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Abstract

KU-55933 is a specific inhibitor of the kinase activity of the protein encoded by Ataxia telangiectasia mutated (ATM), an
important tumor suppressor gene with key roles in DNA repair. Unexpectedly for an inhibitor of a tumor suppressor gene,
KU-55933 reduces proliferation. In view of prior preliminary evidence suggesting defective mitochondrial function in cells of
patients with Ataxia Telangiectasia (AT), we examined energy metabolism of cells treated with KU-55933. The compound
increased AMPK activation, glucose uptake and lactate production while reducing mitochondrial membrane potential and
coupled respiration. The stimulation of glycolysis by KU-55933 did not fully compensate for the reduction in mitochondrial
functions, leading to decreased cellular ATP levels and energy stress. These actions are similar to those previously described
for the biguanide metformin, a partial inhibitor of respiratory complex I. Both compounds decreased mitochondrial coupled
respiration and reduced cellular concentrations of fumarate, malate, citrate, and alpha-ketogluterate. Succinate levels were
increased by KU-55933 levels and decreased by metformin, indicating that the effects of ATM inhibition and metformin are
not identical. These observations suggest a role for ATM in mitochondrial function and show that both KU-55933 and
metformin perturb the TCA cycle as well as oxidative phosphorylation.
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Introduction

DNA repair deficiency facilitates accumulation of mutations

and accelerates carcinogenesis. These are features of the ataxia-

telangiectasia syndrome, seen in patients with loss of function of

ataxia telangiectasia mutated protein (ATM) [1,2]. On the other

hand, robust DNA repair capacity by cancer cells leads to

resistance to therapies such as ionizing radiation that are intended

to cause lethal DNA damage [3]. Small molecule ATM inhibitors

[4] were developed in the context of the classic role of ATM in

DNA repair, with the rationale that inhibition of DNA repair

would increase efficacy of radiation therapy or cytotoxic drugs.

The finding that inhibition of ATM by the small molecule kinase

inhibitor KU-55933 has an antiproliferative effect [5] was

unexpected in the context of the classic role of ATM as a tumor

suppressor gene. However, there is recent evidence for novel

functions of ATM [6], including participation in insulin signalling

by an effect on protein translation regulator 4E-BP1 [7],

regulation of response to oxidative stress [8–10], regulation of

ribonucleotide reductase [11], and activation of the pentose

phosphate pathway [12,13]. Recent results [14,15] provide

evidence that KU- 55933 also inhibits the function of the organic

cation transporter 1 (OCT1), which is known to be involved in

cellular influx of several drugs, including metformin. In view of a

prior report [16] that mitochondrial function is defective in

fibroblasts from patients with ataxia-telangiectasia, we studied the

effects of the small molecule inhibitor KU-55933 on cellular

energy metabolism. We compared the effects of the ATM

inhibitor to those of metformin, because this biguanide is known

to be a growth inhibitor with a mitochondrial site of action, at

respiratory complex I [17–21]. Other biguanides also inhibit

mitochondrial function through incompletely described mecha-

nisms [22].

Results

Effects of KU-55933 and/or Metformin on Cancer Cell
Growth

Results of dose-response studies are shown in Figure 1A–B.

Data shown in Figure 1C–F confirm that KU-55933 has

antiproliferative effects on MCF-7, HepG2, HeLa and MCF-

10A cell lines, as assessed by Alamar blue dye reduction. While this

method is often used to estimate cell number, it actually is a

measure of oxidative phosphorylation [16], so artefacts are

possible if one is studying effects of an agent that influences
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cellular energy metabolism. Therefore, we confirmed an antipro-

liferative effect using cell number as an endpoint (Figure 1G). We

also provide evidence in Figure 1G that an off-target effect of KU-

55933 is unlikely, as an antiproliferative effect was also seen with

ATM knockdown by siRNA. Western blot analysis confirmed

reduced expression of ATM by siRNA but not by KU-55933

(Figure 1H). Our observation that the pharmacologic inhibition of

ATM is growth inhibitory contrasts with prior reports [23,24] that

claimed ATM activation leads to apoptosis. However, these studies

used non-specific pharmacologic strategies to activate ATM, so the

induction of apoptosis cannot be definitely regarded as a

consequence of ATM activation.

Effects of KU-55933 and Metformin on Metabolism in
MCF-7 Cells

Figure 2A–C shows effects of KU-55933 and metformin on cell

number, lactate production, and glucose consumption for MCF-7

cells. As expected, metformin decreased cell number, increased

glucose consumption, and increased lactate production. These

findings are consistent with previously reported actions of

metformin as a growth inhibitor [17] with a mechanism related

to partial inhibition of oxidative phosphorylation by an incom-

pletely characterized action at respiratory complex I [19–21]. We

observed that KU-55933 has previously unrecognized effects on

each of these measurements similar to those of metformin, and we

also observed that effects of metformin and KU-55933 together

were additive for each of these endpoints.

Furthermore, as shown in Figure 2 (D–F), KU-55933 and

metformin reduced ATP levels, mitochondrial membrane poten-

tial, and oxygen consumption, indicating inhibition of oxidative

phosphorylation. Sequellae of exposure to either KU-55933 or

metformin included both increased necrosis, as assessed by

propidium iodide (PI) and increased apoptosis, as assessed by

annexinV–FITC (Figures 2G and 2H). As recently reviewed [25],

metformin can under certain conditions inhibit proliferation and

enhance survival in an AMPK-dependent manner, but it can

induce cell death if it is used in contexts where it causes severe

ATP reduction.

Measurement of the percentage of cellular respiration uncou-

pled from ATP production (uncoupled respiration) (Figure 2F)

revealed that metformin, apart from its previously partially

characterized action on respiratory complex I, also increases the

fraction of mitochondrial respiration devoted to uncoupled

respiration, an action which would be expected to contribute to

the decrease in ATP production caused by exposure to this agent.

Unexpectedly, KU-55933 also increased the percentage of

uncoupled respiration. Most importantly, our data demonstrate

a significant inhibition in total cellular respiration devoted to ATP

production by both metformin and KU-55933.

Inhibition of ATM by KU-55933 Decreases SCO2 Levels in
MCF-7 Cells

As ATM activates p53 [26] and p53 upregulates oxidative

phosphorylation by increasing SCO2 [27], we considered the

possibility that ATM inhibition may act to decrease p53 activation

and therefore decrease SCO2 levels, which would be expected to

decrease oxidative phosphorylation, as observed. This potential

mechanism was appealing in view of a recent report [28] showing

that in muscle, ATM inhibition reduces cytochrome c oxidase

activity (by an unspecified mechanism), an action that is the

expected consequence of SCO2 reduction, and which would result

in the reduced mitochondrial function. As shown in Figure 3, KU-

55933 had a major time-dependent effect in reducing SCO2 level

in MCF-7 cells, consistent with this hypothesis. Figure 3 also

demonstrates the expected effects of KU-55933 as an activator of

AMPK secondary to energy stress, accompanied by a decline in S6

phosphorylation, in keeping with the previously described

inhibitory effects of AMPK on mTOR by metformin [17].

Effects of KU-55933 and Metformin on Metabolism and
SCO2 Levels

Figure 4A shows effects of KU-55933 and metformin on cell

number, lactate production, and glucose consumption in HepG2

cells. Similar to the effects observed in the MCF-7 cell line, we also

see an increase in glucose consumption, an increase in lactate

production, as well as a decrease in cell number in the HepG2 cell

line. Further studies did not support the view that this mechanism

is universal. As shown in Figure 4B the KU-55933-induced decline

in SCO2 levels was cell line specific, and HepG2 cells provide an

example of growth inhibition, increasing glucose consumption,

and lactate production induced by the ATM inhibitor, in the

absence of a significant change in SCO2 level. We also found that

in response to treatment with KU-55933, the LKB1-deficient

cancer cell line, HeLa, exhibited AMPK-a phosphorylation. This

indicates the existence of an LKB1-independent AMPK phos-

phorylation pathway.

Effects of KU-55933 on HCT116 p53+/+ and HCT116 p532/

2 Cells
We examined the effects of KU-55933 on mitochondrial

function as assessed by reduction of resazurin in isogenic p53

wild type and p53 loss of function HCT116 cells, and observed

that even in the absence of p53, the kinase inhibitor reduced

mitochondrial function, demonstrating that inhibition of ATM-

dependent p53 activation with subsequent p53-mediated depen-

dent SCO2 activation cannot account for the effect of KU-55933

on mitochondrial function (Figure 5). The ability of KU-55933 to

inhibit oxidative phosphorylation in p53-null cells also argues

against a mediating role of TIGAR, a p53-dependent mitochon-

drial regulator [29].

Effects of KU-55933 and Metformin on TCA Metabolites
In order to better understand the consequences of KU-55933

and metformin on cellular energy metabolism, we measured

intracellular levels of the metabolites indicated in Figure 6A and

Table S1. Interestingly, both compounds increased intracellular

lactate and glucose, consistent with data in Figure 2 concerning

glucose absorption and lactate excretion. Both KU-55933 and

metformin significantly reduced the concentrations of the TCA

cycle intermediates fumarate, malate, citrate, and alpha ketoglu-

tarate. The compounds differed with their effects on succinate

level, which was increased more than 5-fold by KU-55933, but

reduced by metformin. NAD+ levels were significantly reduced

only by metformin. The underlying mechanisms require further

study, but these data suggest that in the case of metformin, effects

on respiratory complex I are important, and that the compound

reduces generation of NAD+ by complex I. Thus, metformin may

not only reduce oxidative phosphorylation, but also inhibit the

TCA cycle via its effect on redox status, given that the TCA

enzymes isocitrate dehydrogenase and alpha ketoglutarate dehy-

drogenase require NAD+. Although the effects of KU-55933 lead

to many derangements similar to those seen with metformin, the

lack of a significant effect on NAD+ and the greater than 5-fold

increase in succinate levels seen with KU-55933 exposure raise the

possibility of an effect on respiratory complex II (Figure 6B).

Complex II oxidizes succinate to fumarate and reduces ubiqui-
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none to ubiquinol. The former reaction is part of the TCA cycle,

while the latter forms part of the respiratory chain of oxidative

phosphorylation. It is conceivable that KU-55933 may directly or

indirectly cause complex II dysfunction in a manner that reduces

oxidative phosphorylation as well as conversion of succinate to

fumarate, leading to accumulation of succinate and inhibition of

the Krebs cycle.

Subcellular Localization of ATM in MCF-7 Cells
Our observations raise the possibility of a direct role for ATM in

the mitochondria. While traditionally considered a nuclear

protein, there is prior evidence [30] for cytoplasmic localization

of ATM, but ATM has not previously been localized to

mitochondria. We prepared a subcellular fraction highly enriched

for mitochondria, and detected immunoreactivity to a mitochon-

drial marker VDAC and to ATM, but neither to the cytoplasmic

marker tubulin nor the nuclear marker Ki67 (Figure 7).

Discussion

ATM-related proteins are ancient in evolutionary terms [31],

and our findings add to recent evidence suggesting that these

kinases have important functions in addition to those initially

described that are related to DNA repair [2]. A prior study of

fibroblasts obtained from a patient with the ataxia telangiectasia

syndrome [16] provided early evidence that ATM deficiency is

associated with abnormalities in mitochondrial function that could

not be accounted for by DNA repair deficits. Our studies extend

this work by showing that pharmacologic inhibition of ATM with

KU-55933 results in reduced mitochondrial membrane potential,

reduced coupled respiration, and reduced ATP levels, while

increasing glucose uptake and lactic acid production. These

actions are similar to those of metformin, a compound known to

partially inhibit respiratory complex I. We speculate that the

increased glucose uptake and lactic acid production are a

consequence of increased glycolysis that partially compensates

for the decrease in mitochondrial ATP production in the setting of

loss of function of ATM, suggesting that neoplasms involving loss

of function of ATM will exhibit a ‘‘Warburg’’ metabolic

phenotype.

Although inhibition of ATM by KU-55933 decreased expres-

sion of SCO2 (a protein required for cytochrome c oxidase

assembly) in a p53-dependent fashion, the compound retained

antiproliferative activity in p53-null cells, indicating that the

actions of p53 are dispensable for the effects of KU-55933 on

metabolism and proliferation. ATM has other substrates than p53

[32,33], including Sp1 [34], that may alter nuclear gene

expression patterns in ways that influence metabolism. Alterna-

tively, the evidence that ATM is present in mitochondria raises the

possibility that it may play a more proximal role in regulating

oxidative phosphorylation. The significant increase in succinate

concentration associated with exposure to the ATM inhibitor

allows speculation that this drug may have a direct or indirect

effect that compromises the activity of respiratory complex II

(succinate:ubiquinone oxidoreductase) (Figure 6–2). Little is known

about potential regulation of the activity of this complex by

phosphorylation [35], but we did not detect a consensus sequence

for the kinase activity of ATM against any of the subunits, arguing

against a direct effect of ATM on this complex, despite the

evidence for a requirement of ATM for optimum mitochondrial

function.

In keeping with the fact that mitochondrial toxins are

commonly found in nature, metformin is a respiratory complex I

inhibitor derived from plant guanidines [36], and the plant toxin

3-nitropropionic acid [37] as well as the atpenin antibiotics [38]

are complex II inhibitors. While complete inhibition of oxidative

phosphorylation by agents such as cyanide is obviously lethal [39],

and crude attempts to inhibit oxidative phosphorylation in cancer

patients with cyanogenic molecules such as amygdalin derivatives

are discredited [40], attention is being given to the possibility that

reduction of oxidative phosphorylation by biguanides such as

metformin may be useful in cancer treatment [25,41].

Despite the fact that metformin has credentials as a complex I

inhibitor, it is known to have a favorable safety profile in the

treatment of type II diabetes [21,25,41]. It has both AMPK-

dependent [17,42] and AMPK-independent [43,44] antiprolifer-

ative actions. The safety and efficacy of inhibitors of oxidative

phosphorylation is critically dependent on their cellular and whole

organism pharmacokinetic profiles, and their potential usefulness

as antineoplastic agents will depend in part on uptake by

neoplastic tissue [25]. It remains to be determined if the effects

of KU-55933 and metformin we observed on levels of TCA cycle

intermediates, uncoupled respiration, and oxidative phosphoryla-

tion are achievable in vivo.

The basis for the surprising observation that polymorphisms in

the ATM locus influence efficacy of metformin in diabetes

treatment [45] remains obscure. It has been pointed out (14) that

laboratory evidence used to support the genetic results for this

funding is open to question, as the ATM inhibitor used in the

experiments may inhibit metformin influx into cells [46]. More

importantly in the context of our results, however, is the fact that

KU-55933 was previously noted to enhance the phosphorylation

of AMPK, a finding which was unexplained by the authors (14)

but is consistent with our results.

There are recent precedents for regulation of metabolism by

oncogenes and tumor suppressor genes [47,48]. Our results add to

the evidence that ATM is a regulatory kinase with relevance to

cellular energy metabolism. While the classic tumor suppressor

properties of ATM are related to a requirement for the protein for

normal DNA repair, our results provide evidence that the

antiproliferative consequences of ATM inhibition arise as a

consequence of the novel role for ATM in mitochondrial function.

Figure 1. Growth inhibition by the ATM inhibitor KU-55933 and metformin. (A) MCF-7 (LKB+/+) and (B) HeLa (LKB2/2) cancer cells in
exponential stages of growth were seeded into 96-well plates with 10% FBS and after 24 hrs exposed to increasing concentrations of KU-55933 (ATM
inhibitor) in media containing 1% FBS for 72 hrs. Cell growth was estimated by Alamar Blue dye reduction (resazurin (3 mM)). Data are presented as
mean 6 S.E.M. from 3 independent experiments done in triplicate. (C–F) MCF-7 HepG2, HeLa and MCF-10A cells were growth inhibited by KU-55933
and metformin. Cells were seeded into 96-well plates in the presence of 1% FBS and after 24 hrs treated with KU-55933 (10 mM) or metformin (5 mM).
Data are presented as mean 6 S.E.M. from 4 independent experiments done in triplicate. * indicates a result significantly different from that obtained
in the absence of KU-55933 or metformin as determined by 2-way ANOVA (P,0.0001). (G) MCF-7 cells were transfected with 50 nM ATM-siRNA or
with control siRNA. Twenty-four hours after transfection, cells were treated with KU-55933 (10 mM) or metformin (5 mM) and incubated for 48 hrs in
RPMI containing 1% FBS. Cell growth in each well was measured by counting cells using Trypan blue. Results using cell number or Alamar blue as
endpoints yielded the same conclusions. Columns, mean of 3 independent experiments carried out in triplicate (n = 9); bars, S.E.M. (H) After
transfecting MCF-7 cells with 50 nM ATM-siRNA or with control siRNA, cells were lysed and prepared for immunoblot analyses using antibodies
against ATM. ß-actin is shown as a loading control.
doi:10.1371/journal.pone.0049513.g001
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Pharmacologic inhibition of ATM as a therapeutic strategy to

enhance efficacy of DNA-damaging cancer treatments has been

proposed [4], but may involve risks related to facilitation of

carcinogenesis. Our studies do not address this issue, but rather

make use of the ATM inhibitor KU-55933 to reveal previously

unrecognized functions of ATM that relate to mitochondrial

function rather than DNA repair.

Figure 2. Effects of KU-55933 and metformin on metabolism in MCF-7 cells. Cells were exposed to KU (10 mM) or metformin (5 mM) for
72 hrs. (A) The effect of KU-55933 or metformin on viable cell number was measured by counting cells able to exclude Trypan blue. Cell number was
significantly reduced by KU-55933 (*P = 0.0042) and by metformin (**P = 0.0011). (B) Lactate production was significantly increased in cells treated
with KU-55933 (*P = 0.0218) or metformin (**P = 0.0012). (C) Glucose consumption was increased with exposure to either KU-55933 (*P = 0.0463) or
metformin (**P = 0.0058) treated cells. (D) Both KU-55933 and metformin decreased ATP levels in MCF-7 cells. Results are the mean 6 S.E (n = 4). (KU-
55933 compared to control *P = 0.0015 and metformin compared to control ** P = 0.0005). (E) Cells were incubated with JC-1 (2 mM), or H2O2

(100 mM, used to activate ATM by oxidative stress), or rotenone (1 mM), or FCCP (1 mM). Mitochondrial membrane potential was probed with JC-1 and
visualized by flow cytometry. Loss of mitochondrial membrane potential (DY) is indicated by a decrease in FL2/FL1 fluorescence intensity ratio (see
Figure S1 for flow cytometry data set). Results are expressed as mean 6 S.E.M. (n = 4). KU-55933 (*P = 0.0003) and metformin (** P,0.0001) both
significantly decreased DY. (F) Total cellular respiration (black bars, left y-axis) of MCF-7 cells treated with KU-55933 or metformin was compared with
untreated cells. Results are the mean 6 S.E.M. (KU-55933 compared to control *P = 0.0045, and metformin compared to control ** P = 0.0496).
Uncoupled respiration was determined in the presence of oligomycin. The percentage of uncoupled respiration was calculated as: (uncoupled
respiration/total mitochondrial respiration), and is shown by hatched bars, right y-axis. (G) KU-55933 or metformin treatment increased cell death
(see Figure S2 for flow cytometry data set). Bars represent percentage of necrotic cells. Results are expressed as the mean 6 S.E.M. (n = 3) in
duplicate (KU-55933 compared to control *P = 0.0005, and metformin compared to control **P = 0.0299). (H) KU-55933 or metformin treatment
resulted in increased apoptosis (see Figure S2 for flow cytometry data set). Bars represent percentage of apoptotic cells. Results are expressed
as the mean 6 S.E.M. (n = 3) in duplicate (KU-55933 compared to control *P,0.0001, and metformin compared to control **P = 0.0458).
doi:10.1371/journal.pone.0049513.g002

Figure 3. Inhibition of ATM by KU-55933 decreases SCO2 expression in MCF-7 cells. MCF-7 cells were exposed to KU-55933 (10 mM) for
the indicated time. After harvesting, cells were lysed and prepared for immunoblot analyses using antibodies against SCO2, phospho-ATM (Ser1981),
ATM, phosphorylated p53 (Ser15), p53, phospho-S6 (Ser235/236), S6rp, phospho-AMPK (Thr172) and AMPK. ß-actin is shown as a loading control. The
results are representative of three individual experiments.
doi:10.1371/journal.pone.0049513.g003
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Materials and Methods

Chemicals
Cell culture materials were obtained from Invitrogen

(Burlington, ON, Canada). Anti-phospho AMPKa (Thr172),

anti-AMPKa, anti-ATM, anti-phospho p53, anti-p53, anti-

phospho S6 ribosomal protein (Ser235/236), anti-S6 ribosomal

protein, anti-VDAC (voltage-dependent anion channel), anti-a-

tubulin, and anti-ß-actin were purchased from Cell Signaling

Technology (Beverly, MA), anti-phospho-ATM (Ser1981) and

anti-SCO2 from Abcam (Cambridge, MA), and anti-Ki67 from

Novus Biologicals (Oakville, ON, Canada). Horseradish perox-

idase-conjugated anti-rabbit IgG, anti-mouse IgG, and enhanced

chemiluminescene (ECL) reagents were from Pharmacia-Amer-

sham (Baie d’Urfé, QC, Canada). Metformin (1, 1-Dimethylbi-

guanide hydrchloride), rotenone and FCCP, (Carbonyl cyanide

4-(trifluoromethoxy)phenylhydrazone) were purchased from Sig-

ma-Aldrich (Oakville, ON, Canada), and KU-55933 from

Calbiochem-EMD Biosciences, Inc (La Jolla, CA). siRNA

against ATM and LKB1 and negative control siRNA (Alexa

Fluor 488) were purchased from QIAGEN (Mississauga, ON,

Canada), JC-1 (5,59,6,69-tetramethylbenzimidazolcarbocyanine

iodide) from eBiosience (San Diego, CA).

Cell Lines and Culture Conditions
MCF-7(breast), HeLa (cervical), HepG2 (hepatom) and MCF-

10A (untransformed human breast epithelial) cell lines were

purchased from American Tissue Culture Collection (ATCC)

(Manassas, VA). HCT116 p53+/+ and HCT116 p532/2 (colorec-

tal) (generously provided by Dr. Russell Jones, McGill University

and have been described previously in [49]) were cultured in

RPMI 1640 or DMEM, supplemented with 10% fetal bovine

serum (FBS) and 100 units/ml gentamycin at 37uC and 5% CO2.

Cells were passaged by 0.25% Trypsin-EDTA when they reached

, 80% confluence.

Cell Proliferation Assay
The effect of metformin or KU-55933 on cell lines was

evaluated by the resazurin assay to measure overall mitochondrial

respiration rates (Alamar Blue), (Biosource International, Camar-

ilo, CA). Cells were plated at 3256103 per well in triplicate in 96-

well plates and incubated in medium containing 10% FBS. After

24 hrs, the complete medium was replaced with test medium

containing vehicle control or various doses of metformin or KU-

55933 for 72 hrs at 37uC. Alamar Blue was then added to plates

which were incubated at 37uC according to the methods provided

by the supplier and a colorimetric change measured the reduction

of resazurin as an indicator of overall mitochondrial function

which correlated with cell number.

ATP Measurements
Cellular ATP levels were measured using the Invitrogen ATP

Determination Kit A22066 (Invitrogen). Cells were treated in 1%

FBS RPMI 1640 in the absence or presence of KU-55933 or

metformin for 72 hrs. The kit was used as per the manufacturer’s

instructions, with 36105 cells per well. Measurements were done

in triplicate.

Figure 4. Effects of KU-55933 and metformin on cell number, lactate production, glucose consumption and SCO2 levels in different
cancer cell lines. Cells were exposed to KU (10 mM) or metformin (5 mM) for 72 hrs. (A) The effect of KU-55933 or metformin on cell number was
measured by counting cells able to exclude Trypan blue. Cell number was significantly reduced by KU-55933 (*P = 0.0394) and by metformin
(**P = 0.0058). KU-55933 and metformin stimulated lactate production. Lactate production was significantly increased in cells treated with KU-55933
(*P = 0.0012) or metformin (**P = 0.0222). Glucose consumption was increased with exposure to either KU-55933 (*P = 0.0034) or metformin
(**P = 0.0385) treated cells. (B) MCF-7, HeLa and HepG2 cells were exposed to KU-55933 (10 mM) or metformin (5 mM) for the indicated time. After
harvesting, cells were lysed and prepared for immunoblot analyses using antibodies against SCO2, phospho-AMPK (Thr172). ß-actin is shown as a
loading control. The results are representative of three individual experiments.
doi:10.1371/journal.pone.0049513.g004
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Measurements of Glucose Consumption
Cells were cultured in complete medium with 10% FBS. After

24 hrs, the complete medium was replaced with test medium in

the absence or presence of KU-55933 or metformin. Cells were

incubated for 72 hrs and the culture medium was then collected

and analyzed for measurement of glucose and lactate concentra-

tions using colorimetric kits according to manufacturer’s instruc-

tions. Glucose levels were determined using a Glucose assay kit

(Eton Bioscience, Inc., Cambridge, MA). Glucose consumption

was determined from the difference in glucose concentration

compared to control. Results were normalized to cell-free media

and to the number of cells.

Lactate Production Assay
Lactate levels were determined in 10 ml culture medium

collected from treated cells and results were standardised with

the number of cells. Lactate was calculated using a Lactate Kit

(BioVision, Inc., San Francisco, CA).

Flow Cytometry for Apoptosis Induction and Cell Death
Analysis

After 72 hrs treatment adherent cells were briefly trypsinized,

detached, combined with floating cells from the original growth

medium, centrifuged, and washed twice with Phosphate-Buffered

Saline (PBS). Approximately 106 cells (for each condition) were

stained for 30 min with annexinV–FITC and propidium iodide

(PI) using the AnnexinV–FITC kit (Invitrogen). Analysis was

conducted on a FACSCalibur flow cytometer (BD Biosciences,

Burlington, MA) with CellQuest software (BD Biosciences

Immunocytometry Systems, Franklin Lakes, NJ). All apoptosis

tests were conducted in triplicate and results shown are

representative of 3 independent experiments.

Mitochondrial Membrane Potential
To determine mitochondrial membrane potential JC-1 non-

toxic fluorescence probe was dissolved in tissue culture grade

dimethyl sulfoxide (DMSO) at a concentration of 1 mg/ml. After

treatments, cells were probed with JC-1 and the mitochondrial

membrane polarization changes were measured as described [50].

Cells treated with H2O2 (used as an ATM activator), rotenone (an

inhibitor of complex I), or carbonyl cyanide m-chlorophenylhy-

drazone (FCCP) (an uncoupler of oxidative phosphorylation that

abolishes the mitochondrial membrane proton gradient) were

dissolved in DMSO and the solutions were added to culture

medium to final concentrations as described in each experiment.

Cell Transfection
MCF-7 cells were transfected with small interfering RNA

(siRNA) targeting the ATM, LKB1, and AMPKa or a negative

control siRNA using Pipette-type electroporator (MicroPorator

MP-100, Digital Bio Technology Co., Ltd., Seoul, Korea) as

described by the manufacturer’s instructions. Cells cultures were

Figure 5. Effects of KU-55933 on HCT116 p53+/+ and HCT116 p532/2 cells. Cells were seeded into 96-well plates with 10% FBS and after
24 hrs. exposed to KU-55933 (10 mM) or metformin (5 mM) in DMEM containing 1% FBS for 72 hrs. (A) Cell growth was estimated by Alamar Blue dye
reduction. Results are presented as mean 6 S.E.M. from 3 independent experiments in triplicate. HCT116 p53+/+ cell growth was significantly
inhibited by both KU-55933 (*P,0.0001) and metformin (** P = 0.0013). For HCT116 p532/2 cells, KU-55933 significantly inhibited growth
(*P = 0.0002), but this effect was not seen with metformin exposure (P = 0.223). (B) Under the above conditions, after harvesting, cells were lysed and
prepared for immunoblot analyses using antibodies against phosphorylated p53 (Ser15), and SCO2. ß-actin is shown as a loading control.
doi:10.1371/journal.pone.0049513.g005
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Figure 6. Effects of KU-55933 and metformin on TCA metabolites. (A) TCA metabolites were measured by NMR. P values for changes in TCA
metabolites are shown in Table S1 (B) Interpretation of metabolic changes observed. [a] ATM is hypothesized to have a role in oxidative
phosphorylation, effecting respiratory complex II. Therefore, the ATM inhibitor KU-55933 leads not only to reduced ATP production, but also to
accumulation of succinate. [b] KU-55933 also may reduce oxidative phosphorylation by a mechanism involving SCO2, as discussed in the text. [c]
Metformin acts to inhibit oxidative phosphorylation, but prior evidence together with our findings of decreased NAD+ suggest a site of action
involving respiratory complex I. [d] Both KU-55933 and metformin exposure lead to increased glucose uptake and lactate production, consistent with
a compensatory increase in glycolysis following decreased oxidative phosphorylation. [e] Our observations provide evidence for reduced
concentrations of TCA cycle intermediates with exposure to either KU-55933 or metformin, but we postulate different reasons for this: metformin
may reduce TCA cycle activity because of a reduction in supply of complex I-generated NAD+, while KU-55933 may act to inhibit conversion of
succinate to fumarate. ATM, Ataxia Telangiectasia Mutated protein; SCO2, Synthesis of Cytochrome C Oxidase 2; AMPK, AMP-activated protein kinase;
TSC1/TSC2, Tuberous Sclerosis 1/Tuberous Sclerosis 2; mTOR, Mammalian Target of Rapamycin complex 1; rpS6, ribosomal protein S6.
doi:10.1371/journal.pone.0049513.g006
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incubated for 24 hrs with various concentrations of siRNA prior to

KU-55933 or metformin treatment.

Protein Extraction and Western Blot Analysis
Cells were washed three times with ice-cold phosphate-buffered

saline (PBS) and lysed in 100–400 ml lysis buffer (20 mM Tris HCl

(pH 7.5)), 150 mM NaCL, 2.5 mM sodium pyrophosphate,

1 mM ß-glycerol phosphate, 1 mM Na3VO4, 1 mM EGTA, 1%

Triton, and Complete Protease Inhibitor Cocktail Tablet from

Roche Diagnostic (Laval, QC, Canada). Cell debris was removed

by centrifugation at 14,000X rpm for 20 min at 4uC. Following

the assay for total protein (Bio-Rad, Mississauga, ON, Canada),

clarified protein lysates from each experimental condition (40–

50 mg) were boiled for 5 min and subjected to electrophoresis in

denaturing 8% SDS-polyacrylamide gel for ATM, 12% for SCO2,

or 10% SDS-PAGE for other proteins. Separated proteins were

transferred to a nitrocellulose membrane and after blocking, the

membranes were probed with antibodies of interest. In some cases,

developed blots were stripped in stripping buffer (62 mM Tris

HCL (pH 6.8), 100 mM ß-mercaptoethanol, 2% SDS) to confirm

equal protein loading. Horseradish peroxidase-conjugated anti-

rabbit IgG and anti-mouse IgG were used as secondary antibodies.

The position of proteins was visualized using the enhanced

chemiluminescene reagent ECL.

Mitochondrial Extraction
Mitochondrial isolation was achieved by using the mitochon-

drial isolation protocol [51]. Mitochondrial pellets were lysed and

protein concentration was determined with the PierceH BCA

Protein Assay Kit (Thermo Scientific), with bovine serum albumin

(BSA) as a standard.

Cellular Respiration Assay
Cells were rinsed, trypsinized, and spun twice at 1200 rpm for

5 min and resuspended in assay medium (PBS, sodium pyruvate

(1 mM), glucose (25 mM), BSA 2% (w/v)). Cell viability was

determined using trypan blue exclusions. Respiration in whole

cells was measured using 1 million cells/ml (suspended in assay

medium at 37uC), which were placed into the chamber of a Clark-

type oxygen electrode (Rank Brothers, Cambridge, UK). Total

respiration was assessed in the absence of inhibitors; while proton

leak was measured using the ATP synthase inhibitor oligomycin

(2.5 mg/1 6 106 cells) and non-mitochondrial respiration using

myxothiazol (12.2 mg/1 6 106 cells).

Cell Growth for NMR
MCF-7 Cells were plated at 16106 per petri in 10 replicates and

incubated in medium containing 10% FBS. After 24 hrs, the

complete medium was replaced with test medium containing

vehicle control or metformin or KU-55933 at 37uC. Three MCF-

7 plates were not extracted but used for cell counting and protein

analysis. The average cell counts were 3.37 million per plate for

the control cells, 1.9 million per plate for the KU-55933 treated

cells and 2.1 million per plate for the metformin treated cells.

These counts were used to normalize the NMR and GC/MS

metabolite quantitation.

NMR Sample Preparation
MCF-7 cells were extracted as described previously [52].

Briefly, tissue culture plates were removed from the incubator

and 2 mL of the spent media was collected and placed in an

eppendorf tube. The remaining media was aspirated off the plate

to waste. The plated cells were washed three times with ice cold

isotonic saline solution. Volumes of 500 mL 80% methanol

(prechilled to 220uC) were added to the plates on ice. The cells

were scraped off the plates and deposited in eppendorf tubes. The

plates were rinsed with second 500 mL aliquots of cold 80%

methanol and added to the cells. The cells were then lysed by

5 min of sonication, 30 sec on 30 sec off, on ice using Bioruptor

UCD-200TM-EX Sonicator (Diagenode, Denville, NJ, USA). The

homogenates were then spun down in a 4uC micro centrifuge for

10 min at 13,000 g and the supernatants were removed to new

eppendorf tubes. The extracts were dried in a pre-cooled vacuum

centrifuge (Labconco Corp. Kansas City, MO, USA) operating at

24uC and stored at 280uC until the day of NMR analysis.

For NMR analysis, cell extracts were re-suspended in 220 mL
2H2O containing 0.2 mM DSS (4,4-dimethyl-4-silapentane-1-

sulfonic acid), the chemical shift and concentration standard

0.1 mM DFTMP (difluorotrimethylsilanylphosphonic acid) an

internal pH standard [53] and 0.01 mM sodium azide. The pH

of each sample was manually adjusted to an uncorrected pH of

6.8+/20.1 with HCl or KOH as needed.

Medium samples were ultra-filtered using pre-rinsed 3 kDa cut

off filters (Nanosep ultra filter, Pall Corp. Port Washington, NY

USA). A volume of 195 mL was removed to a separate tube

containing 22 mL of a 2 mM DSS and 1 mM DFTMP solution in
2H2O. The pH of each medium sample was manually adjusted to

a pH of 6.8+/20.1 as before. The samples were then transferred

to 3 mm NMR tubes (Wilmad, Buena, NJ, USA) for analysis.

NMR Data Acquisition & Analysis
NMR data collection was performed on a 500 MHz Inova

NMR system (Agilent Technologies, Palo Alto, CA, USA)

equipped with an HCN cryogenically cooled probe operating at

25 K. One-dimensional NMR spectra of samples were collected

using the first increment of the standard NOESY experiment

supplied with the instrument. All spectra were recorded at 25uC
with a mixing time of 100 ms, 256 transients for cell extracts and

32 transients for media extracts were recorded with 8 equilibration

pre-scans, a spectral window of 12 ppm centered on the residual

water which was suppressed by a low power pre-saturation pulse

during both the mixing time and 2 sec relaxation delay. The

acquisition time was set for 3 sec for a total scan recycle time of

5 sec. The same pre-saturation strength and gain were used for all

Figure 7. Subcellular localization of ATM. Total MCF-7 cell lysate
and MCF-7 cells fractionated into cytoplasmic, nuclear and mitochon-
drial extracts were immunoblotted with ATM antibody, a-Tubulin
(cytoplasmic marker), Ki67 (nuclear marker) and VDAC (mitochondrial
marker). The results indicate ATM immunoreactivity in mitochondrial
extracts that are negative for cytoplasmic and nuclear markers.
doi:10.1371/journal.pone.0049513.g007
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data acquisition (a slightly higher power pre-saturation pulse was

used for all media samples) while the 90u pulse length was

calibrated for each sample. Metabolite chemical shift assignments

were confirmed by two-dimensional 75 ms mixing time total

correlation spectroscopy (Z-filtered dipsi-Tocsy [54]) and by

comparison to the Madison Metabolomics Consortium [55] and

Human Metabolome data bases [56].

The one-dimensional data were processed with 128 k zero

filling and exponential line broadening of 0.33 Hz before Fourier

transformation. Targeted profiling of metabolites were achieved

using a 500 MHz metabolite library from Chenomx NMR Suite

7.0 (Chenomx, Inc, Edmonton, AB, Canada), where area fit for

the metabolite peaks were compared to that of the internal

concentration standard (DSS) resulting in a concentration based

on the Chenomx library compounds as described previously [57].

The amount of each reported metabolite was normalized to the

number of cells per plate (nanomoles per million cells).

Statistical Analysis
Prior to statistical analysis, data were square-root transformed to

normalize the distribution and to obtain variance homogeneity. All

experiments were performed at least in triplicate, and results are

expressed as mean 6 S.E.M. Statistical significance was evaluated

using GLM Procedure, and least-squares means post hoc for

multiple unpaired comparisons of means (LSMEANS statement

with Bonferroni correction) was applied. All statistical analyses

were performed using Statistical Analysis System software, version

9.2 (SAS Institute, Cary, NC). P values ,0.05 were considered

significant.

Supporting Information

Figure S1 Loss of mitochondrial membrane potential (DY) as

indicated by flow cytometry is seen by a decrease in FL2/FL1

fluorescence intensity ratio. Results indicate that treatment with

KU-55933 or metformin decreases mitochondrial membrane

potential of MCF-7 cells.

(TIFF)

Figure S2 Cytograms of PI uptake (ordinate) vs. annexin V

binding (abscissa). Apoptotic (annexin V+/PI2), vital (V2/PI2),

and damaged (annexin V2/PI+) cells are shown. Cells displayed an

increase in cell death and apoptosis when treated with KU-55933

(*P,0.0001) or metformin (**P = 0.0155).

(TIFF)

Table S1 Significance of differences in metabolites levels in the

MCF-7 cells treated with KU-55933 or metformin. (n = 9).

(DOCX)
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