
®

Induced Pluripotent Stem Cells from Ataxia-
Telangiectasia Recapitulate the Cellular Phenotype

SAM NAYLER,a,b MAGTOUF GATEI,b SERGEI KOZLOV,b RICHARD GATTI,c JESSICA C. MAR,d

CHRISTINE A. WELLS,a MARTIN LAVIN,b,e ERNST WOLVETANGa

Key Words. Experimental models • Gene expression • Reprogramming • iPS
aAustralian Institute for
Bioengineering and
Nanotechnology, University
of Queensland, Brisbane,
Queensland, Australia;
bDepartment of Cancer and
Cell Biology, Queensland
Institute of Medical
Research, Bancroft Centre,
Brisbane, Queensland,
Australia; cDepartment of
Pathology, UCLA School of
Medicine, Los Angeles,
California, USA; dDepartment
of Systems & Computational
Biology, Albert Einstein
College of Medicine, New
York, New York, USA;
eDivision of Cancer,
University of Queensland
Centre for Clinical Research,
Brisbane, Queensland,
Australia

Correspondence: Ernst
Wolvetang, Ph.D., Australian
Institute for Bioengineering and
Nanotechnology, University of
Queensland, Corner of College
and Cooper Road, St. Lucia,
Brisbane, Queensland 4072,
Australia. Telephone: 61-7-334-
63894; Fax: 61-7-334-63973;
e-mail: e.wolvetang@uq.edu.au;
or Martin Lavin, Ph.D.,
Queensland Institute of Medical
Research, 300 Herston Road,
Herston, Brisbane, Queensland
4006, Australia. Telephone: 61-
7-3362-0341; Fax: 61-7-3362-
0106; e-mail: martin.lavin@
qimr.edu.au

Received March 4, 2012;
accepted for publication May 22,
2012; first published online in
SCTM EXPRESS June 28, 2012.

©AlphaMed Press
1066-5099/2012/$20.00/0

http://dx.doi.org/
10.5966/sctm.2012-0024

ABSTRACT

Pluripotent stem cells can differentiate into every cell type of the human body. Reprogramming of
somatic cells into induced pluripotent stem cells (iPSCs) therefore provides an opportunity to gain
insight into the molecular and cellular basis of disease. Because the cellular DNA damage response
poses a barrier to reprogramming, generation of iPSCs from patients with chromosomal instability
syndromes has thus far proven to be difficult. Here we demonstrate that fibroblasts from patients
with ataxia-telangiectasia (A-T), a disorder characterized by chromosomal instability, progressive
neurodegeneration, high risk of cancer, and immunodeficiency, can be reprogrammed to bona fide
iPSCs, albeit at a reduced efficiency. A-T iPSCs display defective radiation-induced signaling, radio-
sensitivity, and cell cycle checkpoint defects. Bioinformatic analysis of gene expression in the A-T
iPSCs identifies abnormalities in DNA damage signaling pathways, as well as changes in mitochon-
drial and pentose phosphate pathways. A-T iPSCs can be differentiated into functional neurons and
thus represent a suitable model system to investigate A-T-associated neurodegeneration. Collec-
tively, our data show that iPSCs can be generated froma chromosomal instability syndromeand that
these cells can be used to discover early developmental consequences of ATM deficiency, such as
altered mitochondrial function, that may be relevant to A-T pathogenesis and amenable to thera-
peutic intervention. STEM CELLS TRANSLATIONAL MEDICINE 2012;1:523–535

INTRODUCTION

Ataxia-telangiectasia (A-T) is a rare autosomal
recessive genetic disorder characterized by chro-
mosomal instability, progressive neurodegen-
eration, a high risk of cancer, and immunodefi-
ciency. ATM, the gene defective in A-T, was
initially localized to chromosome 11q22–23 [1]
and then cloned by positional cloning [2]. ATM is
a Ser/Thr protein kinase and a member of the
phosphatidylinositol 3-kinase-related protein ki-
nase family. ATM is recruited to the sites of DNA
double-strand breaks (DSBs) by the Mre11-
Rad50-Nbs1 complex, where, in the presence of
other DNA damage response proteins, it is acti-
vated and subsequently phosphorylates as many
as 700 substrates involved in DNA repair and cell
cycle checkpoint activation [3, 4]. Biton et al.
used human embryonic stem cells (hESCs) to
demonstrate that ATM is nuclear and that it re-
sponds to DNADSBs [5].More recently, ATMwas
shown to be vital for the coordination of cell cy-
cle control of pluripotent stem cells after ionizing
radiation (IR) in G2 but not G1 [6]. Interestingly,
interferencewith ATM activity in hESCs using the
specific ATM inhibitor KU55933 [7] or bacterial
artificial chromosome (BAC)-mediated gene
knockout [8] suggested that ATM may be dis-

pensable for repair of DSBs and genomic stability
in hESCs. Although Atm-deficient mice recapitu-
late some of the cellular defects observed in A-T,
including radiosensitivity, immunodeficiency,
high incidence of cancer, and defective germ cell
development [9, 10], other A-T-related defects,
such as neuronal degeneration, are not evident
inAtm-deficientmice, highlighting the need for a
human A-T model system. Induced pluripotent
stem cells (iPSCs) from individuals with A-T
therefore present an opportunity to elucidate
the role of ATM in the pluripotent context, to
study A-T pathogenesis, and to create relevant
patient-specific cell platforms for drug screening.

To date, the generation of iPSCs from DNA
damage and chromosome instability syndromes
without prior gene correction has not been re-
ported. We found that reprogramming of A-T fi-
broblasts into iPSCs was indeed inefficient. Here
we report on the generation and characteriza-
tion of bona fide iPSCs from a family with A-T and
show that these cells recapitulate important as-
pects of the A-T phenotype, including deregula-
tion of molecular pathways previously associ-
ated with ATM, as well as gene expression
changes in the pentose phosphate and mito-
chondrial oxidative phosphorylation pathways.
These findings provide novel insights into early
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developmental consequences of ATM deficiency that may con-
tribute to A-T pathogenesis. We also show that A-T iPSCs are
capable of generating functional neurons and thus offer a poten-
tial model system to investigate the neurodegeneration associ-
ated with this disorder.

MATERIALS AND METHODS

Generation of iPSCs
Primary fibroblasts were isolated from dermal punch biopsies
collected from patients with ataxia-telangiectasia attending the
A-T Clinic, University of Queensland Centre for Clinical Research.
Biopsies were dissected into small pieces and incubated under
coverslips in Dulbecco’s modified Eagle’s medium (DMEM)
(Gibco, Grand Island, NY, http://www.invitrogen.com) with 12%
fetal calf serum (FCS) until fibroblasts grew out. Primary human
fibroblasts were harvested with TrypLE select (Invitrogen, Carls-
bad, CA, http://www.invitrogen.com) and expanded in DMEM
(Gibco) with 15% FCS until cryopreservation at passage 2. Fibro-
blasts were transduced with lentiviral constructs carrying OCT4/
IRES/SOX2 and KLF4/IRES/c-MYC (Adgene plasmid 21162: pSIN4-
EF2-O2S and plasmid 21163: pSIN4-EF2-N2L) [11]. After
transduction, �50,000 A-T fibroblasts were allowed to recover
for 24–48 hours before being transferred to mouse embryonic
fibroblast (MEF) feeder plates (36,000 cells per cm2). Transduced
A-T fibroblasts were stepwise transferred from DMEMwith 15%
FCS to 100% hESC culturemedium over a period of 4 days at 25%
per day, as this was shown to greatly increase their survival and
proliferation. In accordancewith a recent attempt to standardize
nomenclature across hESCs and iPSCs [12],we have named these
lines UQ0001i-ATh47.x and UQ0002i-AT34.y, where UQ refers to
the institution in which they originated, the subsequent four-
digit number refers to the order in which they were generated, i
denotes iPSC origin, and A-T or ataxia-telangiectasia heterozy-
gote (A-Th) nomenclature was as previously developed for nam-
ingA-T-cell lines, followedby internal patient identifier and clone
number (x or y). All work was carried out with informed consent
from patients under the approval of the University of Queens-
land Human Research Ethics Committee (HREC/09/QRCH/103).

Cell Culture Conditions
hESCs and iPSCs were grown in knockout serum replacement
(KOSR) hESC culture medium (80% DMEM Ham’s F-12 medium
[Gibco], 20% KnockOut Serum Replacement [Gibco], 2mM L-glu-
tamine [Gibco], 1% nonessential amino acids [Gibco], 0.1 mM
2-mercaptoethanol, and 50–100 ng/ml basic fibroblast growth
factor) (Invitrogen) at 37°C at 5% CO2 and high humidity. Cells
were maintained on MEF feeder layers supplied by the Austra-
lian StemCell Centre. For experimentation, cells were cultured in
feeder-free conditions on Matrigel (BD Biosciences, San Diego,
CA, http://www.bdbiosciences.com) in MEF-conditioned hESC
culture medium. Cells were passaged as previously described
[13] before being replating at a seeding ratio of between 1:2 and
1:6. hESC medium was replaced daily, and cells were split at
approximately 80% confluence on days 6–7.

Screening of Clones
iPSC colonies were picked at early (2 weeks) and late (5 weeks)
time points and subcultured clonally on MEFs in organ culture
dishes. Clones were screened for expression of TRA-1-60 and

Hoechst dye efflux, transgene persistence by reverse transcrip-
tion-polymerase chain reaction (RT-PCR), stem cell marker ex-
pression, methylation status at Oct4/Nanog promoters, and
karyotypic stability via G-band analysis (�15 metaphases ana-
lyzed per sample) by a commercial genotyping service (Sullivan
Nicolaides Pathology, Brisbane, QLD, Australia, http://www.snp.
com.au). Transgene silencing in selected clones was later con-
firmed by quantitative RT-PCR.

Teratoma Formation
iPSCs grown on MEFs were collected by collagenase IV treat-
ment, and approximately 2 � 106 iPSCs resuspended in 50 �l of
DMEM/Ham’s F-12 medium supplemented with 30% Matrigel
were injected into hind limb muscles of methoxyflurane-anes-
thetized 6-week-old immune-compromised SCID mice (CB17-
SCID mice from the Animal Resources Centre [ARC], Canning
Vale, WA, Australia, http://www.arc.wa.gov.au). After 8–10
weeks, teratomas were dissected and fixed in 4% paraformalde-
hyde. Samples were embedded in paraffin, stained with hema-
toxylin and eosin, and examined for the presence of representa-
tives of the three germ layers by an independent pathologist. All
mouse procedures were conducted under local ethical guide-
lines and after gaining permission from the local animal ethics
committee (University of Queensland, Brisbane, QLD, Australia).

Bisulfite Sequencing
Live iPSCs were sorted by flow cytometry for TRA-1-60, and
genomic DNA was isolated. One to 2 �g of DNA was bisulfite-
converted using the EpiTect Bisulfite kit (Qiagen, Hilden, Ger-
many, http://www.qiagen.com) before PCR of Oct4/Nanog pro-
moter regions and cloning into the PCR2.1 vector. Clones were
screened and selected for sequencing (primers are listed in sup-
plemental online Table 8). Synthetically hypermethylated HeLa
cells and H9 hESCs were also included as controls.

Irradiation
A 60Co source irradiatorwas used to deliver 2Gy of IR to the cells.
Cells were returned to the incubator to recover to the appropri-
ate time point before harvesting/fixation with 4% paraformalde-
hyde, lysate preparation, or processing for fluorescence-acti-
vated cell sorting (FACS).

Terminal Deoxynucleotidyl Transferase dUTP Nick-End
Labeling Assay
Following IR ormock dose, cellswerewashedonce in phosphate-
buffered saline (PBS) and harvested with cell dissociation buffer
(Gibco). The terminal deoxynucleotidyl transferase dUTP nick-
end labeling assaywas used to determine apoptosis according to
the in situ cell death detection kit (Roche Diagnostics, Basel,
Switzerland, http://www.roche-applied-science.com).

Immunoblotting
Cell extracts were prepared as previously described [14]. Pro-
teins were separated using SDS-polyacrylamide gel electropho-
resis and transferred to nitrocellulose using Towbin’s buffer and
100 V for 1 hour at 4°C prior to immunoblotting. Membranes
were blocked with PBS blocking buffer containing 5% skim milk
and 0.05% Tween 20 for 1 hour at room temperature and incu-
bated for 16 hours with antibodies to SMC1 (1 �g/ml),
SMC1p5957 (1 �g/ml), KAP-1 (1 �g/ml), or KAP-1pS824 (1 �g/
ml) (rabbit polyclonals; Novus Biologicals, Littleton, CO, http://
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www.novusbio.com); anti-rabbit p53 (2 �g/ml) or anti-mouse
p53 Ser15 (2 �g/ml) (Cell Signaling Technology, Beverly, MA,
http://www.cellsignal.com); or anti-rabbit Chk2 (2 �g/ml), Chk2
pT68 (3 �g/ml) (Abcam, Cambridge, U.K., http://www.abcam.
com), anti-rabbit ATM pSer1981 (2 �g/ml) (Rockland Immuno-
chemicals, Gilbertsville, PA, http://rockland-inc.com), or anti-
ATM (2 �g/ml) (mouse monoclonals; GeneTex, San Antonio, TX,
http://www.genetex.com) diluted in blocking buffer at the indi-
cated dilutions. Following washing in PBS buffer containing
0.05% Tween 20, anti-mouse horseradish peroxidase (1�g/3ml)
(Millipore, Billerica, MA, http://www.millipore.com) and anti-
rabbit (1 �g/5 ml) (Rockland Immunochemicals) secondary anti-
bodies diluted in blocking buffer were used to reveal antibody
binding. Secondary antibody cross-reactivity was visualized us-
ing ECL (PerkinElmer Life and Analytical Sciences, Waltham, MA,
http://www.perkinelmer.com).

Immunostaining
For immunostaining cells were washed in PBS and fixed in 4%
paraformaldehyde for 15 minutes at 4°C. For nuclear staining,
samples were permeabilized in 0.1% Triton X-100 at room tem-
perature for 10 minutes before blocking with 10% goat serum
and incubation with the relevant antibodies overnight at 4°C.
Antibodies and dilutions used were Oct4 (2.5 �g/ml), SSEA-4
(1/100), TRA-1-60 (2.5�g/ml), Nanog (1/400), TRA-1-80 (3.8�g/
ml) (all from Millipore), or Oct4 (1 �g/ml) (Santa Cruz Biotech-
nology Inc., Santa Cruz, CA, http://www.scbt.com). ATM anti-
body preparation is described in [15]. Following washing with
PBS (three times for 5minutes at room temperature) the second-
ary antibodies goat anti-mouse IgG1, goat anti-mouse IgG2B, goat
anti-mouse IgM, or donkey anti-rabbit IgG (Alexa Fluor) (2 �g/
ml) were used to reveal cross-reactivity. Nuclei were stained
with 4�,6-diamidino-2-phenylindole (DAPI) or Hoechst. This
preparation minus the addition of primary antibody was used to
confirm specificity of staining.

G2/M Checkpoint Analysis
Activation of the G2/M checkpoint was determined by histone
H3 phosphorylation [16]. Immunohistochemistry for themitosis-
specific marker phosphorylated histone H3 (serine 10) (H3s10;
P-Histone H3 S10; Cell Signaling Technology; 0.5�g/ml) was per-
formed 2 hours after 2 Gy of ionizing radiation ormock dose. The
mitotic index was derived by counting the proportion of im-
mune-positive cells for H3s10 staining divided by the number of
nuclei stained byDAPI. General linearmodelswere performed to
assess for differences in the proportions for the three different
groups (A-T, control iPSCs, and H9) and the irradiation states
(irradiated and not irradiated). Analyses were performed on the
mean arcsine square-root proportions, and the resultswere then
back-transformed for presentation. All results presented were
back-transformed to the original scale. No significant difference
was found between control iPSCs and H9s, so we pooled
these data to compare with A-T iPSCs. An average of �650
events were quantified form each condition in three indepen-
dent experiments. Slides were imaged using an Olympus BX61
microscope (Olympus, Tokyo, http://www.olympus-global.
com).

Radioresistant DNA Synthesis
Radioresistant DNA synthesis was determined by DNA fiber la-
beling as described previously [17]. Briefly, A-T and control iPSCs

were pulsed for 15 minutes with 50 �M chlorodeoxyuridine and
washed, followed by exposure tomock/2 Gy of radiation prior to
a second pulse for 15 minutes with 50 �M iododeoxyuridine.
DNA fibers weremade following the approach as previously out-
lined. Ongoing initiations and new replication forks were visual-
ized via immunofluorescent microscopy after staining with rat
monoclonal anti-bromodeoxyuridine (anti-BrdU) (Abcam) (13.3
�g/ml) andmousemonoclonal anti-BrdU (BD Biosciences) (1/8).
Secondary antibodies were goat anti-rat Alexa 488-conjugated
secondary (Invitrogen) (6.7�g/ml) and donkey anti-mouse Alexa
594-conjugated secondary (6.7 �g/ml). Two-by-two factorial
analysis of variance was performed to assess differences in the
proportions of the two different genotypes (A-T vs. control) and
the irradiated states (irradiated and not irradiated). Analyses
were performed on the arcsine square-root proportions, and the
results (means and confidence intervals) were then back-trans-
formed for presentation. Analyses showed that there were no
differences between the two substudies, and all analyses were
performed on the combined data set, not taking into account the
substudies. All results presented from analyses were back-trans-
formed to the original scale. More than 700 events were quanti-
fied fromeach condition in two independent experiments. Slides
were imaged using a Zeiss LSM 710 confocal microscope (Carl
Zeiss, Jena, Germany, http://www.zeiss.com).

Neuronal Differentiation
iPSC cultures were grown for 5 days after passage prior to com-
mencement of differentiation and changed directly into KOSR
hESC medium supplemented with 5 �M dorsomorphin (Stem-
gent, Cambridge, MA, https://www.stemgent.com) and 10 �M
SB431542 for the first 6 and 12 days of differentiation, respec-
tively, with medium changes every 2 days. The KOSR hESC me-
dium was gradually replaced with Neurobasal medium (Gibco)
(with N2B27 supplements used according to the manufacturer’s
specifications) (Gibco) with 25%, 50%, 75%, and 100% N2B27
Neurobasal medium in KOSR hESC medium on days 4, 6, 8, and
10 respectively. Neurospheres were formed on day 6 of differ-
entiation by 10 minutes of incubation in 1 mg/ml collagenase IV
(Gibco) at 37°C and dislodging of large pieces of colonies by use
of a cell scraper and P1000 pipette. Neuralized colony frag-
ments were seeded into Ultra-Low Cluster plates (Cor-
ning Costar, Acton, MA, http://www.corning.com/lifesciences),
where they aggregated into tight spheres. On day 12 of differen-
tiation, neurospheres were seeded onto Matrigel (BD Biosci-
ences)-coated plates, and N2B27 Neurobasal medium was sub-
sequently changed every 3–4 days as neurons grew out from the
sphere borders. Cultures were passaged every week by cell
dissociation buffer (Sigma-Aldrich, St. Louis, http://www.
sigmaaldrich.com) at a ratio of 1:2 to 1:3, eventually leading to
the complete dissociation of neurosphere aggregates. Four- to
6-week-old cultures were subsequently matured by the addition
of 20 ng/ml brain-derived neurotrophic factor and 20 ng/ml glial
cell line-derived neurotrophic factor (R&D Systems Inc., Minne-
apolis, http://www.rndsystems.com), 200 nM ascorbic acid, and
0.5 mM dibutyryl-cAMP (Sigma-Aldrich) for 2 weeks with me-
dium changes every 2 days to replenish growth factors.

Calcium Imaging in Neuronal Cultures
Calcium imaging was performed using the FLIPR TETRA High
Throughput Cellular Screening System (Molecular Devices,
Sunnyvale, CA, http://www.moleculardevices.com), essentially
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as described by Vetter and Lewis [18]. Neurons were seeded in a
black-walled 386-well culture format, loadedwith a calcium-sen-
sitive fluorescent dye, and depolarized with 50 mM KCl.

RNA Isolation, cDNA Synthesis, PCR, and Quantitative
PCR
RNA was isolated using the RNeasy isolation kit (Qiagen). Con-
centration and 260/280 ratioswere quantified using aNanoDrop
1000 spectrophotometer (NanoDrop, Wilmington, DE, http://
www.nanodrop.com) before synthesis of cDNA using the iScript
cDNA synthesis kit (Bio-Rad, Hercules, CA, http://www.bio-rad.
com) according to the manufacturer’s specifications (500 ng).
RT-PCR was performed for OCT4 (657 base pairs [bp]) and SOX2
(498 bp) transgenes according to the following conditions: 94°C
for 5minutes; 32 cycles of 94°C for 1minute, 58°C for 30 seconds,
and 72°C for 1 minute; 72°C for 7 minutes. RT-PCR was per-
formed for KLF4 (563 bp) and c-MYC (350 bp) transgenes and for
GAPDH (152 bp) according to the following conditions: 94°C for 5
minutes; 32 cycles of 94°C for 1minute, 57°C for 30 seconds, and
72°C for 1 minute; and 72°C for 7 minutes. Primers are listed in
supplemental online Table 8. Quantitative PCR (qPCR) was per-
formed for the OCT4 transgene, endogenous OCT4, and �-Actin
using a C1000 thermal cycler (Bio-Rad) using Ssofast evagreen
qPCR mix (Bio-Rad) according to the following conditions: 95°C
for 3 minutes; 30 cycles of 95°C for 10 seconds and 60°C for 30
seconds. Expression data were calculated using the ��Ct
method.

Expression Analysis
RNA was harvested from TRA-1-60 FACS-sorted hESCs (MEL1)
and control (UQ0001i-control1), A-T heterozygote (UQ0001i-
ATh47.1), and homozygote iPSCs (UQ0002i-AT34.7), as well as
from nonsorted parental fibroblasts. Total RNA was isolated
from each FACS-sorted iPSC line and from unsorted fibroblast
cell samples using the RNeasy Mini Kit (Qiagen). The total RNA
(and A260/A280 ratio) was then quantified using a NanoDrop
1000 spectrophotometer. Total RNA (100 ng) was subjected to
reverse transcription, second-strand cDNA synthesis, and in vitro
transcription using the TotalPrep RNA Amplification Kit (Illumina
Inc., San Diego, http://www.illumina.com). cRNAwas hybridized
to Illumina HT12 v4 BeadChip microarrays. The raw expression
data were normalized using quantile normalization and without
background correction, using the lumi R/Bioconductor package
(version 2.4.0) [19]. Only probes passing the Illumina detection
threshold were included in the expression analysis; a probe
passed the Illuminadetection score if it had adetectionp value of

�.01 in at least 75% of cell lines in the same group; these criteria
resulted in 20,593 probes being retained. All statistical analyses
were performed using R, version 2.13.2. All probesweremapped
using the annotation package illuminaHumanv4.db (version
1.10.0) available from Bioconductor. The expression data are
available for download from Stemformatics (http://www.
stemformatics.org) and GEO (http://www.ncbi.nlm.nih.gov/
geo) under the accession number GSE35347.

Heatmaps were constructed using the gplots R/Bioconduc-
tor package (version 2.10.1) where agglomerative hierarchical
clusteringwas used on the basis of ameasure of dissimilarity 1�
R, where R represents the Pearson correlation coefficient be-
tweenany twogeneexpressionprofiles and ranges from�1 to 1.
Probes mapping to multiple gene symbols were filtered to en-
sure a one-to-onemapping betweenprobe and gene symbol; the
probewith themost significant p value assessing the significance
of differential expression between A-T and control iPSCs was
retained and represented in the resulting heatmap. The p values
were generated using the R/Bioconductor package limma (ver-
sion 3.8.3) and adjusted formultiple testing using the Benjamini-
Hochberg method [20]. The PluriNet gene list, as identified by
Müller et al., was originally downloaded from http://www.
stemcellmatrix.org and consisted of 299 gene symbols, listed in
supplemental online Table 9 [21]. Pathway analysis was per-
formed using the R/Bioconductor package attract (version 1.4.0)
[22],where pathwayswere definedusing theKyoto Encyclopedia
of Genes and Genomes (KEGG) [23]. The comparison of expres-
sion between mitochondrial genes in A-T and control iPSCs was
based on genes represented inMitoCarta, a curated list of genes
known to be involved inmammalianmitochondrial function.We
used attract to compute a p value representing the enrichment
of genes showing differential expression across the seven cell
types for which expression analysis was present. We found that
the mitochondrial gene list had a statistically significant p value
of 9.47 � 10�19, and we were able to decompose this pathway
into four groups of genes showing distinct patterns of correlated
expression.

RESULTS

Generation and Characterization of A-T Homozygote
and A-T Heterozygote iPSCs
Skin fibroblast cultures were established from punch biopsies
from A-T heterozygote and A-T homozygote patients (mother

Figure 1. Generation of A-T heterozygote and homozygote induced pluripotent stem cells (iPSCs). (A): The mean number of colonies
following reprogramming of control (n� 3), A-T heterozygote (n� 3), and A-T homozygote (n� 2) fibroblasts. The figure shows pooled data
frommore thanoneexperiment. (B):Polymerase chain reaction (PCR) analysis of transgeneexpression andendogenous expressionofNANOG
and OCT4 in homozygote and heterozygote A-T iPSCs. Arrows indicate the two clones (C7 and C11) with the greatest levels of transgene
silencing. Positive controls were lentiviral plasmids and H9 hESC cDNA. (C):Quantitative PCR data show that the transgene was detectable in
transduced fibroblasts at 168 and 208 hours post-transduction, but not in control fibroblasts. TransgeneOCT4was not detected in A-T iPS (C7)
but was present in trace amount in A-Th iPS (C1) after 30 weeks of passage. Results were normalized to a control iPS clone that expressed
transgene robustly. Both A-T iPS (C7) and A-Th iPS (C1) strongly expressed endogenous OCT4. Error bars show SEM from three technical
replicates; data are from one experiment. Primers for �-ACTIN were used as a control. (D): A-T iPSC (C7) colonies expressed the following
pluripotency markers: OCT4, NANOG, Tra-1-80, Tra-1-61, SSEA4. DAPI stained the nuclei. Scale bars � 1 �m. (E): Bisulfite sequencing of CpG
islands in theNANOG andOCT4promoters in nuclearDNA fromheterozygoteA-T fibroblasts (A-Th-F) andheterozygoteA-T iPSCs (A-Th-iPS C1)
and homozygote A-T fibroblasts (A-T-F) and A-T iPSCs (A-T-iPS C7). Methylated HeLa DNA (positive control) and H9 hESC DNA (negative
control) are also shown. Open circles represent unmethylated dinucleotides, and closed circles represent methylated dinucleotides. (F):
Hierarchical clustering and heatmap comparison of the 299 Plurinet genes between control fibroblasts, homozygote A-T fibroblasts, hetero-
zygote A-T fibroblasts, heterozygote A-T iPSCs (C1), homozygote A-T iPSCs (C7), H9 hESCs, and control iPSCs. Abbreviations: A-T, ataxia-
telangiectasia; A-Th, ataxia-telangiectasia heterozygote; C, clone; CTRL, control; DAPI, 4�,6-diamidino-2-phenylindole; F, fibroblast; hESC,
human embryonic stem cell; iPS, induced pluripotent stem; Pos, positive; TG, transgene.
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and daughter). Mutation analysis revealed two frameshift dele-
tions (7004delCA and 7886delTATTA) predicted to result in trun-
cated and thus unstable ATM protein [24]. In order to optimize
conditions and reduce the risk of chromosomal instability, we
selected early passage (passage �5) fibroblasts for reprogram-
ming. Following transduction with OCT4/IRES/SOX2 and KLF4/
IRES/c-MYC lentivirus, we stepwise adapted the cells to KOSR
hESC culture medium over the first 4–5 days of iPSC generation,
since direct replacement with KOSR hESC culture medium was
found to lead to extensive death of the A-T fibroblasts. Control
cells from healthy, unrelated individuals were also repro-
grammed in parallel. After 2weeks, transducedA-T patient fibro-
blasts gave rise to hESC-like colonies (supplemental online Fig.
1A). Although our data show that it was possible to reprogram
A-T fibroblasts, the efficiency was markedly reduced to 4% com-
pared with controls (Fig. 1A). It is also of note that reprogram-
ming efficiency was reduced to 15% for the A-T heterozygote,
indicating a potential role for ATM in reprogramming. Thirteen
colonies from the ATM homozygote patient that expressed the
TRA-1-60 stem cell surface marker and exhibited Hoechst dye
efflux [25] (supplemental online Fig. 1B) were expanded for fur-
ther analysis. Eleven of these clones displayed a stable pluripo-
tent stem cell phenotype and could be culture expanded. Two
of the A-T homozygote clones (C7 and C11) and one clone (C1) of
the heterozygote samples were selected for further analysis as
these showed SOX2, KLF4, and c-MYC transgene silencing after
13 weeks of culture with some persistence of OCT4 transgene
(Fig. 1B). A-T iPSC clones 7 and 11 robustly expressed endoge-
nous OCT4 and NANOG, as shown by RT-PCR (OCT4) (Fig. 1B).
Following 30 weeks of culture, quantification of OCT4 transgene
expression by qPCR in A-T iPSC clone 7 and A-Th iPSC clone 1
revealed that exogenousOCT4 expressionwas undetectable (C7)
or present in trace amounts (C1), relative to controls (Fig. 1C).
These clones further exhibited clearly detectable expression of
the pluripotency markers TRA-1-60, TRA-1-81, SSEA4, NANOG,
and OCT4 by immunofluorescence (Fig. 1D; supplemental online
Fig. 1C). Immunoblotting failed to detect ATM protein in protein
extracts from the patient fibroblasts (Fig. 2A). Flow cytometric
analysis of TRA-1-60 expression further exemplifies that the A-T
iPSCs (clone 7 shown) exhibit robust and uniform expression of
this pluripotency marker in the majority of the population (sup-
plemental online Fig. 1D). In keeping with these observations,
CpG islands in the OCT4 and NANOG promoter regions in the
A-T iPSCs (clone 7) and A-Th-iPSCs (clone 1) were found to be
hypomethylated as compared with the parental fibroblasts
(Fig. 1E). Heterozygote and control clones were screened sim-
ilarly as described above and conformed to the same criteria
(data shown where applicable).

iPSCs from both the A-T homozygote (clones 7 and 11) and
their A-T heterozygote parent (clone 1) formed teratomas when
injected into SCID mice (one mouse per line, with each mouse
developing a teratoma) comprising tissue types from all three
germ layers (endoderm, mesoderm and ectoderm), indicating
pluripotential trilineage differentiation (supplemental online Fig.
1E), as did control iPSCs (supplemental online Fig. 1E). A subset of
the 11 clones that displayed the characteristics of pluripotent
cells were examined for gross karyotypic abnormalities (supple-
mental online Fig. 2). Although 2 of the 11 clones that displayed
long-term self-renewal developed chromosomal abnormalities,
5 A-T iPSC clones displayed normal karyotypes between passage
11 and passage 16, and this was maintained out to passage 31 in

the case of oneA-T clone (clone 7) (supplemental online Table 1).
To further validate the A-T iPSCs, we compared the transcrip-
tome of A-T iPSC clone 7 with control iPSCs (UQ0001i-control1)
and hESCs (MEL1). Principal component analysis revealed the
similarity in gene expression between A-T iPSCs, control iPSCs,
and hESCs, and this was further reinforced by hierarchical clus-
tering of the 299 pluripotency-associated genes of the PluriNet
[21] (Fig. 1F). We conclude from these analyses that the pheno-
type and gene expression profiles of A-T homozygote (and
UQ0002i-AT34.7) and heterozygote (UQ0001i-ATh47.1) iPSC
lines are consistent with a fully reprogrammed iPSC phenotype.

Defective DNA Damage Response in A-T iPSCs
ATM is a cellular DNA damage sensor that coordinates the cell
cycle through damage-response checkpoints and mediates DNA
repair to preserve genomic integrity. ATM has also been impli-
cated in additional roles such as regulation of metabolic activity
and response to reactive oxygen species (ROS) [24, 26]. There is
still little consensus regarding the role of ATM in human pluripo-
tent stem cells, and we therefore investigated several A-T-asso-
ciated phenotypes in the A-T iPSCs.

The A-T patient in this study possesses frameshift mutations
in both ATM alleles; accordingly neither the A-T fibroblasts (Fig.
2A) nor the A-T iPSCs (Fig. 2A) showed expression of ATM pro-
tein. This was confirmed by immunofluorescent imaging, reveal-
ing predominantly nuclear localization of ATM in control iPSCs
and undetectable ATM in A-T iPSCs (Fig. 2B). Consequently, after
exposure to radiation (2 Gy, 1 hour) and immunoprecipitation
with ATM, phosphospecific antibodies that detect S367, S1981,
or S2996 phosphorylation sites, ATM autophosphorylation was
not detected, whereas autophosphorylation was clearly de-
tected in control iPSCs (Fig. 2C). In agreement with these data,
immunofluorescent staining failed to detect ionizing radiation-
induced foci in irradiated A-T iPSCs (ATMpS1981 or ATMpS367),
whereas clear nuclear localization of ATM pS367 and ATM
pS1981was detected in irradiated control iPSCs (Fig. 2D). �H2AX
foci were present in both controls and A-T iPSCs, indicating that
DNA repair was actively proceeding in the absence of ATM pro-
tein (Fig. 2D). Once ATM is activated it phosphorylates a large
number of substrates in multiple pathways [3, 14, 27], including
proteins involved in cell cycle control (e.g., p53 and Chk2), cell
survival (SMC1), and maintaining chromatin structure (Kap1). In
control iPSCs, all of these substrates were phosphorylated and
p53was stabilized in response to radiation exposure, but this did
not occur in A-T iPSCs (Fig. 2E). We conclude that ionizing radia-
tion-induced ATM-dependent signaling is defective in A-T iPSCs.

Defective Cell Cycle Checkpoint Activation in A-T iPSCs
Another cellular hallmark of A-T is defective cell cycle checkpoint
activation in response toDNADSBs [28].We thereforemeasured
G2/M delay using histone H3 phosphorylation after exposure to
2 Gy of radiation. Control iPSCs showed characteristic inhibition
of entry intomitosis 2 hours after exposure to 2 Gy, similar to H9
hESCs (Fig. 3A), whereas A-T iPSCs exhibited a greatly reduced
inhibition of mitotic entry after the same dose of radiation. Ex-
posure of cells to radiation leads to rapid inhibition of DNA syn-
thesis, and this is used to determine the intra-S-phase check-
point [17]. When somatic A-T-cells are irradiated they exhibit
radioresistant DNA synthesis or a defective S-phase checkpoint
[29]. The S-phase checkpoint was determined using a DNA fiber
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assay where the extent of DNA synthesis is expressed as a per-
centage of new initiations relative to total elongations in irradi-
ated and nonirradiated cells [14]. DNA synthesis was inhibited by
60% in control iPSCs, whereas in A-T iPSCs DNA synthesis was
inhibited only by 20%, demonstrating the presence of radioresis-
tant DNA synthesis in A-T iPSCs (Fig. 3B). Because hypersensitiv-
ity to ionizing radiation is a well-established characteristic of so-

matic A-T cells [30, 31], we next examined the incidence of
apoptosis in A-T and control iPSCs 24 hours after exposure to 2
Gy of radiation. As shown in Figure 3C, radiation-induced apo-
ptosis was approximately threefold higher in A-T iPSCs than in
control iPSCs (supplemental online Fig. 3 gives FACS plots). Fig-
ure 3C further shows that even under standard culture condi-
tions, A-T iPSCs exhibited a twofold load of apoptosis relative to

Figure 2. Ionizing radiation failed to activate ATM signaling in A-T induced pluripotent stem cells (iPSCs). (A): Western blot showing
expression of ATM in (lanes from left to right) H9 human embryonic stem cells (hESCs), control fibroblasts, control iPSCs, heterozygote A-T
fibroblasts, heterozygoteA-T iPSCs, A-T homozygote fibroblasts, andhomozygoteA-T iPSCs. DNA-protein kinasewas used as a loading control.
(B): Immunofluorescent detection of ATM protein in control iPSCs (top) and A-T iPSCs (bottom). DAPI stained the nuclei. Secondary antibody
staining alone revealed no cross-reactivity (not shown). Scale bars � 1 �m. (C): Western blot analysis of ATM autophosphorylation sites
S2996, S367, and S1981 in immunoprecipitated ATM protein from H9 hESCs, control iPSCs and A-T iPSCs following irradiation with 2 Gy of IR
for 0, 1, and 4 hours. A Coomassie-stained gel of the ATM immunoprecipitatewas used as a loading control. (D): Immunofluorescent detection
of ATM autophosphorylation sites S1981 and S367 and �H2AX foci in control iPSCs (top) and A-T iPSCs (bottom) after IR (2 Gy, 1 hour). Scale
bars� 0.5�m. (E):Western blot analysis of phosphorylation of ATM downstream targets SMC1 (S957), KAP1 (S824), and Chk2 (T68) and p53
stabilization in control and A-T iPSCs following 0, 1, and 4 hours of IR (2 Gy). Abbreviations: A-T, ataxia-telangiectasia; A-Th, ataxia-telangiec-
tasia heterozygote; DAPI, 4�,6-diamidino-2-phenylindole; F, fibroblast; iPS, induced pluripotent stem; IR, ionizing radiation.
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controls. In somatic cells, ATM activation by DNA DSBs and sub-
sequent signaling through p53 represents a major pathway for
induction of apoptosis [32], implying that loss of ATM activity
may confer resistance to apoptosis. In contrast our data show an
increased sensitivity to spontaneous and radiation-induced apo-
ptosis.

Bioinformatic Analysis of Transcriptome Changes in A-T
iPSCs
In addition to its role in responding to DNA DSB repair, ATM has
also been implicated in a range of other cellular processes, and
its role in nonirradiated pluripotent cells has remained largely
unexplored. We therefore examined in detail the transcriptome
of unchallenged A-T iPSCs in culture using a combinatorial bioin-
formatics approach using the Genego and attract bioinformatic
analysis tools. Whereas Genego identifies pathways within sig-
nificantly differentially expressed genes on the basis of existing
knowledge (on the basis of KEGG annotation) the attract path-

way analysis tool examines the entire data set and identifies and
amplifies new coordinately regulated gene sets that are relevant
to the mechanisms underlying particular phenotypes [22].

Principal component analysis of the entire data set (Fig. 4A)
showed that A-T homozygote, A-T heterozygote,wild-type iPSCs,
and hESCs clustered together closely but away from the fibro-
blast samples, which did show clustering based on genotype.
These data indicate that the large transcriptome differences that
exist between A-T fibroblasts and wild-type fibroblasts are
largely resolved after reprogramming. Nevertheless 7,921 genes
showed differential expression between A-T and wild-type iPSCs
(p � .05) (supplemental online Table 2). Genego analysis of this
cohort of genes identified pathways previously associated with
ATM, such as cell cycle control, DNAdamage, and apoptosis (sup-
plemental online Table 3). When we used attract to analyze the
entire data set, we identified not only these knownpathways but
also oxidative phosphorylation and pentose phosphate pathway
as significantly altered (supplemental online Fig. 4). This led us to

Figure 3. A-T induced pluripotent stem cells (iPSCs) exhibited cell cycle defects and hypersensitivity after ionizing radiation. (A): H3s10
immunostaining of cells following 2 Gy of ionizing radiation (IR) or mock dose was quantified. A-T iPSCs showed persistent staining relative to
controls (top panels, H9 human embryonic stem cells and control iPSCs shown), indicative of a failure to arrest at the G2/M checkpoint (�600
events were quantified from each condition in three independent experiments; error bars show SEM; p � .05). Scale bars � 25 �m. (B): A-T
iPSCs exhibited radioresistant DNA synthesis following 2 Gy of IR (�700 events were quantified from each condition in two independent
experiments; error bars showSEM;p� .05). Scale bars�16�m. (C): Flow cytometric quantification of TUNEL staining of control andA-T iPSCs
24 hours aftermock or 2 Gy of IR. Populationswere gated to exclude cellular debris and autofluorescence. Positive control was DNase-treated
iPSCs (histograms shown in supplemental online Fig. 3) (n � 1). Abbreviations: A-T, ataxia-telangiectasia; iPS, induced pluripotent stem;
TUNEL, terminal deoxynucleotidyl transferase dUTP nick-end labeling.
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analyze the expression of 1,080 genes, previously identified in
the MitoCarta database [33], that are directly or indirectly asso-
ciated with mitochondrial function within the 7,921 genes that
were differentially expressed (p � .05) between A-T iPSCs and
controls. Remarkably, 464 of 1,080 of these mitochondria-asso-
ciated genes were identified within the A-T iPSCs differentially
expressed gene list (heatmap shown in Fig. 4B), suggesting that
mitochondrial function is a significantly altered pathway in non-
irradiated A-T iPSCs (supplemental online Table 5 shows list of
upregulated and downregulated genes). Using attract we were
further able to attribute these mitochondrial gene expression
differences to either cell state (i.e., induced pluripotent stem �
embryonic stem vs. fibroblasts) or genotype (i.e., A-T homozy-
gous� heterozygous vs. wild-type), identifying four groups (sup-
plemental online Fig. 5 shows statistical analyses) of mitochon-
drial activity. In two of these groups (groups 2 and 3) ATM
deficiency showed no difference, whereas group 1 consisted of
conserved ATM-centric changes that were apparent in both fi-
broblasts and pluripotent cells (Fig. 4C). Most interestingly,

group 4 identified 212mitochondria-associated genes that were
specifically altered in A-T iPSCs but not in fibroblasts (supple-
mental online Table 6 shows gene lists of all four groups). Further
curation of this list selecting for genes either encoded bymtDNA
or imported into mitochondria shows that 140 of 143 truly mito-
chondrial genes were upregulated in A-T iPSCs (Fig. 4D). Thema-
jority of these 143 genes are either components of the respira-
tory chain, involved in assembly and import of respiratory chain
complexes, mitochondrial metabolite transporters, mitochon-
drial ribosomal proteins, or tRNA synthetases (supplemental on-
line Table 7 shows an annotated gene list). These gene expres-
sion changes are therefore consistent with an upregulation of
mitochondrial biogenesis in human pluripotent cells in the ab-
sence of ATM.

Directed Differentiation of A-T iPSCs into Functional
Neurons
We next differentiated A-T iPSCs (UQ0002i-AT34.7) and control
iPSCs (UQ0001i-control1) into neuronal progenitors using a

Figure 4. Bioinformatic analysis of A-T induced pluripotent stem cells (iPSCs) revealedmitochondrial gene expression changes. (A): Principal
component analysis of the entire gene expression data sets of A-T heterozyogote fibroblasts and iPSCs, A-T homozygote fibroblasts and iPSCs,
control fibroblasts and iPSCs, and MEL1 hESCs. (B): Heatmap comparison of 546 mitochondria-associated genes (MitoCarta) between A-T
heterozyogote fibroblasts and iPSCs, A-T homozygote fibroblasts and iPSCs, control fibroblasts and iPSCs, and MEL1 hESCs. (C): On the basis
of a gene list of mitochondria-associated genes, the (MitoCarta) attract analysis identified four groups of mitochondria-associated gene
expression showing distinct patterns of correlated expression depending on cell type or genotype. (D): Expression of 141 genes expressed in
mitochondria derived from group 4 (iPSC-specific changes in A-T iPSCs from [B]). Graph indicates log fold change of group 4 genes compared
with control iPSCs andMEL1 hESCs. Abbreviations: A-T, ataxia-telangiectasia; ATMhet, heterozyogote; ATMhomo, homozygote; hES, human
embryonic stem; hESC, human embryonic stem cell; iPS, induced pluripotent stem; WT, wild-type.
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modified version of the dual SMAD inhibition protocol previously
described [34] (Fig. 5A). A-T iPSCs readily differentiated into �III-
TUBULIN and MAP-2-expressing cells with a neuronal morphol-
ogy that, after 2 weeks of culture in neuronal maturation me-
dium, displayed electrophysiological activity in the form of
calcium spikes following KCl depolarization, as shown by Ca2�

imaging performed using the FLIPR TETRA High Throughput Cel-
lular Screening System [18] (Fig. 5B).When irradiated, these cells
also exhibited a defective DNA damage response, as shown by
the absence of ionizing radiation-induced foci, relative to con-
trols (ATM S1981 and SMC1 S957) (Fig. 5C).

DISCUSSION

Emerging evidence suggests that the DNA damage pathways are
activated early during reprogramming and may pose a barrier to
iPSC generation. The generation of iPSCs from chromosomal insta-
bility syndromeshas indeedproven tobedifficultwithout genema-
nipulation. Raya et al. showed that somatic cells from patients with
the rare recessive chromosomal instability disorder Fanconi anemia
could be reprogrammed to pluripotency to generate patient-spe-
cific iPSCs only after correction of the defective gene with cDNA
[35]. We have shown that this is not necessary, by demonstrating
for the first time that fibroblasts frompatientswithA-T, a syndrome
characterized by genome instability, can be reprogrammed to plu-
ripotency and meet all the established criteria for bona fide iPSCs.
The efficiency of reprogramming A-T fibroblasts to iPSCs was ap-

proximately 4% of that seen with controls, with heterozygotes of
intermediate efficiency. This is in keepingwith the observation that
reprogramming of mouse Atm-deficient tail-tip fibroblasts occurs
with efficiency less than 2% of that of wild-type fibroblasts [36].
During the process of reprogramming, cells may be less tolerant of
thepresenceofDNAdamagewherep53mayplayan important role
in removing thesecells by inducingapoptosis [37]. It is likely that the
accumulationofDNADSBsduring reprogrammingofA-T fibroblasts
renders these cells more susceptible to apoptosis or makes them
otherwise unavailable for reprogramming. Short telomeres also
contribute to the barrier of cell reprogramming imposed by p53
[38]. This is also significant for A-T since fibroblasts and lymphoblas-
toid cells from thesepatients are characterizedby abnormally short
telomeres [39, 40]. We show that these iPSCs recapitulate key fea-
tures of the A-T cellular phenotype, including radiation-induced cell
cycle defects (radioresistant DNA synthesis/reduced delay at G2/
M),which is supportedbynumerous transcriptional changes inDNA
damage and cell cycle-related processes. A-T iPSCs also show an
increased sensitivity to spontaneousand radiation-inducedapopto-
sis. A similarly increased cell death phenotype was previously re-
ported by Ivanov et al. [41] in human melanoma cells treated with
ATM small interfering RNA (siRNA).

iPSCs from Atm-deficient mice were previously found to ac-
cumulate abnormal genome structures with continuing passage
[36], whereas hESCs genetically modified with a BAC-based ho-
mologous recombination system to knock out ATMwere devoid
of gross genomic abnormalities after extended culture [8]. In our

Figure 5. Directed differentiation of A-T induced pluripotent stem cells (iPSCs) into mature neurons. (A): Schematic representation of neural
inductionprotocol involving stepwise additionofN2B27neurobasalmediumand smallmolecules SB431542anddorsomorphin for the first 6 and12
days, respectively. Neurosphereswere generatedonday6of induction andplated after day 12, giving rise to colonieswith neuronal projections and
morphologies thatwere�III-TUBULIN- andMAP-2-positive. (B):Depolarization-induced calcium transients in control andA-T iPSC-derivedneuronal
cultures following in vitro maturation. A representative experiment is shown. (C): Immunofluorescent detection of �III-TUBULIN and radiation-
induced (2 Gy, 1 hour) foci (ATM pS1981 and SMC1 pS957) in control iPSCs and A-T iPSCs. 4�,6-Diamidino-2-phenylindole stained the nuclei. Scale
bars�10�m(leftpanel),1�m(rightpanels).Abbreviations:A-T,ataxia-telangiectasia;B-TUBIII,�III-TUBULIN;D,day; iPS, inducedpluripotentstem.
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study we were also able to culture karyotypically normal human
A-T iPSCs for more than 20weekly passages. Our data are thus in
agreement with recent reports showing that ATM-independent
homologous repair and recombination is the principal mediator
of DNA damage in pluripotent stem cells [42]. This notion is fur-
ther supported by a 10-fold elevation of Rad51 foci in embryonic
stemcells (ESCs) comparedwithdifferentiatedastrocytes [7] andby
the fact that ATM signaling proceeds in a heterochromatin-depen-
dent manner, whereas ESCs are largely euchromatic [43].

Our pathway and phenotypic analysis of A-T iPSCs supports
the prediction that ATMplays a role in theDNAdamage response
and cell cycle control in pluripotent cells and confirms the obser-
vations made by Momcilovic et al., who used the ATM inhibitor
KU55933 to show that ATM function is essential for induction of
G2 arrest in irradiated hESCs [44]. The A-T iPSCs further behave
similarly to hESCs in which ATM has been abrogated by disrup-
tion of the gene [8] or by siRNA knockdown [5].

It is becoming increasingly clear that in addition to its nuclear
role inDSBrepair, cytosolicATMalso functionsasanROSsensor [24,
26] and can be associatedwithmitochondria [45]. The attractpath-
way analysis of A-T iPSCs and fibroblasts uncovered extensive dif-
ferences in the regulation of oxidative phosphorylation genes, sup-
porting a defect at the level of the mitochondrion specifically in
pluripotent A-T-cells. Previous reports suggested that loss of ATM
function in somatic cells caused reduced mitochondrial function
and/or abnormal homeostasis [46–48]. It was recently demon-
strated that ATM-mediated mitochondrial defects are highly cell
context-dependent and that in thymocytes from Atm-deficient
mice there is in fact an increase inmitochondrial number andmito-
chondrial ROS production due to a defect in mitophagy [45]. In
strong agreement with these data, our gene expression analysis
shows that in addition to a dramatic increase in mitochondrion-
associated transcripts,mRNAexpression ofHMGB1 andHSPB1 [49,
50], two important regulators of mitophagy, is specifically reduced
in A-T iPSCs but not in A-T fibroblasts, suggesting that mitophagy
may be specifically impaired in ATM-deficient iPSCs. A failure to
clearmitochondriawith lowmembranepotential, reducedATPpro-
duction, elevated ROS production, and consequently increased
mtDNA mutations is consistent with the increased oxidative stress
reported in A-T-cells [46, 51, 52], the increased mtDNA mutations
reported in tissues of A-T patients [47], and the observation that
cerebellar Purkinje cell death and neurological deficits in Atm-defi-
cient mice can be rescued by antioxidants [53–55]. It is not unlikely
that in response to the increased oxidative stress in A-T-cells, possi-
bly arising from mitochondrial dysfunction, carbohydrate metabo-
lism is rerouted from glycolysis to the pentose phosphate pathway.
Our gene expression data indeed identified the pentose phosphate
pathway as a significantly altered and revealed that G6PD is down-
regulated in A-T iPSCs, in agreement with a recent report showing
that ATM activates the pentose phosphate pathway by stimulating
complex formation between heat shock protein 27 and G6PD to
increase G6PD activity [56]. Of additional interest, we observed sig-
nificant upregulation of USMG5, a gene recently implicated in hu-
man inherited ataxia and Purkinje cell degeneration [57]. If one ac-
cepts that iPSCs are equivalent to hESCs derived from the inner cell
mass, it appears reasonable to hypothesize that increased mito-
chondrial biogenesis accompanied by defective mitophagy may
lead to an accumulation of defective high ROS producing stem and

progenitor cells and that this DNA damage response-independent
function of ATM could contribute to the pathology of A-T.

Our data demonstrating that ATM deficiency does not disrupt
gross neuronal differentiation suggests that iPSCsmaybeable tobe
used for screeningofdrugsaimedatpromoting survival of cell types
affected in A-T, such as Purkinje cells in at the cerebellum. Genera-
tionofmaturecerebellarPurkinjecells frommouseembryonic stem
cellswas only recently described [58, 59] andprovides proof of con-
cept that selective preparation of Purkinje neurons or committed
Purkinje neuron precursors from A-T iPSCs may be possible.

CONCLUSION

In summary, we have demonstrated for the first time the gener-
ation of iPSCs from a patient with a chromosomal breakage dis-
order, in this case A-T, without the requirement for correcting
the genetic defect in advance.We have shown that A-T iPSCs are
pluripotent and provide further evidence implicating roles for
ATM in DNA damage-dependent signaling in pluripotent cells. In
addition to this, we have shown that it is possible to maintain a
number of clones, one to high passage, that were stable in cul-
ture. Extensive transcriptional profiling and analysis of mutant
and wild-type human iPSCs and parental fibroblasts showed
gene expression changes in human pluripotent stem cells and
allowed the identification of DNA damage, cell cycle regulation,
pentose phosphate metabolism, and mitochondrial oxidative
phosphorylation defects as early ATM-mediated phenotypes. It
was possible to generate functionally active neurons using pub-
lished protocols, providing a tool thatmay be used to further the
understanding of this disease.
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