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Abstract
The functional consequences of missense variants are often difficult to predict. This becomes
especially relevant when DNA sequence changes are used to determine a diagnosis or prognosis. To
analyze the consequences of twelve missense variants in patients with mild forms of ataxia-
telangiectasia (A-T), we employed site-directed mutagenesis of ATM cDNA followed by stable
transfections into a single A-T cell line to isolate the effects of each allele on the cellular phenotype.
After induction of the transfected cells with CdCl2, we monitored for successful ATM transcription
and subsequently assessed: 1) intracellular ATM protein levels, 2) ionizing radiation (IR)-induced
ATM kinase activity, and 3) cellular radiosensitivity. We then calculated SIFT and PolyPhen scores
for the missense changes. Nine variants produced little or no correction of the A-T cellular phenotype
and were interpreted to be ATM mutations; SIFT/PolyPhen scores supported this. Three variants
corrected the cellular phenotype, suggesting that they represented benign variants or polymorphisms.
SIFT and PolyPhen scores supported the functional analyses for one of these variants (c.1709T>C);
the other two were predicted to be “not tolerated” (c.6188G>A, and c.6325T>G) and were classified
as “operationally neutral”. Genotype/phenotype relationships were compared: three deleterious
missense variants were associated with an increased risk of cancer (c.6679C>T, c.7271T>G and c.
8494C>T). In situ mutagenesis represents an effective experimental approach for distinguishing
deleterious missense mutations from benign or “operationally neutral” missense variants.
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INTRODUCTION
With the growing awareness that a large gene can have hundreds of potential single nucleotide
polymorphisms (SNPs) and that ~10% of these will be nonsynonymous missense variants,
classifying them into deleterious or benign (or at least “operationally neutral”) is important --
especially when DNA sequencing is part of a diagnostic process. In these studies, we have used
DNA variants in the ATM gene as a target of opportunity for comparing computational models
to functional studies of stable transfectants.

Loss of ATM function causes the early-onset autosomal recessive disorder, ataxia-
telangiectasia (A-T) (MIM# 208900), associated with cerebellar degeneration, hypersensitivity
to ionizing radiation (IR), genomic instability, immunodeficiency, and cancer susceptibility
(Gatti et al., 1991; Gatti et al., 2001; Perlman et al., 2003). Heterozygotes are also at an
increased risk of cancer (Swift et al., 1991; Savitsky et al., 1995; Vorechovsky et al., 1996;
Concannon and Gatti, 1997; Gatti et al., 1999; Izatt et al., 1999; Chenevix-Trench et al.,
2002; Concannon, 2002; Sommer et al., 2003; Thorstenson et al., 2003; Tamimi et al., 2004;
Olsen et al., 2005; Bernstein et al., 2006; Renwick et al., 2006) and have reduced levels of
intracellular ATM protein (Chun et al., 2003). Following DNA damage or perturbations of
chromatin, ATM autophosphorylates serine residues S367, S1893, and S1981, and activates
numerous downstream targets, including p53, CHK1, CHK2, MDM2, BRCA1, NBS1, ATX/
SMG1, NFKB, FANCD2, SMC1, RAD17, RAD9, and H2AX (Savitsky et al., 1995; Kim et
al., 2002; Bakkenist and Kastan, 2003; Chun et al., 2003; Shiloh, 2003; Abraham, 2004; Ali
et al., 2004; Kurz and Lees-Miller, 2004; Kozlov et al., 2006; Linding et al., 2007; Matsuoka
et al., 2007). Through these cascading pathways, ATM serine/threonine kinase impacts upon
cell cycle checkpoints, oxidative stress, transcription, nonsense mediated decay, apoptosis, and
radiosensitivity (Lavin et al., 2006). In addition, recent studies show that ATM is necessary
for efficient retroviral infection (Lau et al., 2005; Ariumi and Trono, 2006; Shin et al., 2006).

Approximately 90% of A-T patients are compound heterozygotes, carrying null mutations that
result from either splicing aberrations, nonsense mutations, or small frameshifting insertions
or deletions (McConville et al., 1996; Stankovic et al., 1998; Sandoval et al., 1999; Mitui et
al., 2003; Mitsui et al., 2004; Babaei et al., 2005; Birrell et al., 2005; Cavalieri et al., 2006). In
general, null mutations are associated with rapid progression of neurological symptoms and a
severe phenotype. In contrast, milder phenotypes have been observed in patients carrying
missense mutations, with small but detectable amounts of ATM protein (Gilad et al., 1998;
Stankovic et al., 1998; Toyoshima et al., 1998; Sandoval et al., 1999; Becker-Catania et al.,
2000; Stewart et al., 2001; Saviozzi et al., 2002). However, it is often difficult to distinguish
deleterious missense mutations from benign nonsynonomous polymorphisms (Cooper et al.,
2003; Greenblatt et al., 2003; Goldgar et al., 2004; Bao and Cui, 2005; Chan et al., 2007). This
becomes clinically relevant when trying to identify ATM mutations in patients with mild
symptoms.

Due to the large size of the ATM gene (62 coding exons, 3,056 aa), it has been difficult to
manipulate in the laboratory and the instability of full-length cDNA constructs has been a major
obstacle to performing ex vivo functional analyses. Two groups have successfully inserted full-
length ATM cDNA into Epstein-Barr (EBV)-based vectors (Zhang et al., 1997; Ziv et al.,
1997; Scott et al., 2002). Zhang et al. (1997) designated their construct pMAT1. We have used
this system to introduce 12 missense changes, found in A-T patients with mild or late-onset
symptoms, into pMAT1 and transfected each plasmid into an A-T lymphoblastoid cell line
(LCL). After CdCl2 induction, transfected cells were monitored for: 1) ATM transcript, 2)
ATM protein expression, 3) ATM kinase function, and 4) radiosensitivity, as a means of
evaluating genotype/phenotype associations in these patients. These data also offered a unique
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opportunity to compare SIFT (sorting intolerant from tolerant) and PolyPhen scores for ATM
against the functional and clinical data.

MATERIALS AND METHODS
Cell Culture

Patient blood samples and phenotypes were collected according to approved protocols.
Peripheral blood lymphocytes were transformed by EBV. The LCL AT7LA (a.k.a.
GM00717A) was used for most transfections; it was derived from an A-T patient with classic
phenotype, carrying a homozygous c.1563_1564delAG mutation. It produces no detectable
ATM protein by conventional immunoblotting (Chun et al., 2003). The cells were maintained
in RPMI 1640 medium with 15% fetal bovine serum (Cyclone, Logan, UT) and 1% penicillin/
streptomycin/glutamine (Invitrogen, Carlsbad, CA) in an atmosphere of 5% CO2 at 37°C.

Site-Directed Mutagenesis
To introduce various changes into the full-length ATM cDNA plasmid construct, pMAT1, we
used QuikChange™ XL Site-Directed Mutagenesis Kit (Stratagene, La Jolla, CA) according
to the manufacturer’s protocol, with several modifications. Briefly, the PCR amplification
mixture contained 80 ng plasmid DNA, 0.2 μM of each primer, 3.75 U PfuTurbo DNA
polymerase, 1x reaction buffer, 1 μl of dNTP mix, and 3 μl of QuikSolution from the kit in a
total volume of 50 μL. The PCR product was digested with DpnI (20 U/50 μl) for 3 hr at 37°
C, ethanol precipitated, and the resuspended pellet was transformed in 45 μl of the XL10-Gold
ultracompetent cells supplied with the kit. All constructs were in an EBV-based episomal vector
under the control of a cadmium chloride-inducible (CdCl2) metallothionein promoter II (Scott
et al., 2002).

Transfection of Human A-T Lymphoblastoid Cells
Ten million AT7LA cells were transfected with 15 μg of either pMAT1 or mutagenized
expression construct, using electroporation (250 V, 1,180 μF) in a Cell-Porator (Invitrogen).
After electroporation, cells were resuspended in 7 ml growth media and incubated at 37°C and
5% CO2. Selection of resistant cells was performed 72 hr after transfection with 0.2 mg/ml
Hygromycin B (Roche Applied Science, Indianapolis, IN). Stably transfected cells were
obtained within 3 to 4 weeks after transfection.

Real-Time PCR
The ATM mRNA levels (including mutated endogenous and transfected exogenous) were
measured by real-time PCR based on TaqMan Gene Expression Assays (Applied Biosystems,
Foster city, CA). The cDNA levels of glyceraldehydes 3-phosphate dehydrogenase (GAPDH)
were used to normalize the ATM cDNA levels. Oligonucleotide primers and TaqMan probes
for ATM and GAPDH were purchased from Applied Biosystems (ATM ID number:
Hs00175892_m1 GAPDH: Hs99999905_m1). Reverse-transcription reactions were catalyzed
by Superscript III reverse transcriptase (Invitrogen). PCR was performed in an ABI PRISM
7700 sequence detection system (Applied Biosystems) using an amplification protocol
consisting of an initial denaturation and enzyme activation at 95°C for 10 min, followed by 40
cycles at 95°C for 15 sec and 60°C for 1 min. For each sample, two independent RNA
extractions were analyzed, with each corresponding cDNA analyzed in duplicate on the same
plate. Quantitative real-time PCR results of transcripts were expressed as ATM/GADPH ratios
so that data could be combined from different experiments.
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Western Immunoblotting
Cells were treated with 7 μM CdCl2 for 17 hr. Induced and uninduced cells were exposed to
2 Gy (for studies of ATM phosphoserine-S1981) and 10 Gy (for phosphorylation of SMC1-
S957 and SMC1-S966) and lysed within an hour after irradiation. Nuclear lysates were
electrophoresed on 7.5% SDS PAGE, transferred onto polyvinylidene difluoride (PVDF)
membrane (BioRad, Hercules, CA), blocked with 10% milk, and incubated for 24 hr at 4°C
with antibody to ATM (Novus Biologicals, Littleton, CO), ATM- phosphoS1981 (Rockland
Immunochemicals, Gilbertsville, PA), SMC1-phosphoS957 (Novus Biologicals), or SMC1-
phosphoS966 (Novus Biologicals). A rabbit-conjugated horseradish peroxidase (HRP)
antibody was added at room temperature for 35 min. Enhanced chemiluminescence (ECL;
Amersham Pharmacia, Piscataway, NJ) was used to detect the immunoreactive protein.

Colony Survival Assay
For the colony survival assay (CSA), 100 and 200 cells were plated per well in duplicate 96-
well plates (Huo et al., 1994; Sun et al., 2002; Mitsui et al., 2004). The plates were irradiated
with 1 Gy. After incubation for 10 to 13 days at 37°C, the surviving cells were stained with
MTT dye (tetrazolium-based colorimetric assay), followed by another 2 to 4 hr incubation.
The wells of each plate were then scored microscopically for formation of viable cell colonies
(i.e., clumps of >32 cells), monitoring the colony-forming efficiency (CFE), and calculating
the survival fraction (SF). A SF of <21% (13.1±7.2%) has been determined to be the
radiosensitive range and >36% (50.1±13.5%) is considered as radionormal (Sun et al., 2002).

Calculation of SIFT and PolyPhen Scores
The effects of missense substitutions on ATM structure and function were evaluated using the
programs PolyPhen (www.bork.embl-heidelberg.de/PolyPhen) (Sunyaev et al., 2001) and
SIFT (http://blocks.fhcrc.org/sift/SIFT_seq_submit2.html) (Ng and Henikoff, 2001).
PolyPhen was accessed through the web interface at http://genetics.bwh.harvard.edu/pph. SIFT
scores were calculated using the precomputed BLAST results for ATM from NCBI. Results
were filtered for the best hit for each taxon and a minimum hit score of 4,000. The resulting
alignment included the sequences listed in Supplementary Table S1 (available online at
http://www.interscience.wiley.com/jpages/1059-7794/suppmat).

ESEfinder Estimation of preRNA Binding Sites
The disruption or strengthening of splicing enhancer elements resulting in aberrant splicing
has been proposed as an alternative mechanism underlying the molecular pathology of a
number of deleterious exonic mutations (Cartegni et al., 2002; Eng et al., 2004). Exonic splicing
enhancer (ESE) sequences serve as binding sites for serine/arginine-rich (SR) proteins, which
in turn recruit essential components of the spliceosome, including snRNPs U1 and U2AF,
processes necessary for splice-site recognition (Kan and Green, 1999; Blencowe, 2000;
Graveley, 2000). Using functional Systematic Evolution of Ligands by Exponential enrichment
(SELEX), Liu et al. (1998, 2000) identified short degenerate six to eight-nucleotide ESE
binding motifs for four SR proteins. In addition, scoring matrices were computed from the
frequencies at which a particular nucleotide is found at each position within a motif, facilitating
the identification of theoretical ESEs (Liu et al., 1998, 2000; Cartegni et al., 2003). ESEfinder,
an online tool utilizing these scoring matrices, is capable of identifying putative ESEs for the
SR binding proteins SF2/ASF, SC35, SRp40, and SRp55 (http://rulai.cshl.edu/tools/ESE). The
robustness of these predictive scoring matrices continues to be verified, as specific nucleotide
variants that reduce motif scores to below threshold values are associated with aberrant splicing
(Eng et al., 2004; Coutinho et al., 2005).
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Maximun Entropy Scores for Estimation of Splice Site Strengths
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
(2004) and the Maximum Entropy (MaxENT) software (available at:
http://genes.mit.edu/burgelab/maxent/Xmaxentscan_scoreseq_acc.html). Briefly, splice-site
models that take into account adjacent and non-adjacent dependencies are built under the
Maximum Entropy framework using large datasets of human splice-sites. 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 (Eng et al., 2004).

Mutation Nomenclature
Mutations were named based on cDNA reference sequence U82828, with 1+ being the A of
the initiation start codon (Wildeman et al., 2008).

RESULTS
Selection of ATM Missense Variants

We selected 12 missense variants that were associated with atypical A-T phenotypes and
attempted to evaluate the effect of each on the cellular phenotype of a transfected and
transduced host A-T cell (AT7LA). This LCL, which was derived from a typical A-T patient
carrying a homozygous truncating mutation (c.1563_1564delAG), expresses no detectable
ATM protein by immunoblotting of nuclear lysates under conventional conditions. None of
the 12 selected missense variants has been observed in an A-T patient with two other deleterious
mutations, in healthy controls, or in breast cancer patients, except as noted in the text below.

By site-directed mutagenesis, we introduced each of the changes into a full-length ATM cDNA
construct (pMAT1). To check for the integrity of the constructs, we performed BamH1 digests,
as well as PCR amplification, of eight overlapping cDNA regions of the ATM gene, and
compared the fragment sizes to the expected control pMAT1 fragments. Mutagenized plasmids
were also sequenced around the region of the mutagenized site to confirm the presence of the
intended cDNA change. Once confirmed, they were used to stably transfect AT7LA cells. Cells
with successful integration of the intended construct were selected with Hygromicin B (Roche
Applied Science). When sufficient cells were available, they were analyzed for the presence
of ATM transcript, ATM protein, ATM functions, and radiosensitivity. Constructs that did not
reconstitute ATM functions were re-sequenced across the entire gene to monitor for mutations
acquired during the experiments. The data are considered in detail below and are summarized
in Table 1.

Validation of ATM Mutagenesis/Transfection Model
To validate the use of site-directed mutagenesis for distinguishing polymorphisms from
mutations in the ATM gene, we first tested constructs for two accepted benign variants, c.
1744T>C (F582L) and c.2119T>C (S707P) (Johnson et al., 2007), and a known deleterious
truncating mutation (c.5908C>T) (not included in Table 1). A-T cells transfected with the
former two constructs yielded normal ATM protein levels, normal kinase activity, and
corrected radiosensitivity (data not shown). When the same host cell (AT7LA) was transfected
with the c.5908C>T construct, no changes in cellular phenotype were noted, i.e., ATM protein
was undetectable by immunoblotting, and the cells remained radiosensitive (data not shown).
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ATM Protein Expression
Immunoblotting data for ATM protein are shown in Figure 1 and summarized in Table 1
(column “ATM protein”). Untransfected AT7LA showed no detectable ATM protein. After
transfection, followed by CdCl2 induction, the wild-type construct (pMAT1) showed a
significant amount of ATM protein. This level of ATM was used as a reference “normal” level
of ATM protein expression for comparing all other constructs with missense variants.
Uninduced cells failed to show ATM protein expression.

Of the 12 constructs tested, four showed levels of ATM protein comparable to AT7LA-pMAT1
(i.e., normal levels): c.1709T>C (F570S), c.6188G>A (G2063E), c.6325T>G (W2109G), and
c.7271T>G (V2424G). We interpreted this as evidence that the constructs represented benign
polymorphisms or at least “operationally neutral” variants, unless the resulting ATM protein
in the transfected cells could be shown to be inactive (kinase-dead), which was the case for the
c.7271T>G (V2424G) construct. Six constructs had reduced or trace-detectable amounts of
ATM (TD in Table 1): c.875C>T (P292L), c.5858C>T (T1953I), c.6047A>G (D2016G), c.
6679C>T (R2227C), c.7967T>C (L2656P), and c.8494C>T (R2832C). These most likely
represent “mild” mutations, accounting for the associated mild clinical phenotypes (see
Supplementary Materials). Two constructs, c.3248A>G (H1083R) and c.8030A>G (Y2677C),
produced non-detectable (ND) levels of ATM (Figure 1; Table 1), suggesting that they were
also disease-causing deleterious mutations.

Relative Levels of Induced ATM Transcripts
Expression of the integrated ATM transcripts was monitored for the eight constructs with trace
or non-detectable ATM protein levels. Before induction with CdCl2, ATM transcripts were
detectable at a basal level, representing endogenous mRNA (Figure 2A, first bar). At 2 hr and
4 hr post-induction, no significant increases of mRNA were observed, whereas at 8 hr and 17
hr post-induction, significant increases of mRNA transcription were detected (Figure 2A),
indicating that the promoter was successfully induced by CdCl2. We subsequently chose to
monitor ATM mRNA levels at 8 hr post-induction for the eight transfectants with trace or non-
detectable ATM protein levels. The relative mRNA levels were normalized to AT7LA-pMAT1
before and after induction (Figure 2B, first and second bars). As compared with these controls,
all eight transfectants expressed equal or higher levels of ATM following induction.

ATM Kinase Activity
To test whether expressed ATM protein was functional, the autophosphorylation of ATM-
S1981 and the phosphorylation of SMC1 (at S957 or S966) were determined by immunoblot
analysis, 1 hr after the cells were irradiated with either 2 Gy or 10 Gy, respectively.
Characteristic data are shown in Figures 3A and B; the remaining results are listed in Table 1.
The control AT7LA cells transfected with wild-type construct (pMAT1) showed
phosphorylation of ATM-S1981 (Figure 3A, lane 4) and SMC1-S966 (Figure 3B, lane 4) after
induction of the transfected cells with CdCl2 for 17 hr followed by irradiation.

Three of the constructs with normal ATM levels showed normal kinase activity for both ATM
and SMC1 targets: c.1709T>C (F570S), c.6188G>A (G2063E), and c.6325T>G (W2109G)
(Figure 3 and Table 1). The c.5858C>T (T1953I) and c.7271T>G (V2424G) constructs showed
trace and normal ATM levels, respectively, but no detectable kinase activity, similar to the
LCL derived from the c.7271T>G patient that was described by Stewart et al. (2001).

Colony Survival Assay
Figure 4A shows characteristic results for the radiosensitivity of AT7LA before and after
transfection with the wild-type construct (pMAT1), followed by CdCl2 induction and exposure
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to different doses of IR: only the untransfected AT7LA remained radiosensitive (SF: <10% at
1.0, 1.5, and 2 Gy). The radiosensitivity of each transfectant is shown in Figure 4B and
summarized in Table 1 (column RS). The CSA results were concordant with most other
functional parameters measured and were consistent with an interpretation of either a
deleterious mutation (M) or a variant (operationally neutral, ON; or benign polymorphism, P)
(Table 1, first column), with the exception of transfectant c.7271T>G, which was
radiosensitive, despite normal levels of ATM protein; however, the protein has little or no ATM
kinase (Stewart, et al., 2001). For constructs c.5858C>T, c.6679C>T, and c.8494C>T, the
cellular responses to 1.0 Gy were in the intermediate range (22%, 25%, and 22%, respectively).
When exposed to 1.5 Gy or 2 Gy, such cells typically fall into the radiosensitive range (Sun et
al., 2002).

SIFT and PolyPhen Scores
The SIFT and PolyPhen scores correlated with one another for all variants. However, only one
variant was predicted to be “tolerated”, c.1709T>C (F570S), despite functional data suggesting
that two others (c.6188G>A, and c.6325T>G) were also benign changes. The latter two were,
therefore, classified as “operationally neutral” variants (ON in Table 1), until later studies can
clarify the consequences of these DNA changes. A renewed effort was made to search for
another allele on patients carrying these variants. No additional mutations could be identified.
Taken together, the data suggest that these two missense variants (c.6188G>A and c.6325T>G)
may lead to splicing errors that cannot be detected when the mutagenized, but correctly spliced,
cDNA is inserted into the transfection constructs. Despite this, repeated efforts have failed to
identify splicing defects in transcripts from patients carrying these variants (additional in
silico analyses of the variants are presented in Supplementary Figures S1 and S2).
Alternatively, it is possible that these variants affect functions of the ATM protein that have
not yet been identified and therefore cannot be evaluated (see Discussion).

Genotype/Phenotype Comparisons
The cellular and clinical phenotypes for each allele (Table 1) were compared and the missense
changes were further interpreted (see Supplementary Materials).

DISCUSSION
We used stable transfectants to evaluate the consequences of clinically relevant missense
changes in the ATM gene. We tested constructs for 12 missense variants that had been observed
in A-T patients with various atypical phenotypes. In aggregate, the variants categorized herein
as mutations by functional studies comprise about one-fifth of all observed missense mutations
in A-T patients. As compared to truncating mutations in the ATM gene, deleterious missense
mutations appear to be associated with slower progression of neurological symptoms,
intermediate ex vivo radiosensitivity responses, and “trace” (vs. “non-detectable”) ATM
protein levels (Gilad et al., 1998; Stankovic et al., 1998; Taylor, 1998; Becker-Catania et al.,
2000; Sun et al., 2002; Chun et al., 2003). However, unless a cell line is homozygous for a
mutation, it is difficult to evaluate the true consequences of any single variant. Furthermore,
genetic backgrounds and gene expression profiles differ from patient to patient, as well as from
one affected sibling to another, introducing the potential for mutations in other genes to modify
the phenotype. Site-directed mutagenesis of ATM cDNA with stable transfection into a single
A-T host cell allows the functional consequences of individual variants to be isolated and
analyzed on an identical genetic background.

Three constructs corrected the cellular phenotype of AT7LA (c.1709T>C, c.6188G>A, and c.
6325T>G) and would be operationally interpreted as benign polymorphisms, based on only
the functional studies. This alerted us to re-screen the ATM gene for a second deleterious
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mutation in families AT165LA, TAT41, TAT47, and TAT63; however, a second mutation was
not identified. Since these patients had laboratory-confirmed diagnoses and each had been
extensively screened for mutations by most available methods, including protein truncation
test (PTT), single-stranded conformation polymorphism (SSCP), denaturing high performance
liquid chromatography (dHPLC), multiplex ligation-dependent probe amplification (MLPA),
and direct sequencing of cDNA for the entire coding region of the ATM gene (62 exons), it is
likely that the missing mutations are hidden by poorly understood mechanisms of mutation,
such as sites in the non-coding regions (including miRNA recognition sites), sites of post-
translational modification (Vogt et al., 2005), or mitochondrial genes that affect the transfer
of certain amino acids (Guan et al., 2006). It is also possible that the second mutation resides
in other genes coding for upstream or downstream proteins that interact with ATM. Such
candidate proteins include Protein Phosphatase 5 (PP5), recently described as essential to the
deactivation of ATM at a site other than serine-1981 (Ali et al., 2004), or Tip60, which
acetylates and activates ATM (Eymin et al., 2006). On the other hand, of more than 800 A-T
patients genotyped worldwide (http://chromium.liacs.nl/lovd/), most patients have two
identified ATM mutations; mutations in other genes have not been described. Nonetheless, this
rare event remains a distinct possibility and patients such as TAT 41/47/63 and AT165LA are
candidates for having mutations in modifier genes.

Alternatively, because the mutagenized transfected cDNA represents mature mRNA (i.e., it is
already correctly spliced in the construct before it is transfected), a missense change that affects
splicing would not score as deleterious. We were confronted by this possibility for variants c.
6188G>A and c.6325T>G: both had SIFT and PolyPhen scores predicting that they were
deleterious changes. (Technically, the PolyPhen actually predicts that these changes would
likely damage the protein structure. However, the structure of the ATM protein has not yet
been definitely determined). This prediction was inconsistent with the functional data showing
that the mutagenized cDNA corrected ATM protein levels and function. Aberrant splicing
products corresponding to these variants could not be identified. Additional in silico analyses
suggested that c.6188G>A might disrupt an ASF/SF2 SR protein binding motif at the site of
the mutation and an adjacent cryptic 5′ splice-site at the same site (see Supplementary Figure
S1). Conversely, c.6325T>G creates a SRp55 binding site and a new cryptic 5′ splice site (see
Supplementary Figure S2). Despite this, minigene constructs to test these models failed to
provide supporting evidence for aberrant splicing (additional details are provided in
Supplementary Materials). Once again, these variants were operationally categorized as
“neutral” in the absence of evidence that the changes would be deleterious to ATM protein
levels or the functions tested.

Variants c.875C>T (P292L) and c.8494C>T (R2832C) were identified in an A-T patient who
walked unassisted at 20 years, despite mild ataxia. He maintained high scholastic grades at
university level, despite dysarthria. Constructs carrying each of these changes induced
expression of only trace levels of ATM protein, with no detectable in vivo p53 kinase function.
The presence of low but detectable levels of ATM may partially explain the mild phenotype.
The maternal allele, c.8494C>T (R2832C) has been associated with cancer in four A-T patients
(all were compound heterozygotes) and with breast cancer in three of four mothers (obligate
carriers); despite this, it has not been observed in cohort studies of breast cancer patients
(Tamimi et al., 2004; Heikkinen et al., 2005; Olsen et al., 2005; Thompson et al., 2005;
Bernstein et al., 2006; Johnson et al., 2007). Taken together, these data suggest that cancer risk
and severity of neurological phenotype are independent and result from distinct underlying
mechanisms. An extended epidemiological study of cancer risk in c.8494C>T carrier families
is warranted. Variant c.875C>T (P292L) was also observed in patient AT211LA, who had
typical A-T; the second allele was identified as c.9092_9097delAAGTGA;c.9098A>T
(QVN3031L).
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The c.7271T>G (V2424G) mutation has been previously described in great detail (Stankovic
et al., 1998; Stewart et al., 2001). It was first identified in a family that included the oldest
surviving A-T patient in the British Isles (over 50 years old), and a homozygous patient with
mild phenotype who bore a normal child (Stankovic et al., 1998). She also had breast cancer,
as did multiple members of this family. The c.7271T>G variant has also been studied in screens
of breast cancer cohorts (Chenevix-Trench et al., 2002; Concannon, 2002; Bernstein et al.,
2003; Thorstenson et al., 2003; Bernstein et al., 2006), and remains as the only ATM mutation
that has been consistently associated with breast cancer risk in non-AT cohorts (Gatti et al.,
1999; Izatt et al., 1999; Chenevix-Trench et al., 2002; Concannon, 2002; Bernstein et al.,
2006). The construct that we transfected into AT7LA cells fully corrected the ATM protein
level; despite this, the protein failed to phosphorylate ATM or SMC1 substrates, and the
transfected host A-T cells remained radiosensitive. These data validated the site-directed
mutagenesis approach for analyzing isolated ATM alleles. Interestingly, the c.7271T>G
mutation does not appear to block fertility, despite the marked histological changes observed
in gonadal tissues from knockout Atm−/− mice (Barlow et al., 1996).

The missense change c.7967T>C (L2656P) was observed in a patient with no detectable
immunodeficiency, with a truncation as the second mutation (Toyoshima et al., 1998). The
transfected cells expressed a low but detectable level of ATM, with no phosphorylation of
ATM or SMC1 substrates. It is possible that the presence of a reduced level of ATM might
have had some protective function and be responsible for the normal immunological profile
described in the patient. On the other hand, roughly one-third of A-T patients do not manifest
immunodeficiency (Woods and Taylor, 1992; Nowak-Wegrzyn et al., 2004).

In vitro site-directed mutagenesis constitutes a useful, albeit laborious, tool for distinguishing
mutations from polymorphisms. This approach allows the successful introduction of a single
nucleotide change into a single constant ATM-deficient genetic background and simplifies the
causal analysis of phenotypic consequences arising from “variants of unknown
significance” (Cooper et al., 2003; Greenblatt et al., 2003; Goldgar et al., 2004; Bao and Cui,
2005; Chan et al., 2007; Du et al., 2007; Lovelock et al., 2007). As a result of performing these
analyses, we have improved our understanding of ATM missense variants that are associated
with mild A-T phenotypes. Some missense changes have been experimentally validated as a
cause of splicing aberrations (Ng and Henikoff, 2001; Eng et al., 2004; Babaei et al., 2005;
Du et al., 2007). Taken together, we estimate the frequency of operationally deleterious ATM
missense mutations in A-T patients to comprise less than 10% of all known mutations. This is
in stark contrast to the much greater frequency of ATM missense variants reported in breast
cancer patients, and provides additional support for the hypothesis that missense variants in
the ATM gene are associated primarily with a cancer phenotype rather than with a neurological
impairment (Vorechovsky et al., 1996; Gatti et al., 1999; Laake et al., 2000; Chenevix-Trench
et al., 2002; Concannon, 2002; Bernstein et al., 2003; Buzin et al., 2003; Sommer et al.,
2003; Bernstein et al., 2006; Renwick et al., 2006). On the other hand, most missense variants
(for all large genes) have not been operationally categorized as “deleterious” or “neutral”, so
it is difficult to assess their disease-causing roles.
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Figure 1.
Immunoblots showing ATM expression in AT7LA cells transfected with normal pMAT1 or
variants. Constructs were induced with CdCl2. Mre11 was used as a protein loading control.
NAT2 is a normal LCL.
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Figure 2.
A. AT7LA cells transfected with pMAT1 were induced for 2, 4, 8, and 17h with CdCl2.
Significant levels of ATM mRNA expression were detected at 8 and 17h post-induction.
B. ATM mRNA levels at 8h post-induction, detected by quantitative real time PCR. First bar
on the left represents endogenous mRNA, without induction by CdCl2. Data were normalized
to pMAT1-induced transcription levels (second bar).
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Figure 3.
Immunoblot showing radiation-induced phosphorylation. A. ATM-S1981. Stably transfected
cells were induced with CdCl2 and irradiated with 2 Gy. β-actin was used as a protein loading
control. B. SMC1-S966. Stably transfected cells were induced with CdCl2 and irradiated with
10 Gy. Total SMC1 levels are shown in bottom panel, using an antibody that does not crossreact
with phosphorylated SMC1.
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Figure 4.
A. The radiosensitivity of AT7LA cells was abrogated by transfection with wild type construct,
pMAT1. NAT9: normal; AT7LA: AT cell. Bar: speckled area denotes radiosensitivity range;
diagonal-hatching denotes normal range. B. The radiosensitivity of each transfected LCL.
Normal, intermediate and A-T ranges are indicated by dotted lines. NAT2 is a control LCL.
C, control; M, mutation; ON, ‘operationally neutral’ variant; P, benign polymorphism.
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