterations. This requires
that cDNA analyses be performed whenever missense
or silent variants are encountered. Maximum en-
tropy analysis also appears to be informative and
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may offer an alternative to cDNA studies in some
circumstances.
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