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Ataxia-telangiectasia mutated (ATM) kinase orchestrates nuclear DNA damage responses but is proposed to
be involved in other important and clinically relevant functions. Here, we provide evidence for what we believe
are 2 novel and intertwined roles for ATM: the regulation of ribonucleotide reductase (RR), the rate-limiting
enzyme in the de novo synthesis of deoxyribonucleoside triphosphates, and control of mitochondrial homeo-
stasis. Ataxia-telangiectasia (A-T) patient fibroblasts, wild-type fibroblasts treated with the ATM inhibitor KU-
55933, and cells in which RR is inhibited pharmacologically or by RNA interference (RNAi) each lead to mito-
chondrial DNA (mtDNA) depletion under normal growth conditions. Disruption of ATM signaling in primary
A-T fibroblasts also leads to global dysregulation of the R1, R2, and p53R2 subunits of RR, abrogation of RR-
dependent upregulation of mtDNA in response to ionizing radiation, high mitochondrial transcription factor
A (mtTFA)/mtDNA ratios, and increased resistance to inhibitors of mitochondrial respiration and translation.
Finally, there are reduced expression of the R1 subunit of RR and tissue-specific alterations of mtDNA copy
number in ATM null mouse tissues, the latter being recapitulated in tissues from human A-T patients. Based
on these results, we propose that disruption of RR and mitochondrial homeostasis contributes to the complex

pathology of A-T and that RR genes are candidate disease loci in mtDNA-depletion syndromes.

Introduction

The ataxia-telangiectasia mutated (ATM) kinase initiates a well-
characterized response to DNA damage, resulting in cell-cycle
arrest, DNA repair, or apoptosis (1-4). Mutations in the ATM gene,
though tolerated, result in the fatal childhood disorder ataxia-tel-
angiectasia (A-T), characterized by symptoms including predispo-
sition to cancer, ataxia due to progressive cerebellar degeneration,
immunodeficiency, and telangiectasias (spider veins) (1-4). ATM
signaling is required to sense and initiate repair of DNA double-
strand breaks. Therefore, nuclear genomic instability resulting
from loss of this function is regarded as a major mechanism
underlying the pathology of A-T (2-5). However, this disease pres-
ents with a wide-array of symptoms, not all of which are readily
explained by nuclear genomic instability, and study of cell and ani-
mal models of A-T has led to much speculation about additional
pathogenic mechanisms (6). One such mechanism for which there
is substantial experimental evidence is oxidative stress (7-11). How
ATM is involved in oxidative stress management remains unclear
as do other potential roles in cellular homeostasis in the absence
of DNA damage.

It has been proposed that a key downstream target of ATM signal-
ing in mammalian cells is ribonucleotide reductase (RR), the rate-
limiting enzyme in the de novo synthesis of deoxyribonucleoside
triphosphates (ANTPs). Mammalian RR is a multimeric enzyme
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comprising the large R1 subunit and either of 2 small subunits,
R2 or pS3R2 (12-14). Expression of each RR subunit is cell-cycle
regulated, with p53R2 induction occurring at the G1-S transition
while R1 and R2 are S-phase specific (13, 15-17). However, R1 and
PS3R2 are present at a basal level throughout the cell cycle and in
resting cells, suggesting that RR activity can contribute to dNTP
synthesis even in nondividing cells (13, 18). Furthermore, differ-
ential induction of all RR subunits has been observed in response
to different types of DNA damage (12-14, 19). The primary role
postulated for ATM in this regard is the p53-dependent induction
of pS3R2 (14, 20). Whether ATM is involved in other aspects of RR
regulation or in mitochondrial DNA (mtDNA) maintenance has
not been investigated.

Human mtDNA encodes 13 essential subunits of the ATP-pro-
ducing oxidative phosphorylation (OXPHOS) system and is essen-
tial for normal cellular energy metabolism (21). Mutations and
rearrangements in mtDNA cause numerous human diseases and
have been implicated in aging, age-related pathology, and diseases
such as Parkinson’s disease and diabetes (22-24). In addition to
reduced energy metabolism, a common underlying factor in the
pathology of these diseases is the likely involvement of ROS that
promote oxidative stress and associated cellular damage. Mito-
chondria are a major source of ROS (25-27), the production of
which can be elevated by loss of normal mtDNA expression (28)
and other defects in mitochondrial function (24). Thus, decipher-
ing the pathways that control mtDNA expression and mainte-
nance is important to fully understanding the increasingly recog-
nized roles of mitochondrial dysfunction in human health.

In stark contrast to nuclear DNA, mtDNA is small (~16.5 kb)
and circular, present at 102-10* copies/cell in most tissues, repli-
cated at all stages of the cell cycle, and propagated continuously
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even in nondividing cells (29). Furthermore, unlike the many well-
characterized DNA damage and checkpoint-signaling pathways
that regulate nuclear DNA, those that control mtDNA replication
and stability in mammalian cells are not well defined.

As the essential building blocks of DNA, dNTPs are required
not only for replication and repair of nuclear DNA but also
mtDNA. Thus, pathways that regulate the mitochondrial ANTP
pool are almost certainly important for mtDNA maintenance,
which is underscored by the existence of mtDNA-depletion syn-
dromes caused by mutations in deoxynucleotide salvage pathways
(30-34). This, coupled with our recent documentation of a role
for the Meclp checkpoint-signaling pathway (orthologous to
the ATM pathway) and its downstream target RR in the regula-
tion of mtDNA copy number in budding yeast (35, 36), suggests a
dynamic interplay between the salvage and de novo pathways for
dNTP synthesis in mtDNA replication and repair.

Another key factor required for mtDNA maintenance is human
mitochondrial transcription factor A (h-mtTFA or TFAM), a DNA-
binding protein of the high-mobility group box family (37). This
protein binds upstream of mtDNA promoters and interacts with
2 other mitochondrial transcription factors to facilitate initia-
tion by mitochondrial RNA polymerase (38). Since mitochondrial
transcription also generates the primers for initiation of leading-
strand DNA synthesis, h-mtTFA, like the rest of the transcription
2724
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Figure 1

Inhibition of RR causes mtDNA depletion during proliferation. (A) Rela-
tive mtDNA copy number for wild-type primary fibroblasts treated with
Triapine during high proliferation (0-24 hours) or reduced prolifera-
tion (24—48 hours) conditions. The ratio of the amount of mtDNA to
nuclear DNA is plotted with the ratio in control cells arbitrarily set to
1.0. The mean + SEM is plotted with significant statistical differences
via Student’s t test indicated. (B) Relative mtDNA copy number of
gemcitabine-treated wild-type primary fibroblasts. Cultures were
maintained in the concentrations indicated for 48 hours with untreated
(0 uM) arbitrarily set to 1.0. The mean + SEM is shown. (C) Relative
mtDNA copy number (plotted as in A) of HelLa cells with R2 or R1
expression knocked down compared with vector or short hairpin RNA
control cells, respectively. R2 was reduced 50% and R1 was unde-
tectable via Western blot. The mean + SEM is plotted with significant
statistical differences via Student’s ¢ test indicated.

machinery, has a critical role in mtDNA replication (39). Because
of this primer-generating function and its additional postulated
role in packaging mtDNA, h-mtTFA has been implicated as a key
factor in the regulation of mtDNA copy number in mammalian
cells (21, 40-45). A similar role in mtDNA packaging and copy
number regulation has been ascribed to the yeast homolog of h-
mtTFA, Abf2p (46, 47). While there is substantial data supporting
this role in mtDNA maintenance, including a strong correlation
between mtTFA levels and mtDNA copy number in cultured cells
purposely depleted of mtDNA (42-45) and in patient tissues with
severe mtDNA depletion (42, 44), a function for mtTFA in mtDNA
copy number regulation per se has not been unequivocally estab-
lished (39). Furthermore, the involvement of other pathways that
work independently of h-mtTFA to control mtDNA replication
and stability in mammals remains possible.

Here, we present our results that describe 2 novel and interre-
lated functions for ATM that are potentially relevant to the disease
pathology of A-T: the overall regulation of RR subunit expression/
stability and proper mtDNA copy number dynamics and expres-
sion in the presence and absence of induced DNA damage.

Results
RR is required to maintain normal mtDNA levels in actively dividing cells.
We previously reported that activation of RR increases mtDNA
copy number and stability in Saccharomyces cerevisiae (35, 36). To
determine whether mtDNA copy number regulation via RR was
conserved in mammals, we inhibited the RR enzyme either phar-
macologically with Triapine or gemcitabine or genetically via RNA
interference (RNAI) of the R1 and R2 subunits. Exposure of pro-
liferating primary human fibroblasts to Triapine, a specific RR
inhibitor that prevents reconstitution of the tyrosyl radical in the
small subunits required for nucleotide reduction (48, 49), result-
ed in mtDNA depletion (Figure 1A). Likewise, inhibition of the
R1 large subunit of RR via gemcitabine, a cytidine analog that is
resistant to reduction, resulted in significant mtDNA depletion
(Figure 1B). Furthermore, reduction of the R2 or R1 subunits of
RR in HeLa cells by RNAI as described (50, 51) resulted in a 50%
or 80% depletion of mtDNA, respectively (Figure 1C). Interest-
ingly, the effect of Triapine on mtDNA levels was only observed
in actively proliferating cultures; that is, when Triapine was added
to cells that had reached a higher level of confluence, no mtDNA
depletion was observed (Figure 1A). These data suggest that other
mechanisms of nucleotide production (e.g., salvage pathways)
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Figure 2

RR and ATM are required for increased mtDNA copy number and biogenesis in response to IR and proper reg-
ulation of RR subunit expression. (A) Relative mtDNA levels (plotted as in Figure 1) in primary wild-type fibro-
blasts 24 and 48 hours after exposure to 17.5 Gy of IR with all values compared with nonirradiated, untreated
wild-type cells at 24 hours. Cells were exposed to 1 uM Triapine for 24 hours either immediately after IR (24
hours) or after a 24-hour recovery (48 hours) as indicated. The mean + SEM is plotted. A 1-way ANOVA was
used to determine statistical significance as indicated. (B) Relative mtDNA copy number of wild-type and A-T
primary fibroblasts 24 and 48 hours after exposure (+) to 17.5 Gy of IR is plotted as in Figure 1. (C) Mitochon-
drial mass of wild-type and A-T patient fibroblasts 48 hours after IR. Median MitoTracker Green FM fluores-
cence intensity (mean + SEM) is plotted. FACS histograms from 1 representative replicate are shown in the
right panels. The percentage of cells collected (% max; y axis) with the indicated amount of fluorescence on the
x axis (log scale) is shown. (D) Western blot analysis of R1, R2, and p53R2 (p2) from nonirradiated A-T cells
(C) or WT and A-T cells 48 hours after 17.5 Gy (IR) from a representative experiment. Actin was probed as
a control (C) for protein loading (the relative amount of actin in each lane is shown below the actin panel;
wild-type nonirradiated was set to 100%). Actin-normalized signals from 3 independent experiments are
depicted graphically on the right of the panels with the wild-type nonirradiated control protein levels set to 1
as indicated by the dotted line.
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age-sensing kinase ATM is
a mammalian ortholog of
yeast Mec1p, which led us to
ask whether there is a con-
served role for the ATM-sig-
naling pathway in the regu-
lation of RR and mtDNA
in human cells. We exposed
wild-type primary human
fibroblasts to ionizing radia-
tion (IR), a DNA-damaging
stress known to induce ATM
signaling. Compared with
nonirradiated control fibro-
blasts, there was a signifi-
cant increase in the amount
of mtDNA at 24 hours after
irradiation that reached
approximately 2.5-fold at 48
hours (Figure 2A). Similar
results were obtained in IR-
treated human Jurkat T cells
(data not shown). To deter-
mine whether the observed
increase in mtDNA copy
number in response to IR
required RR, as our previous
data suggested, we incubated
cells with Triapine. RR inhibi-
tion via Triapine completely
prevented the IR-induced
increase in mtDNA in these
cells (Figure 2A).

To confirm that ATM was
required for the observed
mtDNA increase after IR, we
next exposed A-T (ATM~")
patient-derived fibroblasts
to IR and quantified mtDNA.
While the wild-type (ATM"*)
control fibroblasts again
exhibited an IR-dependent
increase in mtDNA at 24
and 48 hours after irradia-
tion, A-T fibroblasts were
completely nonresponsive
(Figure 2B). Altogether, these
results revealed a general
mitochondrial response to IR
that involves RR- and ATM-
dependent upregulation of
mtDNA levels.

It is well documented that

or mtDNA maintenance can compensate for lack of RR activity
under these conditions. Altogether, these results clearly implicate
RR in the replication and/or stability of mtDNA, but show that
this effect is conditional.

ATM and RR are required to upregulate mtDNA copy number and
biogenesis in response to ionizing radiation. In yeast, ANTP synthesis
is controlled by the Mec1p checkpoint pathway. The DNA dam-
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mtDNA copy number and overall mitochondrial biogenesis are
usually coordinately regulated. This was confirmed in our experi-
ments with wild-type fibroblasts, where an approximately 2-fold
increase in mitochondrial mass was observed 48 hours after irradia-
tion (Figure 2C), closely matching the observed increase in mtDNA
copy number (Figure 2, A and B). However, in A-T fibroblasts, this
increase in mitochondrial mass, though present, was significantly
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blunted (Figure 2C). These results indicate that ATM is required for
a full biogenesis response and to coordinate an increase in mtDNA
with increases in mitochondrial mass under these conditions.
Altered steady-state levels and damage-induced dynamics of all 3 RR
subunits in ATM null cells. Given that RR subunits are a likely tar-
get of ATM signaling (14, 20) and considering our observation
that the mtDNA copy number increase in response to IR was RR
dependent, we examined the relative expression of the R1, R2, and
pS53R2 subunits of RR after IR by Western blotting. As reported
by others (18, 20, 51-53), we observed an increase in pS3R2 and
a marked reduction of R2 in wild-type fibroblasts exposed to
IR (Figure 2D). In addition, there was a slight reduction in the
amount of the R1 subunit. However, a much different RR subunit
expression profile was observed in A-T fibroblasts. First, com-
pared with wild-type cells, there was a reduction in the steady-
state levels of both R1 and R2 and a 2-fold increase in p5S3R2 in
A-T cells in the absence of radiation (Figure 2D). Second, unlike
wild-type cells, A-T cells exhibited minimal changes in RR steady-
state profiles in response to irradiation (Figure 2D). These data
2726
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Confluent

demonstrate that the expression dynamics of all 3 RR subunits
are abnormal (and affected differentially) by the loss of ATM both
in irradiated and nonirradiated cells.

ATM is required to maintain normal mtDNA levels in actively dividing
cells and for proper regulation of RR subunit abundance. In the course of
the IR experiments described above, we noticed that nonirradiated
primary A-T fibroblasts showed a 50% reduction in mtDNA copy
number at the 24-hour time point (~60% confluent) compared with
wild-type fibroblasts (Figure 2B). This led us to consider that ATM
may influence mtDNA copy number even in the absence of induced
DNA damage. To address this, we first determined whether ATM
contributes to the maintenance of mtDNA during normal growth
in the absence of DNA damage. Consistent with this hypothesis,
A-T patient fibroblasts proliferating under normal growth condi-
tions exhibited a 50% depletion of mtDNA (Figure 3A). To verify
that the ATM effect on mtDNA copy number was not specific to
patient-derived fibroblasts that are chronically ATM null, we also
inhibited ATM in wild-type primary fibroblasts with KU-55933,
a specific competitive inhibitor of ATP binding to ATM (54).
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A-T-specific defects in RR and mtDNA levels are independent of cell cycle. Cell-
cycle profiles for wild-type and A-T patient fibroblasts, determined by propidium
iodide staining and FACS analysis, are plotted. The y axes indicate the percent-
age of cells in each cell-cycle phase (G1, S, or G2) on the x axis at either 24 or 48

hours. The mean + SEM of 1 representative experiment is plotted.

KU-55933 reduced mtDNA levels in wild-type fibroblasts, effective-
ly reproducing the mtDNA depletion observed in proliferating A-T
cells under the same conditions (Figure 3B). Furthermore, as was
the case with IR exposure, A-T fibroblasts also exhibited anomalous
expression of RR subunits, again including reduced expression of
the R1 subunit, and upregulation of p53R2 (Figure 3C, compare
to Figure 2D). We also observed aberrant regulation of RR subunit
expression in wild-type fibroblasts treated with KU-55933. Howev-
er, this resulted in a downregulation of both R1 and pS3R2 (Figure
3D). These data demonstrate that short-term inhibition of ATM
kinase activity, like chronic loss of ATM protein, leads to reduction
of R1 but does not lead to elevated pS3R2. Altogether, these data
define 2 novel roles of ATM, regulation of RR subunit expression
and maintenance of normal mtDNA levels.

To begin to determine the mechanism of reduced RR subunit
abundance in A-T cells, we utilized quantitative real-time RT-PCR
to quantify the steady-state levels of the corresponding transcripts
compared with a control transcript BACE2, which is unchanged
in response to ATM expression status (55). In A-T fibroblasts, we
observed an approximately 50% reduction in the steady-state level of
RI transcript (Figure 3E) that corresponded well with the observed
reduction in R1 protein under these conditions (Figure 3C). These
data suggest that the reduction of R1 protein in ATM null cells is
due, at least in part, to decreased steady-state levels of its mRNA.
Conversely, the upregulation of p53R2 in the A-T cell was not
accompanied by a corresponding increase in its mRNA (Figure 3E).

ATM null cells have increasingly elevated ROS levels. Through further
investigation, we found that in contrast to actively dividing cul-
tures (24-hour time points, ~60% confluent), less actively dividing
cultures (48-hour time points, ~80% confluence) as well as con-
fluent cultures of A-T fibroblasts exhibited normal mtDNA copy
number (Figure 2B, Figure 3A, and Supplemental Figure 1; sup-
plemental material available online with this article; doi:10.1172/
JCI31604DS1), an effect reminiscent of that observed when the
RR inhibitor Triapine is added to growing versus more confluent
cultures (compare Figure 3A with Figure 1A). One condition that
has been reported to lead to unscheduled mitochondrial biogen-
esis (including coordinate increases in mtDNA) is oxidative stress
(56). We therefore considered the possibility that the “rescue” of
mtDNA depletion in less actively dividing A-T cells was due to
oxidative stress, a well-documented phenotype of A-T (7-11). As
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influences RR expression or activity in confluent cells or
that RR-independent pathways (e.g., nucleotide salvage
pathways) are able to maintain mtDNA under these con-
ditions in the absence of ATM.

Altered mtDNA levels and RR subunit abundance in ATM
null cells is not due to differences in cell-cycle progression. It
is documented that A-T cells have defects in cell-cycle
progression (2, 57). Due to the growth state-dependent
nature of the mtDNA depletion in A-T cells and the fact
that RR is regulated in a cell-cycle-dependent fashion, we exam-
ined whether the observed differences in A-T mtDNA copy num-
ber and RR subunit expression were due to defects in cell-cycle
progression. To address this, we analyzed the cell-cycle distribu-
tion of primary wild-type and A-T patient-derived fibroblasts at
the 24-hour and 48-hour time points where we previously detected
changes in mtDNA copy number and RR subunits. At the 24-hour
point, there were slight differences between the wild-type and A-T
fibroblasts, with approximately 15% of the cells shifting from the
S and G2 phases to G1 in the A-T cells compared with the wild-
type profile (Figure 4). However, no significant differences were
observed between the 2 cell lines at the 48-hour time point (Fig-
ure 4). Perhaps most noteworthy, the cell-cycle profile of the A-T
fibroblasts at the 24-hour time point (where mtDNA depletion is
observed; Figure 3A) was virtually identical to that of wild-type
and A-T fibroblasts at the 48-hour time point (Figure 4), where
no differences in mtDNA copy number were observed (Figure
3A). These data are most consistent with a cell-cycle-independent
effect of loss of ATM on mtDNA copy number and RR subunit
abundance. With regard to the RR subunit regulation, this conclu-
sion is bolstered by an observed reduction in R1 and an elevation
in p5S3R2 in 7-day confluent cultures (Supplemental Figure 1),
conditions under which the cells were synchronized in the Gy
stage of the cell cycle.

ATM- and RR-mediated changes in mtDNA copy number occur inde-
pendently of h-mtTFA, a factor previously implicated in mtDNA main-
tenance and copy number regulation. The high-mobility group-box
transcription factor h-mtTFA is required for mtDNA replication
and maintenance and has been postulated to be a key regulator of
mtDNA copy number in human cells (21, 40-45). The latter func-
tion is based on a generally sound correlation between its steady-
state levels and mtDNA copy number (42-45). For example, in
transformed cell lines treated with ethidium bromide to deplete
mtDNA (a standard technique in the field), h-mtTFA levels fall in
parallel (45, 58). Given that we have identified both ATM and RR as
factors involved in mtDNA maintenance, we sought to determine
the extent to which h-mtTFA might be involved in their effects on
mtDNA copy number. First, we examined the levels of h-mtTFA in
A-T patient fibroblasts (from a 24-hour growth point) and wild-
type fibroblasts treated with the ATM inhibitor KU-55933, both
of which exhibit approximately 50% mtDNA depletion, as well as
Volume 117 2727
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A-T cells from a 48-hour growth point, where mtDNA levels are
normal (Figure 3, A and B). In none of these cases was a significant
alteration of mtTFA levels observed (Figure 5A). If anything, there
was a modest trend toward upregulation of h-mtTFA in the A-T
fibroblasts. This was somewhat surprising given that we predicted
mtTFA to mirror mtDNA levels based on published results in the
field. To ensure that we were indeed capable of detecting a decrease
in mtTFA levels in response to drug-induced mtDNA depletion in
primary cell lines, we treated primary wild-type fibroblasts with
ethidium bromide. In these cells, we observed a typical reduction
in mtDNA and the previously documented parallel decrease in h-
mtTFA abundance (Figure 5B). We next examined HeLa cells that
were depleted of mtDNA due to stable RNAi suppression of the
R2 subunit of RR. Again, similar to ATM null cells, there was no
reduction in the amounts of h-mtTFA (Figure 5C). The steady-state
amount of h-mtTFA was also unperturbed in IR-treated wild-type
cells (Figure 5D) that had significantly increased mtDNA (~2.5-
fold; Figure 2A). These data clearly demonstrate that alterations in
mtDNA copy number can occur without corresponding changes in
h-mtTFA and strongly suggest that mtDNA copy number changes
mediated by ATM and RR are likewise independent of h-mtTFA.
ATM null cells are resistant to inbibitors of mitochondrial respiration and
translation. The data presented thus far indicate that mitochondrial
homeostasis is dysregulated in the absence of normal ATM sig-
naling. It has also been reported previously that mitochondrial
respiration is aberrantly upregulated in ATM null mouse cerebel-
lum (59). To examine further the degree to which mitochondrial
homeostasis is disrupted in the absence of ATM signaling, we
determined the sensitivity of A-T patient fibroblasts and ATM-
inhibited wild-type fibroblasts to the mitochondrial respiration
poison sodium azide, an inhibitor of cytochrome oxidase (complex
2728
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1V). Consistent with increased activity or abundance of complex
1V, A-T fibroblasts were less sensitive to azide-induced growth inhi-
bition than wild-type fibroblasts (Figure 6A). Interestingly, this
effect was not observed in wild-type fibroblasts in which ATM was
pharmacologically inhibited (Figure 6A). Since ROS production
or detoxification capability between wild-type and A-T fibroblasts
could account for the differential sensitivity to azide, we also ana-
lyzed ROS levels in azide-treated cells and found a similar reduc-
tion in ROS in both cell types. These data suggest that increased
resistance to azide in the A-T fibroblasts is most likely due to less
inhibition of respiration as opposed to differences in ROS produc-
tion or detoxification capacity.

One possible mechanism of azide resistance in A-T cells is an
increased amount of OXPHOS complex IV. Therefore, we exam-
ined the levels of cytochrome oxidase I (CO I), an mtDNA-encoded
subunit of complex IV, in both wild-type and A-T patient-derived
fibroblasts. Mirroring the results of the azide sensitivity assays,
there was a significant increase in CO I levels in A-T cells but not
in ATM-inhibited wild-type cells (Figure 7C). These data suggest-
ed to us that chronic loss of ATM results in an upregulation of
cytochrome oxidase (and perhaps other mitochondrial OXPHOS
complexes) as an attempt to compensate for the disruption in mito-
chondrial function in these cells. To determine whether one level
of CO I induction might be occurring via upregulation of mito-
chondrial gene expression, we also determined the sensitivity of A-T
patient-derived fibroblasts to the mitochondrial translation inhib-
itor chloramphenicol. As was the case with azide, A-T fibroblasts
displayed increased resistance to chloramphenicol (Figure 6D).

ATM:-deficient tissues have decreased steady-state levels of the R1 sub-
unit of RR and altered mtDNA homeostasis. Based on the cell culture
results presented thus far, we concluded that ATM has 2 previously
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unidentified roles, one in regulating expression and/or stability of
RR subunits and another in maintaining mitochondrial homeosta-
sis. We next set out to find evidence of how loss of these functions
might be manifested in vivo by examining tissues of ATM null mice
and human A-T patients. First, we isolated various tissues from
ATM null mice and probed them for alterations in mtDNA copy
number and mtTFA (as measures of mtDNA-related mitochon-
drial homeostasis) and for expression of RR subunits. Here, we
uncovered clear, tissue-specific alterations in mtDNA and mtTFA
abundance (Figure 7). First, significant mtDNA depletion was
detected in lung and bone marrow while cerebellum, thymus, and
small intestine demonstrated significant increases in mtDNA. No
significant differences were found in cerebrum and skeletal muscle
(Figure 7A). Second, the levels of mtTFA were also misregulated,
being elevated in cerebellum, muscle, heart, and lung, reduced in
thymus and small intestine, and unperturbed in cerebrum (Figure
7B). Furthermore, as was the case in the cultured A-T cells, there
was no correspondence between the steady-state levels of mtTFA
and the observed alterations in mtDNA copy number (compare
Figure 7A with Figure 7B). Third, there was a universal reduction
in the steady-state level of the R1 subunit of RR in all ATM null
mouse tissues analyzed (Figure 7B), consistent with our results in
cultured A-T fibroblasts (Figure 2D and Figure 3C). We were unable
to detect R1 in either wild-type or ATM null cerebellum or cere-
brum. In addition, we also probed for the R2 and pS3R2 subunits
of RR but were unable to detect these in any of the wild-type or ATM
null mouse tissues analyzed, thus precluding us from making con-
clusions regarding their relative abundance. Finally, we obtained a
few rare samples of A-T patient tissue, analyzed these for mtDNA
copy number, and found a similar spectrum of mtDNA alterations
observed in the mouse tissue panel, including increased copy num-
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ber in cerebella, normal copy number in heart, and reduced copy
number in cerebra (Figure 7C). Based on the results from the A-T
mouse model and human patients, we concluded that ATM is inti-
mately involved in the regulation of the R1 subunit of RR and in
the proper maintenance of mtDNA-related functions in tissues,
with the precise effects of the latter being tissue specific.

Discussion
ATM kinase, mutations in which result in the disease A-T, is
required for nuclear genome stability due to a critical role in sens-
ing double-strand breaks. In this study, we have defined what we
believe are 2 additional novel and interrelated roles for ATM in the
regulation of the expression/stability of RR and in the maintenance
of mitochondrial homeostasis, especially with regard to the dynam-
ics and expression of mtDNA. The rationale for these conclusions
will be discussed in detail below as will the potential relevance of
our results to the pathology of A-T and mitochondrial disorders.
The first main conclusion we draw from our results is that ATM
and RR are required to maintain and properly modulate mtDNA
copy number in mammalian cells in the presence and absence
of induced DNA damage. This is based on multiple lines of evi-
dence reported here. First, reductions in mtDNA copy number are
observed in response to pharmacologic inhibition of RR activity or
areduction in the amount of the R1 or R2 subunits of RR by RNAi
(Figure 1). Second, increases in mtDNA copy number normally
observed in response to IR are eliminated in wild-type fibroblasts
treated with the RR inhibitor Triapine or in A-T patient fibroblasts
(Figure 2, A and B). Third, consistent with wild-type fibroblasts
in which RR activity is inhibited pharmacologically or via RNAi
(Figure 1), actively proliferating A-T fibroblasts or wild-type fibro-
blasts treated with the ATM inhibitor KU-55933 exhibit approxi-
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mately 50% depletion of mtDNA even in the absence of IR (Fig-
ure 3, A and B). These results clearly show that ATM and RR are
required not only for mtDNA amplification in response to IR, but
also for mtDNA maintenance during active cell proliferation. This
conclusion is bolstered by the recent demonstration that muta-
tions in pS3R2 subunit of RR cause a subset of mtDNA depletion
syndromes in humans as well as mtDNA depletion in mouse tis-
sues (60). Therefore, at least one potential mechanism to explain
the effects of loss of ATM function on RR subunit expression and
mtDNA copy number could be the aberrant regulation of p53 in
the absence of ATM signaling.

Our second main conclusion is that ATM plays a critical role in
the overall regulation of RR subunit expression and/or stability.
This is based on multiple lines of evidence as well. First, cultured
A-T patient fibroblasts have a lower steady-state level of the large
R1 subunit of RR and a higher level of the p53R2 subunit than
wild-type fibroblasts under virtually all conditions in the absence
of DNA damage (Figure 2D, Figure 3C, and Supplemental Fig-
ure 1). Second, all 3 RR subunits (R1, R2, and p53R2) exhibited
uncharacteristic responses to IR, including no downregulate of R2
and loss of damage inducibility of pS3R2, the latter having been
postulated by others (14, 20). These aberrant responses were likely
influenced by the fact that in A-T cells, R2 was already downregu-
lated and p53R2 was already upregulated in the absence of IR (Fig-
ure 2D). Third, and perhaps most intriguing, is that R1 expression
was downregulated in all tissues from ATM null mice that we ana-
lyzed (Figure 7B), indicating a clear role for ATM in RR regulation
in vivo. The ramifications of reduced RR expression or activity in
ATM null cells in the absence of an induced DNA damage insult is
very likely relevant to the disease pathology of A-T. For example,
this could exacerbate the already aberrant DNA damage response
in A-T cells by limiting dNTPs needed for repair, altering normal
2730
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Figure 7

ATM null tissues exhibit loss of MtDNA homeostasis and depleted levels
of RR subunit R1. (A) Relative mtDNA copy number of wild-type (+/+)
and ATM null (-/-) mouse tissues plotted as in Figure 1, with the mean
of each wild-type tissue arbitrarily set to 1.0. The mean + SEM is plot-
ted with significant statistical differences via Student’s t test indicated
(*P < 0.03). (B) Western blot of R1 and mtTFA in wild-type (+/+) and
ATM null (-/~) mouse tissues. Simply Blue gel staining demonstrates
loading. (C) Relative mtDNA copy number of normal or A-T patient tis-
sues plotted as in Figure 1, with the mean of the normal control tissue
(N) arbitrarily set to 1.0. The mean + SEM is plotted with significant sta-
tistical differences via Student’s t test indicated (*P < 0.01, **P < 0.001).
Cebrm, cerebrum; Cbllm, cerebellum; Sm int, small intestine.

cell-cycle timing and progression, and as we will discuss based on
the results herein, affecting mitochondrial homeostasis that likely
has its own pathogenic consequences.

Our results strongly suggest that in the absence of ATM, the
observed downregulation of R1 is due to a direct effect on the
transcription or stability of its mRNA transcript (Figure 3E). How-
ever, the aberrant upregulation of pS3R2 appears to have occurred
through a posttranscriptional mechanism since no significant
elevation of its transcript was observed in A-T cells (Figure 3E). An
R1 mRNA-binding activity important for R1 transcript stability
has been described (61-63); however, the protein responsible has
not been identified. This activity was found to be part of the PKC
pathway. Given the known crosstalk between PKC and ATM sig-
naling (64-66), it is tempting to speculate that disrupted PKC sig-
naling in the absence of ATM may be responsible for the observed
reduced R1 mRNA stability, resulting in reduced R1 protein. How-
ever, other forms of regulation are also possible.

Several important manifestations of loss of ATM or RR activity
with regard to mitochondrial function follow from our results.
The first is that mtDNA copy number and mitochondrial bio-
genesis are largely uncoupled in the absence of ATM (or RR activ-
ity). This conclusion is based on our observation that A-T cells
maintain a mitochondrial biogenesis response in response to IR
(albeit significantly blunted compared with wild-type cells; Fig-
ure 2C), even in the complete absence of mtDNA amplification
under these conditions (Figure 2B). In addition, in cells depleted
of mtDNA via loss of ATM or RR function, there is not a corre-
sponding decrease in mitochondrial mass (data not shown). The
end result in both of these cases is an imbalance in the usually
strictly maintained cellular mtDNA/mitochondrial mass ratio.
Second, mtDNA copy number alterations due to ATM or RR
manipulations occur independently of corresponding changes in
the steady-state levels of h-mtTFA (Figures 5 and 7). This result
was not expected since the literature is replete with examples of
how mtTFA abundance normally follows that of mtDNA (21,
41, 44, 45, 58, 67). Our results indicate that either the signaling
required for h-mtTFA to properly track mtDNA is abrogated by
inhibition of ATM or RR activity or that h-mtTFA is not as inti-
mately involved in mtDNA copy number regulation as previously
thought. Finally, our results demonstrating increased resistance
of A-T cells to the mitochondrial inhibitors azide and chloram-
phenicol that correspond with increased levels of the mtDNA-
encoded CO 1 protein (Figure 6) strongly suggest that ATM null
cells aberrantly upregulate mitochondrial gene expression and/or
OXPHOS activity in order to compensate for some loss in mito-
chondrial function. While the precise biological and pathological
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outcomes of this particular type of disruption in mitochondrial
homeostasis remain to be investigated further, likely possibilities
include altered energy metabolism, increased ROS production,
altered susceptibility to apoptosis, or any of the multiple down-
stream consequences of mitochondrial defects that are prevalent
in mitochondrial diseases.

While our results point to what we believe is a novel function
for ATM in mtDNA maintenance, its impact on mtDNA regula-
tion in the absence of DNA damage is conditional; that is, the
mtDNA depletion observed in actively dividing A-T fibroblasts
is not manifest in less actively dividing or nondividing cultures
(Figure 3A and Supplemental Figure 1). The reasons for this are
presently unknown, but there are several possible explanations.
First, mtDNA replication occurs essentially independently of the
cell cycle and continues even in nondividing cells (29). Under such
conditions, it is generally accepted that salvage pathways for AINTP
synthesis maintain mtDNA stability and replication (30-32, 34).
Since RR and ATM specifically influence the de novo pathway for
dNTP synthesis that is primarily operative in dividing cells (or in
response to DNA damage), their effects are reduced or eliminated
in confluent (or otherwise nondividing) conditions, where salvage
pathways can compensate. A second possibility, which doesn’t
necessarily exclude the first, is that mtDNA is being amplified in
response to increased oxidative stress, as reported by others (56).
Consistent with this possibility is our finding that, compared with
those in proliferating cultures, A-T cells have higher amounts of
ROS than wild-type cells, a difference that is enhanced when cell
cultures are confluent (Figure 3F and Figure 6B). Therefore, we
conclude that ATM and RR are major contributors to mtDNA
maintenance under specific conditions, such as during prolifera-
tion and in response to DNA damage, but that mtDNA levels are
also subject to additional layers of control (e.g., via salvage path-
ways and oxidative stress). These observations suggest that tissues
with populations of actively dividing cells might be more prone
to ATM-related mtDNA depletion than those in a postmitotic tis-
sues. This likely influences the tissue-specificity of how loss of
ATM has an impact on mtDNA copy number in vivo (Figure 7, A
and C). Finally, while our results do not strongly implicate cell-
cycle effects as a major contributor to the observed phenotypes,
we cannot fully discount the possibility that some subset of the
effects observed are a secondary consequence of the unique cell-
cycle defects in the A-T cells. However, even if this were the case,
the concept that RR and mitochondrial misregulation is a perti-
nent downstream consequence of loss of ATM signaling remains
valid and of potential relevance to the pathology of A-T.

Our conclusions regarding the novel roles of ATM in the regu-
lation of RR and mitochondrial homeostasis were confirmed
in our analysis of tissues from ATM null mice, which provide
a model for several important aspects of the human disease. In
addition to the universal reduction in R1 levels in ATM null tis-
sues already mentioned (Figure 7B), 2 mtDNA-related parame-
ters, mtDNA copy number (Figure 7A) and expression of mtTFA
(Figure 7B), were altered in a tissue-specific manner. Similar
mtDNA copy number defects were observed in the human A-T
patient tissues we analyzed (Figure 7B), indicating that disrup-
tion of mitochondrial homeostasis may also play a role in the
human condition. Furthermore, as was observed in our cul-
tured cell experiments (Figure 5), there was no correspondence
between the steady-state levels of h-mtTFA and mtDNA in the
ATM null mice tissues (Figure 7B), pointing to a general misreg-
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ulation of normal mtDNA homeostasis in the absence of ATM
signaling. The variable tissue-specific alterations in mtDNA in
mouse and human tissues (both increases and decreases) are
most likely a consequence of multiple pathways that can have
an impact on this parameter in cells. For example, tissues with
populations of dividing cells (e.g., bone marrow; Figure SA)
might be more prone to ATM-related mtDNA depletion due to
their heightened dependence on the de novo pathway of INTP
synthesis. In addition, the documented oxidative stress in ATM
null mouse cerebellum as well as patient cerebellum (7, 11) is
consistent with the increased mtDNA copy number we observed
in this tissue (Figure 7, A and C). In fact, it is probably a unique
combination of all of these factors, and likely others yet to be
defined, that determines the mtDNA copy number normally
present in tissues as well as the unique tissue specificity of
mtDNA copy number-related defects due to disruption of ATM
and RR. We speculate that aberrant regulation of mitochondrial
OXPHOS and/or ROS production resulting from inappropri-
ate fluctuations in mtDNA copy number or mtDNA/h-mtTFA
ratios in specific tissues may play a causative role in the patho-
genesis of A-T, a disease with many symptoms in common with
mitochondrial disorders, including neurodegeneration, ataxia,
immunodeficiency, and premature aging (24). Future character-
ization of mitochondrial function in A-T cells and tissues and
in ATM null mice will be critical in determining how mitochon-
drial dysfunction contributes to A-T-associated pathology and
importantly to what extent this potential contribution is p53
dependent. Furthermore, the fact that loss of ATM protein and
inhibition of its kinase activity by KU-55933 do not have com-
pletely overlapping effects on RR subunit regulation (Figures
3 and 5) and mitochondrial parameters (Figure 6), speaks to
the existence of additional roles for the ATM protein (beyond
its kinase activity) that are worthy of continued investigation.
However, the fact that KU-55933 does cause mtDNA depletion
in proliferating wild-type fibroblasts (Figure 3B), similar to that
observed in A-T cells (Figure 3A), does implicate the kinase activ-
ity of ATM in this function.

In summary, this study has illuminated what we believe are novel
roles for ATM signaling in the regulation of RR expression and
normal mtDNA dynamics during proliferation and in response to
genotoxic stress. Loss of either or both of these functions in A-T
patients could certainly be expected to contribute significantly
to the pathology of this disease in a manner that further com-
pounds the loss of nuclear genomic stability associated with lack
of DNA damage sensing by ATM. Furthermore, the requirement
for proper amounts of mtDNA is underscored by the existence of
inherited mtDNA depletion syndromes in humans, a fatal class of
mitochondrial disease characterized by significant reductions of
mtDNA in specific tissues (31-34). Relevant to the current study,
several of these diseases are caused by nuclear gene mutations
in enzymes involved in nucleotide metabolism, including those
involved in salvage pathways of ANTP synthesis (30-34). However,
mutations in the nucleotide salvage pathway enzymes represent
only a subset of documented mtDNA depletion cases, and thus
the genetic defects causing most mtDNA depletion syndromes
have not been identified. Our results, which clearly implicate the
de novo pathway of dNTP synthesis via RR in the maintenance
of mtDNA, suggest that mutations in RR subunit genes may also
represent a previously unrecognized cause of mtDNA depletion
syndromes or other mtDNA-related disorders.
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Methods
Cell culture and transfections. GM07532 wild-type and GM02052 A-T primary
fibroblasts (R35X/R35X) were purchased from The Coriell Institute for
Medical Research and grown in modified Eagle’s medium with Earle’s salts
with 15% FCS (HyClone) and 2 mM glutamine (Invitrogen). Experiments
were carried out between passages 12 and 20 for wild-type fibroblasts and
13 and 19 for A-T fibroblasts. HeLa cells were grown in DMEM with 10%
Fetal Clone FIII FCS substitute (HyClone) and 2 mM glutamine.

Wild-type and A-T primary fibroblasts from asynchronously growing
cultures were seeded to 1 x 10° cells in T25 flasks (in triplicate) and grown
for 24 hours (proliferating, ~60% confluent), 48 hours (more slowly pro-
liferating, ~80% confluent), or 6 days (confluent). Triapine was used at
1 uM final concentration. Gemcitabine was used at 5 or 80 uM as indicat-
ed. ATM inhibitor KU-55933 (KuDOS Pharmaceuticals) was used at 10 uM
final concentration as indicated with a preincubation of 48 hours prior to
experiment initiation. Ethidium bromide (Sigma-Aldrich) was used at 50
ng/ml for times indicated, and medium was supplemented with 100 ug/ml
pyruvate (Invitrogen) and 50 ug/ml uridine (Sigma-Aldrich).

For mitochondrial inhibition studies, wild-type, A-T, and KU-55933-treat-
ed wild-type cells from asynchronously growing cultures were seeded in trip-
licate at 2.5 x 10* cells in 6-well dishes and grown for 4 days in the presence
of 8 mM sodium azide (Fisher Scientific) or 240 ug/ml chloramphenicol
(Cellgro; Mediatech Inc.). Medium was changed every 24 hours in sodium
azide experiments due to inclusion of KU-55933-treated cultures. No media
replacement occurred during chloramphenicol treatment. At experiment
completion, cells were trypsinized and counted on a hemacytometer.

Stably transfected R2 knockdown HeLa cells were seeded to 2.5 x 10° cells
in T25 flasks (in triplicate) and grown for 48 hours. Transiently transfected
R1 knockdown HeLa cells were grown for 72 hours after transfection.

HeLa cells were stably transfected with 1 ug of either pZZeo mu6 or
pZZeo mU6 R2 siRNA generated as previously described (51) using
Effectene Transfection Reagent (QIAGEN) according to manufacturer’s
recommendations. Cells transfected with empty vector were continually
maintained in 200 ug/ml Zeocin (Invitrogen), and the total transfected
population was used as vector control in copy number experiments after
10 days. Cells transfected with the R2 siRNA vector were selected by cultur-
ing in 200 ug/ml zeocin until colonies formed. R2 knockdown clones were
expanded and continually maintained in 200 ug/ml zeocin, and R2 knock-
down was confirmed in selected clones via Western blot. Two clones with
50% knockdown were used in parallel for mtDNA copy number analysis.

HeLa cells were transiently transfected with human R1 short hairpin
RNA as described (50). R1 knockdown was confirmed via Western blot
with maximal knockdown at 72 hours. Cell pellets were frozen at -80°C
prior to DNA extraction and PCR analysis.

Irradiation protocol. Asynchronously proliferating cultures of wild-type
and A-T primary fibroblasts (1 x 10° cells) were irradiated with 17.5 Gy of
radiation using a 137Cs source or an X-Rad 320 x-ray irradiator (Precision
X-Ray Inc.). Experiments were done in triplicate, and samples were housed
in 15 ml falcon tubes in 10-15 ml of 50% growth medium/50% PBS during
irradiation. After irradiation, samples were centrifuged at 453 g for 5 min-
utes, seeded in fresh medium in T25 flasks, and allowed to recover for 24 or
48 hours prior to harvesting for mtDNA copy number and FACS analysis.
Nonirradiated controls were treated identically to irradiated samples. Tri-
apine, where indicated, was added at 1 uM for a 24-hour incubation period
either immediately after irradiation or after 24 hours of recovery.

DNA extraction and real-time quantitative PCR. Total cellular DNA was
extracted using a standard SDS lysis protocol as described (68). DNA
pellets were resuspended in 50-100 ul of TE (1 mM EDTA, 10 mM Tris,
pH 8.0) and either incubated for 1 hour at 65°C or at room temperature
overnight prior to PCR analysis. A Bio-Rad iCycler iQ was used for real-
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time PCR analysis, essentially as described (69). In brief, a ratio of mtDNA
to the nuclear 18S gene was generated for each sample. Human mtDNA
primer sequences and the 18S primer sequences used for both human
and mouse amplifications are shown below and were taken from Bai et
al. (69). Mouse mtDNA primer sequences are from Brown, and Clayton
(70): 18S 1546, forward, 5" TAGAGGGACAAGTGGCGTTC-3'; 18S 1650,
reverse, 5'-CGCTGAGCCAGTCAGTGT-3'; human mt3212, forward, 5'-
CACCCAAGAACAGGGTTTGT-3"; human mt3319, reverse, 5" TGGCCAT-
GGGTATGTTGTTAA-3'; mouse COI, forward, S'-GCCCCAGATATAG-
CATTCCC-3'; mouse COI, reverse, 5'-GTTCATCCTGTTCCTGCTCC-3'.

Two independent reactions for mitochondrial and nuclear primer sets
were run for each sample. The 25 ul reaction volumes contained 12.5 ul of
Bio-Rad iQ SYBR Green Supermix, 0.5 ul of a 25 uM stock of each primer,
1.5 ul of water, and 10 ul of template genomic DNA. DNA samples were
diluted 20- to 480-fold, and a 2-fold dilution series was run for each sam-
ple to insure accurate sample profiling and linearity. The PCR protocol
consisted of 50°C for 2 minutes and 95°C for 10 minutes, then 40 cycles
0f 95°C for 15 seconds and 60°C annealing/extension for 1 minute, with
real-time data collection as described (69). Melt curves from 55°C to 95°C
with 0.5°C increments every 10 seconds were included to confirm single
PCR products, which were verified in early reactions by running products
on 2% agarose gels.

Western blotting. All Western blotting samples were collected in tandem
with mtDNA copy number samples. Wild-type and A-T primary fibroblasts
and stably transfected R2 knockdown HeLa cells were grown or treated
with IR as described above. For primary cells, at least 3 T25 flasks were
combined prior to protein extraction and Western blotting. Cell pellets
were harvested, lysed in lysis buffer (1% SDS, 10 mM Tris, p.H. 7.4), and
passed through a QIAshredder column (QIAGEN). Protein determination
was carried out using the Bio-Rad DC Protein Assay (Bio-Rad) according
to manufacturer’s protocol with slight modifications. We ran 50 ug of total
protein on a 12% bis-acrylamide gel and transferred it to a 0.2 wm nitrocel-
lulose membrane (Pall). For mouse and human tissue, frozen pulverized
tissue (see Tissue DNA extraction) was digested in CelLytic MT Mammalian
Tissue Lysis/Extraction Reagent (Sigma-Aldrich) and boiled for 5 minutes.
Boiled tissue samples were mechanically disrupted and passed through a
QIAshredder column; protein concentration was determined, and West-
ern blotting was performed as described for cell culture, except 80 ug of
total protein was run. Primary antibody was incubated overnight at 4°C.
Anti-R2 (E-16 or H-300) and p53R2 (N-16 or C-18) antibodies were pur-
chased from Santa Cruz Biotechnology Inc. The anti-R1 (AD203 or H-300)
antibodies were from Santa Cruz Biotechnology Inc. or Chemicon Interna-
tional, and anti-actin (20-33) antibody was from Sigma-Aldrich. Human
and mouse mtTFA antibodies were gifts from David Clayton. Films were
quantified using a GE Healthcare densitometer and ImageQuaNT soft-
ware. Only films for which linearity of the loading control standard could
be demonstrated were analyzed. SimplyBlue SafeStain (Invitrogen) was
used according to manufacturer’s recommendations to demonstrate load-
ing for mouse tissue blots.

Determination of RR mRNA transcript levels. Asynchronous cultures of wild-
type and A-T primary fibroblasts were seeded at 1 x 10° cells in T150 flasks
and grown for 4 days. Medium was replaced 1 day prior to RNA extraction.
We harvested 5 x 10° cells and performed RNA extraction using an RNeasy
Mini Kit (QIAGEN) according to manufacturer’s instructions. During the
procedure, a QIAshredder (QIAGEN) was used to homogenize cells, and
total cellular RNA was twice eluted in the same 50 ul of RNase-free water.
Sample RNA preps were quantified using SYBR green fluorescence against
a known standard. We converted 12 ug of total RNA per sample into gene-
specific cDNA with reverse primers to BACE2, R1, and p53R2 (sequences
below) using M-MuLV Reverse Transcriptase (New England BioLabs Inc.)
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and associated protocol according to manufacturer’s instructions. cDNA
preps were then purified in approximate volume using a QIAquick PCR
Purification Kit (QIAGEN) according to the manufacturer’s protocol to
remove components that inhibited the real-time PCR reaction. Samples
were then analyzed in triplicate for each primer set in the linear range
(BACE2, R1, and p53R2) using real-time PCR in a Bio-Rad iCycler iQ as
described above. The relative levels of R1 and p53R2 between wild-type and
A-T samples were determined using the 2A¢T equation after normalization
to the BACE2 CT values. R1, pS3R2, and BACE2 primers did not amplify
from no reverse transcriptase control reactions. The primer sequences
used for cDNA conversion and real-time PCR were as follows: R1, for-
ward, 5'-GGCTACTGGCAGCTACATTGC-3'; R1, reverse, 5'-CGCTT-
GTTCCCACCTTGATCC-3'; p53R2, forward, 5'-GGGCTGGATCAG-
GATGAGAGA-3"; pS3R2 reverse, 5" TGGAAAGATGACAAACCGGCG-3';
BACE2, forward, 5'-GGCTACTACCTGGAGATGCTG-3'; BACE2, reverse,
S'-TATGTAGGAGTGCGGGGTTCC-3'.

Mitochondrial mass, membrane potential, and ROS detection. A BD FACSCali-
bur Flow Cytometer was used for cell sorting, and data were analyzed using
FlowJo 3.1 software (Tree Star). Triplicate cultures of asynchronous wild-
type and A-T primary fibroblasts (1 x 10° cells) were seeded in T25 flasks
and grown for 24 hours (proliferating), 48 hours, or 6 days as indicated. Cells
were stained with 80 uM dihydroethidium, 60 nM MitoTracker Green FM,
or 80 nM MitoTracker Red (Invitrogen) in modified Eagle’s medium with
Earle’s salts medium for 20 to 25 minutes at 37°C and 5% CO; in the dark.
Cells were maintained in PBS with 1% FCS on ice in the dark until FACS
analysis was performed. Each experiment was calibrated with unstained
cells, and 3,000-12,000 gated cells were analyzed in all experiments.

Cell-cycle analysis. Wild-type and A-T primary fibroblasts (3 x 10° cells) were
seeded from low density, asynchronous cultures and trypsinized at times
indicated. Cell pellets were washed and resuspended in 300 ul washing buf-
fer (5 mM EDTA in PBS). Cells were vortexed upon dropwise addition of
700 ul of ice-cold 100% ethanol and pelleted at 11,000 g. Cells were then
resuspended in 500 ul of washing buffer with the addition of 50 ul of 10
mg/ml RNase A (Sigma-Aldrich) and incubated with rocking at 37°C for 20
minutes. Cells were pelleted at 11,000 g and resuspended in 200-300 ul of
propidium iodide solution (Sigma-Aldrich) (100 ug/ml in PBS) and imme-
diately analyzed by FACS on a BD FACSCalibur Flow Cytometer. Identical
gates were used for both wild-type and A-T cells to evaluate the percentage of
cellsin G1, S, and G2-M phases. In all cases, less than 5% of cells presented as
doublets or higher order aggregates and were excluded from analysis.

Tissue DNA extraction. Breeding pairs of inbred 129SvEV mice heterozygous
for a null allele of ATM (71) were obtained from Howard Mount (University
of Toronto, Toronto, Ontario, Canada) and maintained in collaboration
with the Yale Animal Resource Center according to Institutional Animal
Care and Use Committee-approved protocols. Pups were genotyped as pre-

1. Abraham, R.T. 2001. Cell cycle checkpoint signal- 29:661-666.
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viously described (71) with primer sequences as follows: ATM, forward, 5'-
CCGACTTCTGTCAGATGTTGC-3"; ATM, reverse, S'-ATTTGCAGGAGTT-
GCTGAGCG-3'; ATM, neo reverse, 5'-GGGTGGGATTAGATAAATGCC-3'.

Tissues from 3 ATM~~ mice at 10 weeks of age were fast frozen on dry ice
or liquid nitrogen and stored at -80°C until powdered by mortal and pestle
ondry ice. The entire organ was taken for cerebrum, cerebellum, thymus, and
lung. Skeletal muscle from the left quadriceps was indicated as muscle. Bone
marrow was extracted from the right and left femur, and small intestine was
taken from the jejunum region. Total cellular DNA was extracted in duplicate
and processed independently using a DNeasy Tissue Kit (QIAGEN) according
to manufacturer’s protocol, and samples were processed by real-time quan-
titative PCR as described above. Real-time relative mtDNA copy numbers
reflect all mouse duplicate tissue extractions combined.

Normal and A-T human tissue samples matched by age, sex, and post-
mortem interval prior to tissue-harvesting were obtained from the Nation-
al Institute of Child Health and Human Development (NICHD) Brain and
Tissue Bank for Developmental Disorders (University of Maryland, Balti-
more, Maryland, USA) and stored at -80°C. Tissue sections were grossly
pulverized, and duplicate samples were powdered by mortal and pestle on
dry ice and processed independently as described above. Samples of heart,
cerebrum, and cerebellum were obtained from a single A-T patient (A-T 1),
and 2 other A-T patients (A-T 2 and A-T 3) provided secondary cerebrum
and cerebellum samples.

Statistics. In all bar graphs, the mean + SD from at least 2 triplicate
experiments is plotted. The P values for individual comparisons based on
unpaired, 2-tailed Student’s ¢ tests are indicated in the figures. A P value of
less than 0.05 was considered significant. For multiple comparisons 1-way
ANOVA analysis was employed.
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