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The maintenance of mitochondrial function is closely linked to
the control of senescence. In our previous study, we uncov-
ered a novel mechanism in which senescence amelioration in
normal aging cells is mediated by the recovered mitochondrial

function upon Ataxia telangrectasia mutated (ATM) inhibition.

However, it remains elusive whether this mechanism is also
applicable to senescence amelioration in accelerated aging
cells. In this study, we examined the role of ATM inhibition on
mitochondrial function in Hutchinson-Gilford progeria syn-
drome (HGPS) and Werner syndrome (WS) cells. We found
that ATM inhibition induced mitochondrial functional recov-
ery accompanied by metabolic reprogramming, which has
been known to be a prerequisite for senescence alleviation in
normal aging cells. Indeed, the induced mitochondrial meta-
bolic reprogramming was coupled with senescence ameliora-
tion in accelerated aging cells. Furthermore, the therapeutic
effect via ATM inhibition was observed in HGPS as evidenced
by reduced progerin accumulation with concomitant de-
crease of abnormal nuclear morphology. Taken together, our
data indicate that the mitochondrial functional recovery by
ATM inhibition might represent a promising strategy to ame-
liorate the accelerated aging phenotypes and to treat age-
related disease.
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INTRODUCTION

HGPS constitutes a genetic disorder caused by a point muta-
tion (C1824T) in exon 11 of the LMNA gene (McClintock et
al., 2006). This mutation leads to the generation of a trun-
cated protein with a dominant negative effect on nuclear
structure, resulting in irregular/enlarged nuclei (McClintock,
Gordon et al., 2006). As these abnormalities comprise a
pathogenic feature in HGPS, current research on HGPS is
focused on developing drugs that can ameliorate the altered
nuclear morphology. In particular, farnesyltransferase inhibi-
tors (FTIs) have been identified to reverse the abnormal nu-
clear structure along with providing improvements in life
span in HGPS mouse models (Lee et al., 2002; Passos et al.,
2007; Wallace, 1994). However, the use of FTIs exhibits
several detrimental side effects including centrosome separa-
tion defects and cytotoxicity (Verstraeten et al., 2011). Thus,
effective drugs that can be used alone or in combination
with FTls are needed for the treatment of HGPS patients.

WS is an autosomal recessive disorder resulting from mu-
tations in the WRN gene, which encodes a member of the
RecQ subfamily of DNA helicase proteins (Gray et al., 1997).
As WRN plays a crucial role in DNA repair and maintenance
(McKenzie et al., 1995), WS patients with WRAdeficiency
are prone to acquire mutations, consequently suffering from
the elevated risk of cancer (McKenzie et al., 1995). Thus,
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the curative treatment of WS has been focused on the mod-
ulation of RecQ activities (Cocheme and Murphy, 2008);
however, no effective therapeutic treatment has yet been
identified for WS patients (Shimizu et al., 2003).

In our previous study, we performed high-throughput
screening to identify compounds that allowed the alleviation
of senescence in normal aging cells and identified an ATM
inhibitor, KU-60019, as an effective agent (Kang et al,
2017). We revealed a novel mechanism in which senescence
in normal aging cell is controlled by the recovered mito-
chondrial function upon the fine-tuning of ATM activity with
KU-60019 (Kang et al., 2017). However, many questions
remain to be addressed, such as whether ATM inhibition
might exert the same effect in accelerated aging cells, or
whether this restorative effect might be extended to amelio-
rate senescence-associated phenotypes in these cells. In this
present study, we aimed to address the effects of ATM inhi-
bition on the accelerated aging process.

MATERIALS AND METHODS

Cell culture

HGPS skin fibroblasts (AG03198 B; Coriell Cell Repositories,
USA) and WS skin fibroblasts (AG03141 G; Coriell Cell Re-
positories) were used in this study. Cells were cultured in
Dulbecco’s modified Eagle’s medium containing 25 mM
glucose supplemented with 10% fetal bovine serum, 100
U/ml penicillin, and 100 png/ml streptomycin. Cells were also
cultured in ambient air (20% O,) supplemented with 5%
CO,. Confluent cells were split 1:4 and 1:2 during early and
late passages, respectively. KU-60019 (S1570; Selleck Chem,
USA) and DMSO (D8148; Sigma, USA) were diluted to a
final concentration of 0.5 uM and 1.4 mM in the culture
medium, respectively. As an alternative ATM inhibitor, CP-
466722 (52245; Selleck Chem) was diluted to a final con-
centration of 0.5 uM in the culture medium. The culture
medium was changed every 4 days. At 14 days after drug
treatment, cells were used for the functional analysis. The
population doubling level (PDL) was 10 and 5.37, respective-
ly, when HGPS skin fibroblasts and WS skin fibroblasts were
initially purchased. Cells were considered to be young when
the population doubling time was less than 2 days and the
approximate PDL of young HGPS and WS fibroblasts was 14
and 9, respectively. Cells were considered to be senescent
when the population doubling time was over 14 days, with
the approximate PDL of senescent HGPS and WS fibroblasts
being 26 and 21, respectively.

Western blot analysis

Cells were lysed in Laemmli sample buffer containing 5% [~
mercaptoethanol and heated at 100T for 5 min. Protein
lysates were then separated on 4-12% gradient Tris-glycine
mini protein gels (EC60355BOX; Invitrogen, USA) and trans-
ferred onto polyvinylidene difluoride membranes (170-4156;
Bio-Rad, USA) using a semidry apparatus (Bio-Rad). The
membrane was blocked with 5% nonfat dry milk in Tris-
buffered saline with 0.1% Tween 20 and incubated with
primary antibodies. Subsequently, the membrane was incu-
bated with horseradish peroxidase (HRP)-conjugated sec-
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ondary antibodies. Proteins were detected with enhanced
chemiluminescence solution (32106; Thermo Scientific,
USA) using an ImageQuant LAS-4000 digital imaging system
(GE Healthcare, USA). Primary antibodies used in this study
included rabbit anti-ATM (phospho S1981; ab81292; 1:1,000
dilution; Abcam, UK), mouse anti-Lamin A/C antibody
(MAB3211; 1:1,000 dilution; Millipore, USA), and rabbit
anti-actin (A5060; 1:1000 dilution; Sigma). The secondary
antibodies used in this study included HRP-conjugated anti-
rabbit 1gG (sc-2004; 1:4,000 dilution; Santa Cruz Biotech-
nology, USA) and HRP-conjugated anti-mouse IgG (sc-2302;
1:4,000 dilution; Santa Cruz Biotechnology). The ratio of
progerin to lamin A was quantitated using Image) (Collins,
2007).

Measurement of reactive oxygen species (ROS),
mitochondrial membrane potential (MMP), and
autofluorescence

For quantitation of mitochondrial ROS, cells were incubated
with 0.2 uM MitoSOX (M36008; Life Technologies, USA) for
30 min at 37¢C, washed with phosphate buffered saline
(PBS), trypsinized, collected in PBS, and analyzed on a
FACSCaliber instrument (Becton Dickinson, USA). To meas-
ure MMP, cells were incubated with 0.3 ug/ml JC-1 (Invitro-
gen) for 30 min at 37C and prepared for flow cytometry
analysis as previously described (Kang and Hwang, 2009).
For quantitation of autofluorescence, cells were washed
with PBS, trypsinized, collected in PBS, and analyzed by flow
cytometry. Results were analyzed using Cell Quest 3.2 soft-
ware (Becton Dickinson).

Analysis of the extracellular acidification rate (ECAR)

The XFe24 flux analyzer and a Prep Station (Seahorse Biosci-
ence XFe24 Instrument, USA) were used according to the
manufacturer’s protocol. Briefly, 5 x 10% cells were distribut-
ed into each well of an XFe24 cell-culture plate from the
XF24 FluxPak (100850-001; Seahorse Bioscience) and then
cultured in a 5% CO; incubator at a temperature of 37C for
16 h. Next, the medium was replaced by XF Assay medium
(102365-100; Seahorse Bioscience), which lacked glucose,
and the cells were then cultured for another 1 h in the same
incubator. The ECAR was measured using an XF Glycolysis
Stress Test kit (102194-100; Seahorse Bioscience) andre-
ported in mpH/min.

Senescence-associated (SA)-B-gal staining

X-Gal cytochemical staining for senescence associated (SA)-
B-gal was performed as previously described (Debacg-
Chainiaux et al., 2009). The cells were fixed in 3% formal-
dehyde for 5 min and then stained with freshly prepared SA-
B-gal staining solution overnight at 37C according to the
manufacturer’s protocols (9860; Cell Signaling Technology,
USA). The number of SA-B-gal-positive cells in randomly
selected fields was expressed as a percentage of all cells
counted.

Immunofluorescence

For immunofluorescence assessment, cells were plated on
Nunc Lab-Tek II Chamber Slides (154526; Thermo Fischer
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Scientific), washed with ice-cold PBS, fixed with 4% para-
formaldehyde/PBS for 15 min at room temperature, perme-
abilized with 0.1% Triton X-100/PBS for 15 min, and
blocked with 10% fetal bovine serum in PBS for 1 h. After
incubation with mouse anti-Lamin A/C antibody (MAB3211;
1:1,000 dilution; Millipore) overnight at 4T, the cells were
washed with ice-cold PBS three times and incubated with
Cy3-conjugated anti-mouse antibodies (711-585-152; 1:400
dilution; Jackson Laboratories, USA) for 30 min at room
temperature. Coverslips were washed with ice-cold PBS four
times and then mounted using ProLong Gold Antifade rea-
gent (P36934; Invitrogen). Images were captured using a
Carl Zeiss LSM 510 confocal microscope (Oberkochen, Ger-
many).

Neutral comet assay

Neutral comet assays were performed using a Single Cell Gel
Electrophoresis Assay kit (4250-050-K; Trevigen, USA) ac-
cording to the manufacturer’s protocols, with minor modifi-
cations. Briefly, 1 x 10° cells were diluted in 0.5 ml ice-cold
PBS. A cell suspension (50 ul) was resuspended in 500 l
LMAgarose (4250-050-02; R&D Systems, USA) and rapidly
spread on slides. DNA was stained with SYBR-gold (S-
11494; Life Technologies), and olive tail moments (ex-

pressed in arbitrary units) were calculated by counting 100-
200 cells per condition and then analyzed using Metafer4
software (MetaSystems, Germany) according to the manu-
facturer's instructions.

Statistical analyses

Statistical analyses were performed using a standard statisti-
cal software package (SigmaPlot 12.5; Systat Software, USA).
Student’s #test or one-way ANOVA test was used to deter-
mine whether differences were significant.

RESULTS

Functional recovery of mitochondria by ATM inhibition in
accelerated aging cells

As we initially found that mitochondrial functional recovery
in normal aging cells was preceded by ATM inhibition (Kang
et al., 2017), we evaluated whether ATM inhibition could
ameliorate mitochondrial function in senescent HGPS or WS
cells. First, we tested the specificity of KU-60019 as an ATM
inhibitor. ATM inhibition with KU-60019 reduced the levels
of phosphorylated ATM (p-ATM), confirming its specificity as
an ATM inhibitor (Figs. 1A and 1D). Next, to evaluate the
functional status of mitochondria, ROS levels and MMP were
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monitored (Rottenberg and Wu, 1998; Yoo and Jung, 2018).

Consistent with the results in normal aging cells (Kang et al.,
2017), KU-60019 treatment significantly reduced ROS levels
and increased MMP, suggestive of mitochondrial functional
recovery in these cells (Figs. 1B, 1C, 1E and 1F).

HGPS fibroblasts exhibit profound metabolic alterations
including metabolic reprogramming from oxphos to glycoly-
sis, causing HGPS cells to depend more on glycolysis as an
energy source (Rivera-Torres et al., 2013). Furthermore, WS
cells show altered mitochondrial function including reduced
ATP production and increased electron leakage (Li et al,
2014), which reflects altered mitochondrial metabolism (Seo
etal, 2010). To assess the changes in mitochondrial metab-
olism, we examined the glycolysis level of cells by measuring
ECAR (Brand and Nicholls, 2011). The observed ECAR of
senescent fibroblasts was higher than that of young fibro-
blasts, implying that senescent HGPS and WS fibroblasts
exhibited an increased dependency on glycolysis to meet
energy demands (Figs. 2A and 2C; black line vs. red line).
However, ECAR was restored to that of young fibroblasts
upon KU-60019 treatment, implying the functional recovery
of mitochondrial metabolism (Figs. 2A and 2C; black line vs.
blue line). The analyzed glycolysis level also showed that

ATM inhibition decreased the dependency on glycolysis (Figs.

2B and 2D).

Taken together, these data clearly illustrate that ATM inhi-
bition is effective in recovering mitochondrial function in
accelerated aging cells.

ATM as a potential target for ameliorating senescence in
accelerated aging cells

Mitochondrial metabolic reprogramming, preceded by ATM
inhibition, has been shown to be a prerequisite for senes-
cence alleviation (Kang et al., 2017). As we observed mito-
chondrial metabolic reprogramming in HGPS and WS cells
upon KU-60019 treatment, we conjectured that the induced
mitochondrial metabolic reprogramming would ameliorate
senescence-associated phenotypes. First, we examined SA-B-
gal activity as a senescence marker (Dimri et al., 1995). The
percentage of SA-B-gal positive cells was significantly re-
duced upon KU-60019 treatment (Figs. 3A and 3E). Next, as
lipofuscin accumulation constitutes another senescence
marker (Brunk and Terman, 2002), we examined the
lipofuscin level through measuring intracellular levels of au-
tofluorescence (Tonma et al., 2011). Notably, ATM inhibition
with KU-60019 significantly reduced lipofuscin accumulation
(Figs. 3B and 3F). As the increase in lysosome number and
size constitutes one of the most characteristic changes ob-
served with senescence (Robbins et al., 1970), we included
the lysosomal mass as an additional senescence-associated
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Fig. 3. ATM as a potential target for ameliorating senescence in senescent HGPS and WS fibroblasts. Quantification of SA-B gal positive
cells in senescent HGPS (A) and WS (E) fibroblasts (**/~< 0.01, Student’s #test; scale bar 20: um). Means = S.D., N = 3. Flow cytometric
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ric analysis of lysosomal mass in senescent HGPS (C) and WS (G) fibroblasts (**£< 0.01, Student’s #test). Means + S.D., N = 3. Effects
of KU-60019 treatment on CPD in senescent HGPS (D) and WS (H) fibroblasts. (**£< 0.01, Student’s #test). Means = S.D., N = 3.

marker. ATM inhibition with KU-60019 significantly reduced
the lysosomal mass (Figs. 3C and 3G). Finally, to clarify the
functional recovery of senescent HGPS and WS fibroblasts,
we examined the cumulative population doubling (CPD).
KU-60019 treatment significantly increased CPD (Figs. 3D
and 3H).

We then examined whether ATM inhibition with KU-
60019 would improve the mitochondrial function in young
fibroblasts. ATM inhibition with KU-60019 reduced the lev-
els of phosphorylated ATM (p-ATM) in young fibroblasts
(Supplementary Figs. STA and S1D), consistent with the
results in senescent fibroblasts (Figs. 1A and 1D). We meas-
ured ROS levels and MMP to assess mitochondrial function
(Rottenberg and Wu, 1998). KU-60019 treatment signifi-
cantly reduced ROS levels and increased MMP, suggestive of
mitochondrial functional enhancement in young fibroblasts
(Supplementary Figs. S1B, S1C, S1E and S1F). However, ROS
reduction by KU-60019 treatment was less effective in
young than senescent fibroblasts (31.3% vs. 83.6% reduc-
tion in HGPS and 32.7% vs. 61.7% reduction in WS), as
was MMP increase by KU-60019 treatment (17.2% vs.
51.8% increase in HGPS and 35.4% vs. 52.5% increase in
WS)(Fig. 1 and Supplementary Fig. S1). These data suggest
that KU-60019 treatment enhances mitochondrial function
in young fibroblasts, provided ATM activity was adjusted to a
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proper level.

Finally, we examined whether other ATM inhibitors yielded
similar phenotypes as those observed after KU-60019 treat-
ment. CP-466722 was selected an alternative ATM inhibitor
(Weber and Ryan, 2015). CP-466722 treatment yielded
recovered mitochondrial function as shown by the de-
creased ROS levels and the increased MMP (Supplementary
Figs. S2A, S2B, S2D and S2E). Furthermore, CP-466722
treatment significantly decreased the lipofuscin accumula-
tion (Supplementary Figs. S2C and S2F), suggesting that CP-
466722 as another ATM inhibitor afforded similar pheno-
types as KU-60019.

Restorative effect afforded by ATM inhibition in
accelerated aging cells

HGPS is caused by a mutation in LMNA that produces an
aberrant lamin A protein, progerin (McClintock et al., 2006).
Progerin accumulation leads to an aberrant nuclear mor-
phology, which comprises the primary cause of HGPS dis-
ease progression (McClintock et al., 2006). Thus, therapeutic
approaches against HGPS have been focused on the identifi-
cation of pathways, which can interrupt progerin synthesis
or activate progerin removal (Collins, 2016; Harhouri et al.,
2018). Lipofuscin has been known to inhibit progerin re-
moval process and further aggravate HGPS phenotypes
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(Skoczynska et al., 2015). As we observed the reduced
lipofuscin accumulation by ATM inhibition, we conjectured
that this restorative effect could reduce progerin accumula-
tion. Thus, we examined the ratio of progerin to lamin A,
which is a widely used criterion to determine progerin accu-
mulation level in HGPS (Reunert et al,, 2012). Senescent
HGPS fibroblasts exhibited the higher ratio of progerin to
lamin A than young cells, whereas KU-60019 treatment
significantly decreased the ratio, suggesting the amelioration
of HGPS pathologic features (Fig. 4A). We then examined
the frequency of abnormal nuclear morphology to assess the
effect of the decreased progerin accumulation on nuclear
morphology. Lamin A/C antibody staining was performed to
visualize nuclear morphology. Senescent HGPS fibroblasts
exhibited the higher frequency of abnormal nuclear shapes
than young cells, whereas KU-60019 treatment markedly
decreased the frequency, suggestive of restorative effect
afforded by ATM inhibition (Fig. 4B).

WS is caused by a mutation in a gene coding for WERN,
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Fig. 4. Restorative effect afforded by ATM
inhibition on progerin accumulation and

%g nuclear morphology in senescent HGPS

oz fibroblasts. (A) The ratio of progerin to

lamin A as a criterion to determine disease

- § severity in HGPS. (##P < 0.07, one-way

zl8 ANOVA followed by Bonferroni’s multiple
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% g Measurement of abnormal nuclear struc-

0 g tures (red: lamin A/C, arrow head: abnor-

X mal nuclear structure, scale bar: 5 um). N =
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Fig. 5. Restorative effect afforded by ATM
inhibition on DNA DSBs and nuclear size in
senescent WS fibroblasts. (A) Neutral comet
assay to measure tail moment (A) and head
area (B) in WS fibroblasts (**P < 0.07, ns.:
not significant, one-way ANOVA followed
by Bonferroni's multiple comparison test).
Means + S.D., N = 100. Cells were treated
with DMSO or 0.5 uM KU-60019 for 14
days.

SENESCENT
DMSO

SENESCENT
KU-60019

which localizes to the sites of damaged DNA and partici-
pates in multiple DNA repair pathways (Lachapelle et al.,
2011; Oshima et al., 2002). As ATM is a master regulator of
DNA damage response (Shiloh, 2006), ATM inhibition could
impair DNA damage repair, thereby leading to DNA damage
accumulation. To exclude the possible adverse effect, a neu-
tral comet assay was performed (Azqueta et al., 2014). Se-
nescent WS fibroblasts exhibited longer comet tail moment,
suggestive of higher DNA double strand breaks (DSBs) levels,
than young WS fibroblasts (Fig. 5A). However, KU-60019
treatment did not increase the comet tail moment, exclud-
ing the possible adverse effect of ATM inhibition (Fig. 5A).
Next, as nuclear size is known to increase as a function of
senescence (Mitsui and Schneider, 1976), we examined the
comet head area to assess nuclear size indirectly. Senescent
WS fibroblasts exhibited larger head area than young cells,
whereas KU-60019 treatment significantly restored the head
area size to that of young cells, suggesting the restorative
effect afforded by ATM inhibition (Fig. 5B).
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DISCUSSION

Progeroid syndromes including Hutchinson-Gilford progeria
syndrome (HGPS) or Werner syndrome (WS) are genetic
diseases characterized by clinical features and phenotypes of
physiological aging at an early age (Benhammou et al.,
2007). Although the genetic causes of accelerated aging
have been partially resolved, an essential therapeutic ap-
proach still remains elusive. Given the findings that acceler-
ated aging is characterized by features resembling normal
aging (Drechsel and Patel, 2009), the molecular mechanism
underlying normal aging has been considered to provide

important evidence toward understanding accelerated aging.

In our previous study, we revealed a novel mechanism in
which senescence is controlled by the recovered mitochon-
drial function (Kang et al., 2017). Support for this finding is
evident from the observation that a decline in mitochondrial
quality is correlated with the development of age-related
diseases (Sahin and Depinho, 2010). In the present study,
we found that ATM inhibition in accelerated aging cells in-
duced mitochondrial functional recovery with mitochondrial
metabolic reprogramming, a prerequisite for senescence
alleviation in normal aging cells. Indeed, the induced mito-
chondrial metabolic reprogramming was accompanied by
senescence amelioration in accelerated aging cells. To our
knowledge, the present study provides the first demonstra-
tion that mitochondrial functional recovery via the regulation
of ATM activity might represent a valid strategy to ameliorate
senescent phenotypes in accelerated aging cells.

A common feature of HGPS is the defect in nuclear mor-
phology, which is generated by a truncated lamin A protein,
progerin (McClintock et al., 2006). Thus, the strategy to
remove the accumulated progerin comprises one of the
maijor therapeutics for HGPS patients (Harhouri et al., 2018).
In our previous study, we found that ATM inhibition facilitat-
ed the assembly of the V; and Vo domains in V-ATPase with
concomitant re-acidification of the lysosome (Kang et al,
2017). In turn, the re-acidification of lysosomal pH restored
the lysosome/autophagy system, which is impaired during
senescence (Kang et al., 2017). Furthermore, in this study,
we found that ATM inhibition reduced lipofuscin accumula-
tion. Lipofuscin acts as a sink for newly generated hydrolytic
enzymes, thereby aggravating lysosomal activity (Brunk and
Terman, 2002). Thus, decreased lipofuscin accumulation
suggests the sustained lysosomal activity without further
deterioration. Indeed, this restorative effect was evidenced
by the reduced progerin accumulation with concomitant
amelioration of abnormal nuclear morphology. Although
the above is our preferred explanation, it remains possible
that reduced ROS levels by ATM inhibition can directly affect
nuclear morphology. ROS is known to induce abnormal nu-
clear morphology through the oxidation of conserved cyste-
ine residues in lamin A (Pekovic et al., 2011); thus, the re-
duction in ROS level, preceded by ATM inhibition, might
induce the decrease in the frequency of abnormal nuclear
morphology by preventing the oxidation of cysteine residues
in lamin A.

ATM acts as a sensor of DNA DSBs and functions as a core
component of DNA damage response (DDR) signaling
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pathway, which trigger cellular responses including DNA
repair, cell cycle arrest and apoptosis (Shiloh and Lederman,
2016). Therefore, for therapeutic targeting of ATM, its activi-
ties should be adjusted using sophisticated strategies. The
need for this careful approach can be inferred by evidences
that WS is a genetic disorder resulting from a mutation in
WRN gene, which acts as a sensor of DNA DSBs and takes
part in DNA repair pathways (Lachapelle et al., 2011; Oshi-
ma et al., 2002). Accordingly, though we demonstrated that
finely tuned ATM activity was beneficial in ameliorating se-
nescence, the potential risk of ATM inhibition remains. In the
present study, we found that KU-60019 treatment did not
increase the comet tail moment in WS fibroblast, excluding
the possible adverse effect of ATM inhibition. On the contra-
ry, it restored the head area size to that of young cells, sug-
gesting the restorative effect afforded by ATM inhibition.
Thus, we propose that the therapeutic application of ATM
inhibitors would be beneficial in treating patients with WS,
provided its activity could be adjusted to a critical level.

In summary, our findings confirmed that mitochondrial
functional recovery via ATM inhibition might constitutes a
valid therapeutic strategy to alleviate senescence in acceler-
ated aging cells. Furthermore, restorative effect afforded by
ATM inhibition was observed in HGPS cells as evidenced by
reduced progerin accumulation with decreased frequency of
abnormal nuclear shapes. Taken together, our results pro-
vide evidence that the proper control of ATM activity may
represent a therapeutic target for alleviating senescence in
accelerated aging cells and might be clinically applicable to
control age-related diseases.

Note: Supplementary information is available on the Mole-
cules and Cells website (www.molcells.org).
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