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Background: Ataxia telangiectasia is a genetic disease caused by biallelic mutations in ATM gene.
Results:Dexamethasone induces a noncanonical splicing that leads to translation of a shortened ATM variant retaining kinase
activity.
Conclusion:ATMmay be restored by a newmolecular mechanism that overcomes most of mutations so far described inATM
gene.
Significance: Drug-induced noncanonical splicing may provide new approaches for genetic diseases.

Ataxia telangiectasia (AT) is a rare genetic disease, still incur-
able, resulting from biallelic mutations in the ataxia telangiec-
tasia-mutated (ATM) gene. Recently, short term treatment with
glucocorticoid analogues improved neurological symptoms
characteristic of this syndrome. Nevertheless, the molecular
mechanism involved in glucocorticoid action in AT patients is
not yet known. Here we describe, for the first time in mamma-
lian cells, a short direct repeat-mediated noncanonical splicing
event induced by dexamethasone, which leads to the skipping of
mutations upstream of nucleotide residue 8450 of ATM coding
sequence. The resulting transcript provides an alternative ORF
translated in a new ATM variant with the complete kinase
domain. ThisminiATMvariant was also highlighted in lympho-
blastoid cell lines from AT patients and was shown to be likely
active. In conclusion, dexamethasone treatment may partly
restore ATM activity in ataxia telangiectasia cells by a new
molecular mechanism that overcomes most of the mutations so
far described within this gene.

Ataxia telangiectasia (AT)4 is a rare autosomal recessive dis-
order resulting from biallelic mutations in theATM (ataxia tel-
angiectasia-mutated) gene, which codifies for a protein kinase

belonging to the PI 3-kinase family (1). AT patients show a
complex phenotype characterized primarily by an early-onset
progressive neurodegeneration with cerebellar ataxia, accom-
panied by oculocutaneous telangiectasias, immunodeficiency,
and high incidence of infections and tumors (2–5). Unfortu-
nately, up to now, no therapy is available for treating this con-
dition. Recently, the short term treatment of AT patients with
glucocorticoid analogues was shown to improve their neuro-
logical symptoms and, in some cases, reverse their cerebellar
atrophy (6–10). Thus, ataxic patients are looking with great
interest to treatments with glucocorticoid. However, the
molecular mechanism involved in glucocorticoid action in AT
is still unknown (11).
ATM gene is composed of 66 exons spreading over a genomic

region of about 150 kb (12, 13) whose transcription produces 27
different mRNAs, 20 alternatively spliced variants, and 7
unspliced forms (www.ncbi.nlm.nih.gov/IEB/Research/Acem-
bly). Alternative splicing is a frequently used method to
increase transcriptome complexity in higher eukaryotes, but
recently emerging evidences suggest that noncanonical splice
events could notably amplify that complexity (14–16). Distinct
from the classic splice-site boundary sequences, short direct
repeated (SDR) sequences have been recently found tomediate
unusual post-transcriptional processes in plant genes (17, 18).
Given the rapid turnaround of the neurodegenerative pro-

cess provided by glucocorticoid therapy, in this study, we
hypothesized that dexamethasone (dexa) could somehow
restore a residual ATM activity, possibly promoting alternative
splicing in the ATM gene. These events skip mutations so as to
directly replace the deficiency that causes the disorder.

EXPERIMENTAL PROCEDURES

Cell Lines—Lymphoblastoid cell lines (LCLs), established
from AT patients (ATM�/� (Table 1)) and healthy donors
(ATM�/�), were maintained in RPMI 1640 medium supple-
mented with 2 mmol/liter L-glutamine, 100 �g/ml streptomy-
cin, 100 units/ml penicillin, and 15% fetal calf serum in 5% CO2
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at 37 °C. Cells were treated with 100 nM dexa for 24, 48, or 72 h,
respectively for RNA extraction, protein extraction, and ATM-
dependent phosphorylation evaluations.
RT-PCR—Total RNAwas extracted fromLCLs treated or not

with dexa using the RNeasy Plus mini kit (Qiagen), and cDNA
was obtained by PowerScript reverse transcriptase (Clontech).
Long distance PCRs were performed by the Advantage 2 PCR
kit (Clontech) with specific primers to amplify the CDS of the
ATM gene, whereas all other routine PCRs were carried out
using the Hot-Rescue DNA polymerase kit (Diatheva).
S1 Nuclease Protection Assay—To perform the S1 nuclease

protection assay, a specific DNA probe complementary to
ATMdexa1 junction was designed. Labeling of the DNA probe
was performed by [�-32P]dCTP (PerkinElmer Life Sciences)
incorporation using Klenow fragment, and probe was purified
by gel permeation. Total RNA extracted from treated AT cell
lines was hybridized with the radiolabeled probe for 18 h at
68 °C after which the hybridizationmixture was subjected to S1
nuclease (Promega) digestion. Digested products were finally
analyzed on 4%urea-PAGE, anddried gel exposed over Bio-Rad
imaging screen cassette was subsequently analyzed using the
Bio-Rad GS 250 molecular imager system.
Quantitative Real Time PCR for ATMdexa1 Quantification—

One-microgram aliquots of total RNA were reverse-transcribed
using randomhexamers as primers and theSMARTScribe reverse
transcriptase from Clontech according to the manufacturer’s
instructions. The synthesized cDNAs were then diluted 1/5 and
used as templates in SYBR Green quantitative real time PCR
assays, performed with the Hot-Rescue real time PCR kit (Dia-
theva). PCR reactions were set up in a volume of 25 �l containing
0.3�Mofgene-specific primers, 3.5mMMgCl2, 0.625units ofHot-
Rescue DNA polymerase, and 1 �l of diluted cDNA. DNA ampli-
ficationswere carried out in theABI PRISM7500 sequence detec-
tion system platform (Applied Biosystems). Each sample was
analyzed in triplicate, and multiple blanks were included in each
analysis. Quantitative real time PCR primers were obtained from
Sigma-Genosys. HPRT1 gene from Homo sapiens was used as
internal standard (HPRT1 forwardTATGCTGAGGATTTGGA-
AAGGG and reverse AGAGGGCTACAATGTGATGG). Primer
sequences designed to specifically recognize the ATMdexa1 vari-
ant were: forward ATCTAGATCGGCATTCAGATTCCA and
reverse GTTTAGTAATTGGCTGGTCTGC, whereas primer
sequences designed to amplify the native ATM were: forward
AAATTCTAGTGCCAGTCAGAGC and reverse TTGCTTTA-
ATCACATGCGATGG. Cycle conditions were 95 °C for 10 min
followed by 40 two-step cycles of 20 s at 94 °C and 40 s at 68 °C for
HPRT1 and native ATM, whereas for ATMdexa1 amplification,
we set up 40 three-step cycles (15 s at 94 °C, 20 s at 65 °C, and 30 s
at 72 °C).Amplificationplotswere analyzedusing the7500System

SDS software (Applied Biosystems), and relative expression data
were calculated with the 2���

Ctmethod as described byWiner et
al. (19). The specificity of the amplification products was con-
firmed by examining thermal denaturation plots, by sample sepa-
ration in a 2%DNA-agarose gel, and by amplicon sequencing.
Assessment of ATMdexa1 Translation in a Mammalian Cell

Model—HeLa cells were transfected with the noncanonical
spliced ATMdexa1 transcript to assess the mRNA translation.
The mammalian expression vector p3�Flag-CMVTM-14
(Sigma) was used for HeLa transfection by ESCORTTM IV
transfection reagent (Sigma). In detail, the cDNA of interest
was cloned into p3�Flag vector in-frame with GFP so that any
translation of ATMdexa1, harboring the PI3K domain in the
correct frame, would determine the subsequent translation of
the GFP. Transfected cells were subjected to fluorescent
microscopy observation andWestern blotting for the detection
of the translated fusion protein.Microscopic observations were
performed by Leica DMLB fluorescent microscope equipped
with a DC300F CCD camera.
Start Codon Identification on ATMdexa1 mRNA—To con-

firm ATMdexa1 translation in yeasts and to identify the start
codon used on ATMdexa1 mRNA, p426-based vectors were
employed to transform INVsc1 yeast strain (Invitrogen).
Briefly, full ATMdexa1 and the second half of the same cDNA,
immediately downstream of the putative start codon (Met-
825), were cloned in p426 expression vector to produce recom-
binant His-tagged proteins (Fig. 1). Recombinant proteins were
purified through nickel-Sepharose high performance (Amer-
sham Biosciences) affinity chromatography, from INVsc1
transformed with p426His-ATMdexa1-His and p426His-Met-
Met-His constructs, respectively, and analyzed by Western
blotting.
Yeast Complementation Assay—Yeast strains lacking ATM

homologue were used in the complementation assay to inves-
tigate the functionality of the translated ATMdexa1 protein. In
particular, KSC1368 (single mutant for the ATM yeast homo-
log, tel1�) and KSC1402 (double mutant for homologues of
ATM and ATR,mec1-81�tel1�) yeast strains were kindly sup-
plied by Prof. Katsunori Sugimoto (20). The ATMdexa1 com-
plementation assay was performed using pYES2 (Invitrogen) or
pYES2-ATMdexa1 to transform KSC yeasts. Recombinants
were grown on solid or liquid selectivemedium. Serial dilutions
of transformed cells were seeded on solid selective medium
containing 5 �g/ml phleomycin at pH 8.0. Transfected yeasts
were also inoculated in liquid selective medium supplemented
with phleomycin, and growth was monitored for 18 h.
In Vitro Kinase Activity of Recombinant miniATM—Recom-

binant GST-miniATM was produced in Escherichia coli and
purified, under native conditions, by GSH-agarose beads (Sigma

TABLE 1
Genotypes of AT lymphoblastoid cell lines
Lymphoblastoid cell lines were established from both AT patients (ATM�/�) and healthy volunteers (ATM�/�). In this table, the genotypes of AT cell lines are reported;
as shown, all the investigated mutations lead to truncated protein with no detectable ATM levels. Hmz, homozygotes; cpd Htz, compound heterozygotes.

Genotype
Allele 1 Allele 2

Mutation Consequence Mutation Consequence

AT28RM cpd Htz 5692C3T Nonsense/truncation IVS37 � 2T3C Splicing/truncation
AT50RM cpd Htz 7792C3T Nonsense/truncation 8283delTC Deletion/truncation
AT129RM Hmz 8283delTC Deletion/truncation 8283delTC Deletion/truncation
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Aldrich), to be employed in an in vitro kinase assay essentially as
described by Sarkaria et al. (21). RecombinantATMwas diluted
in kinase buffer containing 10 mM Hepes, pH 7.4, 50 mM NaCl,
10mMMgCl2, 10mMMnCl2, 1mMDTT, 10�MATP, 20�Ci of
[�-32P]ATP (specific activity 6000 Ci/mmol), and 25 �g/�l
PHAS-I (Sigma), with 1� protease inhibitor mixture (Roche
Applied Science), 10 mM NaF, and 10 mM NaOV3, in a total
volume reaction of 40 �l. Kinase reactions were conducted for
30min at 30 °C. Different conditions were tested including two
ATMconcentrations both in the absence and in the presence of
the specific PI 3-kinase inhibitor wortmannin. In the appropri-
ate conditions, proteins were preincubated with 400 nM wort-
mannin for 30 min at room temperature before running the
kinase reaction. Reactions were stopped with 4� Laemmli
buffer and electrophoresed on 14% SDS-PAGE, and the radio-
activity was revealed by a Bio-Rad GS 250 molecular imager.
Identification of miniATM in AT Cell Lines and Subcellular

Localization—Human lymphoblastoid cell lines established
from AT patients were treated with 100 nM dexa. After 48 h,
total proteins were extracted from treated and untreated cells,
20 �g/sample was electrophoresed on 10% SDS-PAGE and
blotted onto 0.2-�mnitrocellulose, andmembrane was probed
with anti-ATM antibodies. To determine the subcellular local-
ization of miniATM, AT LCLs were transfected with a
p3�Flag-based vector to express the identified miniATM pro-
tein fused to its C terminus with GFP or FLAG peptide. Tran-
sient transfection was performed through electroporation
essentially as reported by Ref. 22; 1 � 108 cells were added with
30�g of plasmid, subjected to electric shock, and grown for 48 h
in complete RPMI. Protein expression was then assessed by
fluorescencemicroscopy, and fluorescent emission was used to

determine the subcellular localization of miniATM in express-
ing cells.
Localization was also performed by indirect immunofluores-

cence. Cells were layered on a polylysine-treated glass coverslip
and subsequently fixed by 4% formaldehyde in PBS. After treat-
ment in cold methanol and permeabilization with 0.2% Triton
X-100 in PBS, surfaces were blocked by 3% BSA and 5% goat
serum solution in PBS. Anti-FLAG antibody (Sigma-Aldrich)
was used 1/80 in 1% BSA/PBS solution, whereas the secondary
anti-mouse TRITC-conjugated antibody (Sigma-Aldrich) was
utilized 1/150 in 1% BSA/PBS for 1 h at room temperature.
After washing procedures, DNAwas stained with 4,6-diamino-
2-phenylindole (DAPI) at a final concentration of 0.2 �g/ml.
Washed slides were mounted and embedded with ProLong
antifade reagent (Invitrogen).
Human Cell Extract-based ATM Assay—To confirm a

regained kinase activity in AT LCLs by dexa, likely through
miniATM induction, we developed an in vitro assay along the
lines of Shiotani and Zou (23). This assay provides an “ex vivo ”
kinase assay thanks to native protein extraction and the addi-
tion of DNA double strand breaks. We optimized the assay to
our needs using total protein extracts from control and treated
LCLs, adding DNA double strand breaks with no overhangs to
selectively induce ATMactivity despite the activity of ATR (23)
and investigating the phosphorylation of H2A.X substrate (24).
In particular, total protein extracts were obtained through

mild sonication in nondenaturing lysis buffer (20 mM HEPES,
0.15 M NaCl, 1.5 mMMgCl2, and 1 mM EGTA, pH 7.4, contain-
ing 1mMDTT, 1� protease inhibitormixture, and 0.2%Tween
20). Equivalent amounts of protein (20�g)were diluted in reac-
tion buffer and ATP buffer, as reported (23), and incubated for
30 min at 37 °C in the presence of 160 ng of blunt-ended plas-
mid DNA in a total 40-�l volume reaction. Reaction was
stopped by the addition of 4� Laemmli buffer and then sub-
jected to SDS-PAGE and Western blotting. Nitrocellulose
membranes were finally incubated with primary antibody
against phospho-H2A.X in serine 139. Concurrently, the same
assay using control protein extract from untreated AT
LCLs supplemented with recombinant GST-miniATM was
performed.
Cycloheximide Treatment—For ATM half-life determina-

tion, all LCLs were treated with 25 �M cycloheximide (Sigma;
stock solution 25mg/ml in ethanol, stored at�20 °C) 48 h after
dimethyl sulfoxide (DMSO)/dexa addition. Samples were har-
vested just before cycloheximide treatment, for the time point
0, whereas the others were collected after 2, 4, and 8 h after the
addition of the translation inhibitor. Cell extracts were pre-
pared for Western immunoblot analysis.
Western Blotting—Antibodies used inWestern blotting anal-

yses were: anti-GFP, anti-ATM H-248, anti-ATM 2C1, and
anti-B-glucuronidase (Santa Cruz Biotechnology); anti-ATM
core protein (Sigma-Aldrich); anti-histidine tag (Serotec); anti-
AKT and phospho-specific antibodies against AKT(Ser-473),
c-RAF(Ser-338), ERK1/2(Thr-202/Tyr-204), Chk1(Ser-345)
(purchased from Cell Signaling Technology); anti-H2A.
XSer139 (Millipore); and anti-ATM 1B10 (Abnova).

FIGURE 1. p426-ATMdexa1 and p426-MetMet His-tagged constructs.
A, the entire ATMdexa1 cDNA was cloned into p426 expression vector carry-
ing N-terminal and C-terminal His tags. Translation of the transcribed mRNA
can potentially generate two recombinant proteins: an N terminus His-
tagged protein starting from vector ATG codon (first 90 amino acids of the
native protein, colored in red) and a C terminus His-tagged protein from a
putative start codon following position 825 (maximum 252 amino acids, col-
ored in blue). B, the second half of ATMdexa1 cDNA (825–1580 residues) was
cloned into the p426 expression vector, generating a double-tagged recom-
binant protein (N terminus and C terminus His tags) of 252 amino acids.
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RESULTS

Identification and Quantification of an Alternative ATM
Transcript Induced by Dexa—With the initial aim of finding
possible exon-skipping events, we performed long distance
PCR (from start to stop codonofATMCDS) on cDNAobtained
from lymphoblastoid cell lines established from AT patients,
treated or not with dexa. Although in control samples the
�9000-bp amplicon representing the whole CDS of native
ATM mRNA was detected, in tester samples a smaller PCR
product was observed (Fig. 2A). The sequence revealed an
unusual splicing event using nucleotides 255 and 7843 as alter-
native 5� and 3� excision sites (Fig. 2B). This causes the com-
plete deletion of the exons from 4 to 51 and the joining of exon
fragments 3 and 52.Unexpectedly, an SDR sequence ofCCTCA

at the 3� end was identical to that of the immediate upstream 5�
end of the deleted sequence; one copy of the SDR was excised,
and the other copywas retained in the resultant transcript. This
new ATM transcript has been identified in all tested LCLs
treated with dexa, including both wild type and ATM-mutated
lines (see Fig. 3).
Because experimental evidences prove that some of the non-

canonical splicing events described in the literature could be in
vitro artifacts generated by reverse transcriptase (25), we per-
formed an S1 nuclease protection assay to directly prove the
new ATM variant authenticity (Fig. 2C). We designed a DNA
probe complementary to the mRNA region surrounding the
noncanonical exons 3–52 junction ofATM (Fig. 2D). The probe
contained 6 mismatching nucleotides 20 residues before its 5�

FIGURE 2. Identification of an alternative ATM transcript induced by dexa. A, RT-PCR on AT lymphoblastoid cell lines. The entire CDS of ATM gene was
amplified by RT-PCR on total cDNA templates obtained from AT lymphoblastoid cell lines treated or not with dexa. The full-length CDS was amplified in control
cells, whereas a shorter band, lacking the central portion of ATM CDS, was identified in treated cells. Lane 1, � HindIII DNA ladder; lane 2, untreated AT129RM;
lane 3, treated AT129RM. B, scheme representing the alternative ATM splicing variant induced by dexa. Sequencing of the deleted band identified in AT LCLs
reveals a noncanonical splicing event in the ATM gene, mediated by a short direct repeat (in red), which leads to the joining of exon 3 with exon 52. The resulting
cDNA carries the first three exons and the last 11 exons of native CDS and lacks internal ones. C, S1 nuclease protection assay on AT lymphoblastoid cell lines.
To prove the real attendance of SDR-directed spliced ATM mRNA (ATMdexa1), a S1 nuclease protection assay was performed. Total RNA from AT lymphoblas-
toid cell lines receiving 100 nM dexa was probed with a specific probe complementary to the identified junction and hybridization mixture subjected to S1
digestion. Protection of the probe demonstrates the presence of ATMdexa1 mRNA in both AT lines. Lane 1, ssDNA ladder; lane 2, AT28RM; lane 3, AT129RM; lane
6, undigested probe. D, exemplification of the probe designed for S1 protection assay overlapping the ATMdexa1 junction.
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terminus (total length 384 nucleotides) to distinguish the pro-
tected probe from the undigested one. As reported in Fig. 2C,
we were able to detect the protected probe (360 residues long),
proving the actual existence of the alternative splicedATM var-
iant induced by dexa (ATMdexa1). Surprisingly, an additional
band just below the expected one was identified. By in silico
analysis, we found an alternative hybridization event that leads
to a larger mismatch producing a shorter protected probe (351
nucleotides in length). Moreover, the hybridization of the
probe on the precursor of the ATM transcript generates two
truncated bands because of the binding upstream and down-
stream of the junction (bands of 131 bp, out of gel resolution
range, and of 234 bp, respectively).
The extent of ATMdexa1 transcript expression, in the pres-

ence and in the absence of dexa stimulus, was evaluated by
quantitative real time PCR. Suitable primers, surrounding the
noncanonical spliced ATMdexa1 junction, were designed to
selectively amplify the newly identified transcript at the
expense of the full-length one. The average Ct values for
ATMdexa1 were normalized against average Ct values for the
HPRT1 transcript used as housekeeping gene. The expression

differences in threeATand oneWTLCLswere extrapolated. In
the presence of dexa stimulus, ATMdexa1 expression resulted
in marked increase (up to 35-fold change increase) in all tested
ATM�/� LCLs (Fig. 3A). On the contrary, ATMdexa1 expres-
sion in wild type LCL was minimally or negatively affected by
the drug.
To prove that the action of dexamethasone relies on the non-

canonical splicing induction and exclude a generic effect on the
overall ATM expression, the expression of the native full-
length messenger was also estimated. Only in two LCLs
(AT50RM and AT129RM), a very slightly induction, statisti-
cally not significant, of the transcript was observed (with amag-
nitude up to 100-fold lower when compared with ATMdexa1),
whereas in WT and in AT28RM, a down-expression was evi-
denced (Fig. 3B).
Translation of the ATMdexa1 Transcript—The sequence

analysis of the ATMdexa1 transcript revealed that the canoni-
calATM start codon leads to a truncated protein due to a read-
ing frameshift occurring after the described exon junction (Fig.
4). At any rate, various start codons following nativeATGcould
theoretically prime the translation of several ORFs. The trans-

FIGURE 3. Quantification of ATMdexa1 and full-length ATM versus ATMdexa1, by quantitative real time PCR. A, ATMdexa1 transcript was quantified in
wild type and AT lymphoblastoid cells receiving 100 nM dexa with respect to untreated LCLs. In AT samples, the drug treatment leads to ATMdexa1 overex-
pression, whereas WT resulted in minimal or negative affect by the drug. AT cells are more sensitive to dexa exposure, ranging from 4- to 35-fold change
overexpression. (p � 0.05 Wilcoxon matched pairs test n � 6). B, raw data from full-length ATM and ATMdexa1 mRNA quantification were compared by box and
whiskers plot. Target amounts are reported in Log10 scale as 1/2��CT (HPRT1 as housekeeping gene). Although the amount of ATMdexa1 resulted in marked
increase only in treated AT LCLs (p � 0.05 Wilcoxon matched pairs test), the full-length mRNA was unaffected by dexa (p � 0.05 Wilcoxon matched pairs test
n � 6). Based on these results, ATMdexa1 formation is independent of full-length ATM mRNA synthesis, suggesting that the alternative spliced ATMdexa1
variant is directly prompted by dexa. atmFL, full-Length ATM; atmXA1, ATMdexa1. Error bars indicate mean 	 S.D.
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lation of these ORFs would escape the mutations contained in
the analyzed cDNA maintaining the complete PI3K domain of
the native protein. To verify the actual recognition and transla-
tion of one of theORFs, thewhole isolated cDNAofATMdexa1
was cloned in a mammalian expression vector, fused in its 3�
terminus to a GFP, and subsequently transfected into HeLa
cells. As reported in Fig. 5A, the GFP fluorescence was detect-
able in transfected cells, proving that alternative start codons of
ATMdexa1 could be effectively recognized and translated in
vivo. Protein extracts from transfected and untransfected cells
were also tested by Western blotting using anti-GFP and two
different anti-ATM antibodies recognizing the core (amino
acids 1248–1332) and the C terminus (H-248, amino acids
2830–3056) of theWTprotein, respectively. Immunoreactivity
with anti-GFP and ATM H-248 revealed, in transfected cells,
the same bandwith an electrophoreticmobility of about 60 kDa
corresponding to the fusion protein ATMdexa1-GFP (pre-
dicted molecular mass of the longest ORF fused with GFP �56
kDa) (Fig. 5B). No bands were detected with both antibodies in
untransfected cells. As further evidence, the antibody raised
against the amino acids 1248–1332 was not able to recognize

the fused protein (last panel) because this region is deleted in
the putative ATM variant protein.
ATMdexa1 start codon identification was performed by

cloning both the entire ATMdexa1 cDNA and the second half
of the transcript downstream of position 825 (Fig. 4, blue
sequence) in a double-His-tagged yeast expression vector (tags
in the N and C terminus). Recognition of the start codon at
position 825 or downstream would lead to a hypothetical pro-
tein of 221–252 amino acids with a predictedmolecularmass of
between 25 and 29 kDa. The recombinant proteins produced by
differently transfected yeasts were then purified. From both
transformants, we were able to purify the same translated His-
tagged protein (Fig. 5C) with an electrophoretic mobility of
about 30 kDa. These results lead to the conclusion that the
vector start codon near the 5� end of ATMdexa1 RNA is some-
how disadvantaged and that the translation actually starts only
from nucleotide 825 or, less probably, from downstream ATG,
in any case producing a protein with the entire PI3K domain of
ATM (referred to as miniATM).
Functionality of the miniATM—The activity of the produced

protein was tested in yeast complementation assays with

FIGURE 4. Sequence of ATMdexa1 cDNA and computational analysis of ORF prediction. The nucleotide sequence of the identified noncanonical-spliced
ATMdexa1 transcript is depicted in black font; the SDR sequence that mediates this splicing event is indicated in the nucleotide sequence by underlined red font,
whereas the region surrounding the mutation 8283�TC is in underlined green font. The ORF prediction is shown under the nucleotide sequence. The compu-
tational analysis revealed at least two ORFs, the first one starting from nucleotide 1 (native ATG) up to nucleotide 271 (red amino acid sequence) and the second
one starting from nucleotide 825 up to nucleotide 1577 (native STOP codon, blue amino acid sequence).
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KSC1402 and KSC1368 yeast strains. The KSC1368 strain is
lacking the endogenous ATM homologous gene (TEL1),
whereas the strain KSC1402 is a double mutant also lacking the
ATR homologous gene (MEC1). Once more, the full sequence
of ATMdexa1 was directionally cloned in pYES2 plasmid.
Recombinant colonies carryingATMdexa1 or the empty vector
were tested in a growth assay by solid and liquid selective

medium containing the chemical DSB inducer phleomycin as
described previously (20). As reported in Fig. 6, A and B, the
ATMdexa1 recombinant colonies showed an improved growth
rate when compared with the controls transfected with the
empty vector, suggesting that the produced protein was able to
cooperate with other cellular components to complement Tel1
andMec1 deficiencies and counteract the effect of phleomycin.
To further demonstrate the retained catalytic activity of the

identified ATM variant, we produced a recombinant GST-
tagged miniATM to be employed in a kinase assay using the
PHAS-I substrate. As shown in Fig. 6C, radioactivity was trans-
ferred byATP toPHAS-I, confirming the ability ofminiATMto
catalyze kinase reactions, using a classic substrate of the native
protein, at least in vitro. Phosphorylation assays were also per-
formed after inhibition by wortmannin; in these cases, a
decreased phosphorylation rate was demonstrated.
Identification and Subcellular Localization of miniATM in

AT LCLs—After demonstrating that ATMdexa1 is translated
into a functional protein, which carries the C-terminal domain
of full-length protein, we looked for this miniATM in AT cell
lines treated with dexa. Immunoblots using anti-ATM 2C1 or
1B10, raised against the C-terminal portion of the protein,
revealed a bandwith an electrophoreticmobility nearby 29 kDa
(in agreement with the predicted molecular mass, Fig. 7A) that
co-migrate with the recombinant miniATM deprived of GST
tag. This band was remarkable also in AT-untreated lines but
was more represented in treated cells, suggesting that the iden-
tified new transcript of ATM induced by dexa was effectively
translated into a miniATM protein, which carries the C-termi-
nal catalytically active portion of native protein. The increase of
miniATM ranged from 40 to 100% (Fig. 7B) in all the tested AT
cell lines, whereas it was not detectable in the WT cell line.
From the same immunoblot, the full-length ATMwas noticea-
ble in WT cells. Curiously, dexa also induced the full-length
protein production of about 40%. As expected, the full-length
ATM was not detectable in AT cell lines.
Subcellular localization of miniATM in expressing cells was

determined through expression of recombinant protein fused
to its C terminus with GFP or FLAG peptide, making indirect
immunolocalization with anti-FLAG antibody possible. Fluo-
rescence observations revealed that the protein localizesmainly
in cytosol even if some cells also show nuclear accumulation
(Fig. 8).
Dexa Differentially Affects ATM Stability—To determine

whether alteration of miniATM stability may occur upon dexa
exposure, thus contributing to protein cellular accumulation,
degradation assay experiments were performed (Fig. 9).
Although in the WT LCL, dexa slightly quickens the degrada-
tion of full-length ATM (half-life time shifted from about 8 to
6 h in control and treated samples, respectively), miniATM
half-life time was increased from 1.5 to 3 h because of dexa
stimulus in two of the tested AT LCLs. No differences were
detected in theAT28RMsample. By comparing full-length pro-
tein with miniATM variant, the variant proved to be less stable
in the absence of drug exposure, as demonstrated by the respec-
tive half-life time in control WT and AT cells.
ATMKinase Activity in ATCell Lines Treatedwith dexa—To

demonstrate a regained kinase activity in AT LCLs by dexa,

FIGURE 5. Translation of the ATMdexa1 transcript. A, fluorescence imaging
of HeLa cells transfected with p3�Flag-ATMdexa1-GFP fusion protein. GFP
translation has been placed in subordination to ATMdexa1 PI3K domain
translation in the p3�Flag expression vector and used to transfect HeLa cells.
B, Western blots performed on protein extracts from control and transfected
HeLa cells revealed a fusion protein recognized both by anti-GFP and by anti-
ATM antibodies. In particular, ATM antibody H-248 raised against the C ter-
minus of ATM protein cross-reacted with ATMdexa1-GFP protein, whereas
ATM antibody raised against amino acids (aa) in the central portion of the
native protein did not. C, identification of the start codon on ATMdexa1 was
performed by cloning both the full-length cDNA of ATMdexa1 and the sec-
ond half of the same cDNA downstream of the putative ATG revealed by in
silico ORF prediction (named MetMet, see also Fig. 4). Both constructs were
transformed in yeast INVsc strain, and recombinant His-tagged proteins were
purified; immunoblot revealed the same band from both recombinants,
proving that translation is prompted by the putative ATG at position 825 or
downstream giving a protein with the entire PI3K domain (miniATM).
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likely through miniATM induction, we set up an ex vivo assay
using native protein extract fromwild type and AT cell lines, as
described under “Experimental Procedures.” In particular, we
investigated the activation of the well known ATM substrate
H2A.X as an early player in DNA damage response (24). In Fig.
10, A and B, we report the activation pattern obtained in the
four studied lymphoblastoid cell lines exposed or not to dexa-
methasone treatment. Although in wild type LCL, �H2A.X
activation was little affected by dexa, in AT28RM and
AT128RM extracts, �H2A.X was improved by the drug, so that
they regained sensitivity to DSB exposure to the same magni-

tude as the WT sample. The extract from AT50RM showed a
nonsignificant reduction. To directly prove that the effect of
dexamethasone could be mediated by miniATM induction, we
performed the same assay using control protein extract from
untreated AT LCLs added with recombinant GST-miniATM.
As reported in Fig. 10A (last lane), the recombinant proteinwas
able to exacerbate H2A.X phosphorylation in control extracts
after DSB exposure, even in absence of the drug treatment.
Finally, the effects of miniATM expression and activity on

cellular signaling were evaluated by investigating a series of
ATM-dependent phosphorylation events in AT and WT cell

FIGURE 6. Functionality of miniATM. A, yeast complementation assay was performed with tel1� (KSC1368) and mec1-81tel1� (KSC1402) yeast mutants
transfected with pYES2-ATMdexa1 or empty pYES2 constructs. Recombinants were grown on solid selective medium or liquid selective medium supple-
mented with the DSB inducer phleomycin (B) to assess the ability of ATMdexa1 to complement TEL1 and TEL1-MEC1 deficiencies. O.D., optical density.
C, miniATM kinase assay. Recombinant GST-miniATM was tested for in vitro phosphorylation of PHAS-I substrate in the presence of [�-32P]ATP. Two kinase
concentrations were tested, with or without wortmannin inhibition.
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lines treated or not with dexa. After a 72-h treatment, two
(AT50RM and AT129RM) out of three AT cell lines receiving
the drug presented a remarkable activation of AKT, assessed by
phosphorylation in Ser-473, which is totally absent in untreated
cells (Fig. 11). WT sample was not affected by drug treatment.
The same “on-off” activation patternwas highlighted for c-RAF
and ERK1/2, suggesting the activation of the growth stimulus
pathway. AT28RM showed no induced phosphorylation pat-
tern forAKTand c-RAF and only a slight activation of p42 ERK.
The direct ATM substrate Chk1 was also tested. Phosphoryla-
tion on serine 345was assayed, and higher levels of activation in
all treated AT cell lines were detected. Again, the WT sample
was not responsive to drug treatment.

DISCUSSION

In this study, we describe a drug-induced SDR-mediated
splicing event in the ATM precursor mRNA of lymphoblastoid
cell lines. To our knowledge, this is the first description of such
an event in mammalian cells, and this opens the possibility that
SDR-mediated splicing, already described in plants (18), could

also affect transcriptome complexity in mammals. The final
consequence is that this event can, to some extent, act as exon-
skipping therapy in genetic diseases. Clearly, the necessary con-
dition to reach such a result is the translation of the obtained
transcript into a functional protein. For this reason, the identi-
fication of ATMdexa1 transcript and miniATM protein in AT
LCLs treated with dexa is of great clinical interest. In fact, if
dexa is somehow able to promote the identified splicing event
on ATM precursor mRNA, leading to the translation and over-
expression of a shortened ATM variant, treatment with the
drug could be an exceptional bailout for AT patients.
As hypothesized, we demonstrated that dexa effectively

induces the ATMdexa1 isoform and that this occurs only in AT
cells. Because we demonstrated that dexa is able to increase the
ratio between ATMdexa1 and native ATM, the drug action is
reasonably directed to the promotion of the SDR-mediated
splicing event rather than to the overall increase of ATM tran-
scription and precursor mRNA synthesis.
Subsequently, the translation of ATMdexa1 transcript has

been validated first in a mammalian cell model (HeLa), then in
yeast, and finally, in human lymphoblastoid cell lines. As
reported, the noncanonical splicing and the choice of the alter-
native ORF could produce a C terminus ATM variant starting
from codon at position 8450 of CDS overpassing all the muta-
tions upstream to this nucleotide. How the newmRNA variant
drives the start of translation to the internal ATG is odd. The
transcript itself should contain an internal ribosome entry site,
permitting the translation of the ATMdexa1 RNA into the
miniATM protein. Furthermore, the ATMdexa1 RNA struc-
ture should in the same way hamper or abolish the ribosome
entry in its 5� terminus. In support of this hypothesis, in
the yeast expression experiments, performed with the
p426ATMdexa1 plasmid, the His-tagged protein encoded by

FIGURE 7. ATM identification and protein quantification in lymphoblas-
toid cell lines. A, total protein extracts from wild type and AT LCLs, treated or
not with dexa, were run on 10% SDS-PAGE, transferred to nitrocellulose mem-
brane, and probed with anti-ATM 1B10, which recognizes the C terminus of
the native protein. As expected, full-length protein was found only in wild
type LCL, whereas the band of miniATM (29 kDa) was detected in all tested AT
LCLs and overexpressed by dexa. The full-length ATM was slightly induced by
dexa in WT as well. Recombinant “tag-free” miniATM (r-miniATM), reported in
the last lane, showed the same electrophoretic mobility of AT miniATM. B, box
and whiskers plot obtained by densitometric quantification of Western blot
protein bands of full-length ATM (WT LCL) and miniATM (AT LCLs) by using
1C2 or 1B10 anti-ATM antibodies, after normalization to B-glucuronidase.
-Fold change values are reported for each treated cell line. Both full-length
ATM and miniATM quantities resulted in increase after dexa addition (p �
0.05 Wilcoxon matched pairs test n � 7). FL-ATM, full-Length ATM. Error bars
indicate mean 	 S.D.

FIGURE 8. Subcellular localization of miniATM in lymphoblastoid cell
lines. Cell distribution of miniATM was observed by C-terminal fused GFP and
by indirect immunofluorescence versus C-terminal fused FLAG peptide in AT-
expressing cell lines. Cytosolic localization seems to be predominant, but
nuclear accumulation is also present.
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the 5� of the cloned cassette was not detectable. This hypothet-
ical structure should be intrinsic to the new RNA molecule
formed by SDR-mediated alternative splicing. Unlike
ATMdexa1 mRNA, miniATM protein was found only in AT

cells, suggesting that in wild type, the transcript does not give
rise to protein translation. Accordingly, withmRNA induction,
miniATMwas promoted by the drug in AT samples, even if the
extent of protein induction was decidedly lower than mRNA.
This must be explained by poor ATMdexa1 translation due to
the disadvantaged recognition of internal start codons by the
ribosomal apparatus. In support of this statement, the produc-
tion of miniATM protein was definitely lower in cells trans-
fected with the full ATMdexa1 cDNA than in those transfected
with the onlyminiATMcoding sequence. The efficacy of trans-
lation may also be reduced by the presence of other ATGs
upstream to theminiATMopen reading frame, whichmight be
recognized by the ribosome, giving rise to shorter translated
products. Also, the strength of the hypothetical internal ribo-
some entry site might be weaker than the regular ones, thus
leading to a poor level of miniATM synthesis. Moreover, con-

FIGURE 9. Cycloheximide chase assay. Wild type and AT LCLs were prestimulated for 48 h with 100 nM dexa and then treated with 25 �M cycloheximide. Cell
lysates were prepared at 0, 2, 4, and 8 h following cycloheximide administration. The amount of full-length and miniATM was determined using Western
blotting with 1B10 antibody. Data represent the percentages of ATM quantity derived from densitometric quantification of three independent cycloheximide
chase assays (mean 	 S.D.); all values are referred to the time 0 point, assumed as 100%. Dexa differentially affected ATM stability in the tested cell lines. DMSO,
dimethyl sulfoxide.

FIGURE 10. ATM kinase activity in AT cell lines treated with dexa. A, lym-
phoblastoid cell extract-based ATM assay was carried out by adding blunt-
ended DNA to native protein extracts from wild type and AT cells. DNA dam-
age response activation was assessed by H2A.X phosphorylation in Ser-139,
which is a direct substrate of ATM. Activation was constantly present in wild
type LCL and little affected by dexa, whereas AT28RM and AT129RM samples
regained the same level of sensitivity to blunt end DNA exposure as the WT
sample thanks to dexa treatment. In the last lane, recombinant miniATM
strongly promoted H2A.X phosphorylation. B, box and whiskers plot from
densitometric quantitation of �H2A.X ex vivo assay. -Fold change values are
reported for each treated cell line. WT, AT28RM, and AT129RM showed an
increase of �H2A.X quantity; AT samples restored the response to DSB (p �
0.05 Wilcoxon matched pairs test n � 4). The sample AT50RM result was
unaffected by dexa treatment and showed a basal level of �H2A.X already
comparable with the WT level. Error bars indicate mean 	 S.D.

FIGURE 11. Effects of miniATM induction by dexa were investigated on
ATM-dependent cellular signaling. The phosphorylation pattern revealed
the rescue of phospho-AKT (pAKT) in serine 473, phospho-c-RAF (pc-RAF), and
phospho-Erk1/2 (pERK1/2) in two AT cell lines and the boost of phospho-Chk1
(pChk1) in serine 345 in all tested LCLs.
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sidering that from cycloheximide experiments dexa seems to
induce miniATM stabilization in the cell, the translation effi-
ciency of ATMdexa1 should be even lower. All the above men-
tioned points could partially account for the discrepancy
between ATMdexa1 RNA and miniATM protein outputs.
As previously implied, the absence of miniATM protein in

wild type LCL, despite the presence of the ATMdexa1 mRNA,
might be due to the lack of interacting partners and/or sub-
strates that are engaged by native ATM, thus allowing themini-
ATM rapid removal. It is to be noted that in silico analysis
revealed four potential PEST sequences in miniATM (data not
shown). On the contrary, in AT cells, the absence of full-length
ATM provides to miniATM the possibility of entry as a substi-
tute of native ATM, therefore rescuing itself from degradation.
Obviously, miniATM cannot fulfill all the functions of the

native protein, but it could, however, retain some residual
kinase activity or acquire new functions. First of all, the newly
identified miniATM seems to be constitutively active and can
counteract the effect of phleomycin in yeast complementation
assay, suggesting that it is able to induce DNA repair effectors.
Moreover, recombinant miniATM was demonstrated to be
active by the kinase assay test. Finally, ATM kinase activity was
investigated in wild type andAT cells after dexa treatment. The
drugwas able to regain sensitivity toDSBs in twomutated LCLs
as demonstrated by �H2A.X triggering. Clearly, the classic
ATM kinase test cannot be performed because serine 1981 is
lacking in miniATM. Regarding p53 activation, phosphoryla-
tion on serine 15 was slightly improved in the AT129RM cell
line after dexa (data not shown). Intriguingly, the same sample
showed higher basal miniATM levels. In the light of the above,
miniATM seems to be active. It is noteworthy that a catalyti-
cally active truncated ATM protein was recently identified in
ATM�/� mice (26).

The above mentioned results are in disagreement with the
notion that theN terminus of the protein, which carries nuclear
localization sequences and binding sites for chromatin and
ATM-interacting protein, is essential for protein functions
(27). Because the newly discovered ATM variant induced by
dexa lacks theN terminus, it would be expected that it could not
exert the full nuclear function. Young et al. (27) reported that
mutagenized ATM proteins lacking the N terminus are unable
to fully localize in the nucleus and activate the DNA repair
effectors. However, the intricate role of ATM and its full func-
tions in cellular compartments are still unclear.
Despite the well known nuclear role of ATM, a cytoplasmic

role has been lately proposed (28–31), especially in neurons
(32–34). Boehrs et al. (32) suggest that cytoplasmic ATM pro-
motes neuron survival in an insulin-dependent manner. Vin-
iegra et al. suggested that ATM is required for full activation of
AKT, the key kinase of the insulin pathway (29). Finally, Kim et
al. demonstrated that AKT and ERK1/2 are constitutively
down-regulated in ATM�/� neurospheres (35). Consistent
with direct replacement of ATM protein, we found that dexa
rescues the switch-on of AKT, c-RAF, and ERK1/2, most likely
in an ATM-dependent manner, and enhances the activation of
Chk1, a direct substrate of ATM.
We are conscious that there is not a full correlation between

the extent of miniATM induction and the effects on AT cells.

Nevertheless, we should consider that the overall cellular
response is the result of a dynamic equilibrium where mini-
ATM activity interrelates with other overlapping proteins.
Besides, it is difficult tomake quantitative comparisons because
the WT and mutant cells were derived from different individ-
uals, with different genetic variability, drug sensitivity, and
ATM genotypes. As a final point, we cannot exclude either the
existence of other ATM variants, possibly induced by dexa, or
the cumulative effects of dexa on further cellular components.
Putting all the pieces together, here we demonstrated that

dexamethasone is able to promote a noncanonical splicing
event in the ATM gene producing a new ATMdexa1 transcript
variant; ATMdexa1 can be translated into a functional protein,
which maintains the kinase domain of native ATM, providing
to the cell a second chance to produce the protein, albeit with
reduced functions. The accumulation into the cell of miniATM
may rescue AT cells from the lack of a pivotal protein such as
ATM.
In conclusion, the amazing induction of a truncated protein

retaining kinase activity could partly justify the dramatic effect
of dexamethasone on neurological deterioration of AT patients
accumulated over the years and could also represent one of the
mechanisms by which the drug acts in treated AT patients.
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