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Abstract Muscle aging is closely related to un-

healthy late-life and organismal aging. Recently, the

state of differentiated cells was shown to be critical to

tissue homeostasis. Thus, understanding how fully

differentiated muscle cells age is required for ensuring

healthy aging. Adult Drosophila muscle is a useful

model for exploring the aging process of fully

differentiated cells. In this study, we investigated

age-related changes of cH2AX, an indicator of DNA

strand breaks, in adultDrosophilamuscle to document

whether its changes are correlated with muscle

degeneration and lifespan. The results demonstrate

that cH2AX accumulation increases in adult

Drosophila thoracic and leg muscles with age.

Analyses of short-, normal-, and long-lived strains

indicate that the age-related increase of cH2AX is

closely associated with the extent of muscle degen-

eration, cleaved caspase-3 and poly-ubiquitin aggre-

gates, and longevity. Further analysis of muscle-

specific knockdown of heterochromatin protein 1a

revealed that the excessive cH2AX accumulation in

thoracic and leg muscles induces accelerated degen-

eration and decreases longevity. These data suggest a

strong correlation between age-related muscle damage

and lifespan in Drosophila. Our findings indicate that

cH2AX may be a reliable biomarker for assessing

muscle aging in Drosophila.

Keywords cH2AX � Muscle � Aging � DNA
damage � Drosophila � Longevity

Introduction

Tissue aging is linked with longevity. Particularly,

muscle aging is closely related to the occurrence of

age-related diseases and unhealthy late-life conditions

(Nair 2005; Demontis et al. 2013). A cohort study

revealed that decline in muscle function can elevate

mortality (Newman et al. 2006). Skeletal muscle is a

tissue with low cellular turnover and high regenerative

potential (Rando 2006). Recently, the state of
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differentiated muscle cells was shown to be critical to

muscle homeostasis (Gopinath and Rando 2008).

Drosophila muscle is a suitable model for studying

aging of fully differentiated muscle cells. Adult

Drosophila muscle is composed of highly differenti-

ated muscle cells and contains no stem cells

(Daczewska et al. 2010). Moreover, adult flies have

a short lifespan, and longevity strains with different

lifespans have revealed that climbing activity is

dependent on lifespan (Piazza et al. 2009). Addition-

ally, muscular degenerative markers such as poly-

ubiquitin aggregates are available for studying muscle

aging in Drosophila (Demontis and Perrimon 2010).

DNA damage is an important contributor to aging

(Li et al. 2008; Moskalev et al. 2013). Progressive

accumulation of DNA damage induces physiological

changes that disrupt various regulatory mechanisms

that maintain cellular or tissue integrity (Freitas and de

Magalhães 2011). Among the various types of DNA

damage, strand breaks are known to trigger apoptotic

cell death (Kaina 2003). In fact, compared to other

organs, muscle is especially sensitive to DNA damage

(Garcia et al. 2010), and progressive loss of muscle

mass and function accompanying apoptotic cell death

is regarded as a key feature of muscle aging (Du et al.

2004; Zheng et al. 2005; Marzetti and Leeuwenburgh

2006; Augustin and Partridge 2009; Cruz-Jentoft et al.

2010). However, the correlation between muscle

degeneration and nuclear DNA damage in differenti-

ated muscle cells remains unclear.

Histone variant H2AX is phosphorylated on Serine

139 by ataxia telangiectasia mutated (ATM) or ataxia

telangiectasia and Rad3-related (ATR) in response to

DNA strand breaks to form cH2AX (Rogakou et al.

1998; Tanaka et al. 2006). Due to its role in sensing

DNA damage, cH2AX formation is regarded as an

early indicator of damage (Mah et al. 2010). Gamma-

H2AX foci are reversibly generated a few minutes

after application of a genotoxic agent and subsequent-

ly eliminated in 24–48 h in typical cells (Redon et al.

2011). Recent studies have reported that cH2AX is a

marker for aging in various tissues and organisms

(Wang et al. 2009; Mah et al. 2010; Park et al. 2012;

Bopp et al. 2013).

DNA damage accumulation is dependent on chro-

matin state (Burgess et al. 2012). Loss of heterochro-

matin components induces genomic instability

phenotypes and increases DNA double-strand breaks

(DSBs) (Peng and Karpen 2009), and heterochromatin

levels have been reported to decline with age (O’Sul-

livan and Karlseder 2012). Recent studies using flies to

examine the knockdown of heterochromatin protein 1

(HP1) reported that loss of heterochromatin shortens

lifespan (Larson et al. 2012). Furthermore, loss of

heterochromatin-associated proteins, including HP1,

makes DNA susceptible to damage (Falk et al. 2008)

and can induce genomic instability due to their roles in

chromatin compaction and genome protection (Yan

et al. 2011; Papamichos-Chronakis and Peterson

2013). A study in Drosophila larval tissues reported

that loss of HP1a induces the increase of cH2AX
formation (Yan et al. 2011).

In this study, we investigated age-related changes

in the levels of cH2AX in adult Drosophila muscle

and their significance with respect to muscle aging and

longevity.

Materials and methods

Fly stocks

Fly stocks were maintained at 23–25 �C on standard

food [79.2 % water, 1 % agar, 7 % cornmeal, 2 %

yeast, 10 % sucrose, 0.3 % bokinin (butylparaben,

anti-bacterial and anti-fungal additive), and 0.5 %

propionic acid] under a 12/12 h light/dark cycle.

Female flies were used in the experiments, and

Oregon-R (OR) flies were used as wild-type. w1118,

long-lived (La) and normal-lived (Ra) strains were

carefully maintained as previously reported (Arking

1987). w1118 flies were used as control for La and Ra.

Mef2-Gal4 (#27390), Mhc-Gal4 (#38464), and UAS-

GFP (#4775) strains were obtained from the Bloom-

ington Drosophila Stock Center (Indiana University,

Bloomington, IN, USA). UAS-HP1a-RNAi (#31994),

UAS-ATM-RNAi (#22502), and UAS-ATR-RNAi

(#103624) strains were obtained from the Vienna

Drosophila RNAi Center (VDRC, Vienna, Austria).

Immunochemistry

To obtain thorax muscles, thorax tissues were fixed in

4 % paraformaldehyde (Electron Microscopy

Sciences, Hatfield, PA, USA) for 2 h at room

temperature and infiltrated with 20 % sucrose over-

night at 4 �C. After freezing in Tissue-Tec OCT

medium (SAKURA, West Chester, PA, USA), 12-lm
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thick sections were obtained by Leica CM1850

cryostat (Leica Microsystems, Wetzlar, Germany).

Sections were blocked in 1 % bovine serum albumin

(BSA) for 30 min and incubated overnight with

primary antibodies, washed with phosphate-buffered

saline (PBS), and then incubated for 1 h with

secondary antibodies. After washing with PBS, sam-

ples were mounted with Vectashield (Vector Labora-

tories, Burlingame, CA, USA) and analyzed using a

Zeiss AxioSkop 2plus microscope (Carl Zeiss, Got-

tingen, Germany).

Dissected mid-leg muscles were fixed for 30 min in

4 % paraformaldehyde at room temperature then

washed with PBS supplemented with 0.1 % Triton

X-100 (PBST). The samples were incubated overnight

with primary antibodies at 4 �C. After washing with

PBST, the samples were incubated for 1 h with

secondary antibodies at room temperature, washed in

PBST, mounted with Vectashield, and analyzed using

a Zeiss AxioSkop 2plus microscope.

Antisera

Antibodies for immunostaining were diluted as fol-

lows: rabbit anti-cH2AvD (theDrosophila ortholog of

cH2AX; Rockland Immunochemicals, Limerick, PA,

USA, 1:1000), mouse anti-mono and poly-ubiquitin

(Enzo Life Sciences, Farmingdale, NY, USA, 1:1000),

rabbit anti-cleaved caspase-3 (Cell Signaling Tech-

nology, Danvers, MA, USA, 1:400), mouse anti-HP1

(DSHB, Iowa City, IA, USA, 1:100), rabbit anti-4-

hydroxynonenal (Abcam, Cambridge, UK, 1:400),

and rhodamine-phalloidin (Invitrogen, Grand Island,

NY, USA, 1:400). Secondary antibodies included

Cy3-conjugated goat anti-rabbit, FITC-conjugated

goat anti-rabbit, and FITC-conjugated goat anti-

mouse (Jackson ImmunoResearch, West Grove, PA,

USA, 1:400). DAPI (Molecular Probes, Grand Island,

NY, USA, 1:400) was used to detect DNA.

Ex vivo paraquat treatment

Dissected leg muscles were treated with 10 mM

paraquat (PQ) in Shields and Sang M3 Insect Medium

(WelGene, Daegu, Korea) for 1 h. Samples were

subsequently fixed and immunostained as described

above. Control samples were treated only with M3

media.

c-Irradiation

Adult flies were irradiated with a c-irradiation ma-

chine (137CS, 21.275tBq [575 Ci], MDS Nordion

International, Kanata, Canada) at a rate of 2.55 Gy/

min.

Climbing assay

Analysis of climbing activity was performed as

previously described (Gargano et al. 2005). Adult

flies were anesthetized, and approximately 30 flies

were loaded into plastic vials. After 12 h, flies were

tapped to the bottoms of the vials, and climbing flies

were recorded by Sony NEX-F3 digital camera (Sony,

Tokyo, Japan). The heights of flies 4 s after initiation

of climbing were measured by analyzing the

recordings.

Measurement of lifespan

To measure lifespans, 25–30 adult flies were cultured

in a vial and transferred into new vials containing fresh

food every 2–3 days. Dead flies were counted every

2–3 days.

Measurement of mean fluorescence

To measure the mean fluorescence of cH2AvD
signals, 15–20 nuclei per sample were selected and

analyzed by Adobe Photoshop CS3 extended software

(Adobe Systems, San Jose, CA, USA). The value was

normalized to randomly selected background fluores-

cence intensity.

Quantitative analysis of foci number

To quantitatively analyze the number of poly-ubiq-

uitin and cleaved caspase-3 foci, images were

analyzed by ImageJ (NIH, Bethesda, MD, USA).

The number of foci was counted automatically by the

Analyze Particle tool.

Statistical analysis

Quantified data are expressed as the mean ± SEM

values. Significance testing was conducted using

Student’s t test (unpaired, two-sided t test). All data
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analyses and plotting were conducted by GraphPad

Prism 6 (GraphPad Software, La Jolla, CA, USA).

Results

Increased cH2AX in aged Drosophila muscles

To determine whether cH2AX accumulates in

Drosophila muscle with age, we stained the thoracic

and leg muscles of OR flies with an anti-cH2AvD
antibody. To confirm the cH2AvD signal in muscle,

we treated flies with c-irradiation, a DSB inducer.

After 20 Gy irradiation, we detected increased

cH2AvD foci in leg muscles of OR young (5-days-

old) flies (Fig. S1). The level of cH2AvD also

increased after ex vivo treatment with PQ, an oxida-

tive stress inducer (Fig. S2a). Then, we stained the

thoracic and leg muscles of OR young and aged flies

with an anti-cH2AvD antibody. The level of cH2AvD
in aged (30-days-old) flies was increased compared to

young (5-days-old) flies in thoracic muscle (Fig. 1a,

b). Similarly, we observed a gradual increase of

cH2AvD in 30- and 60-days-old leg muscles com-

pared to 5-days-old leg muscles (Fig. 1c–e). To

compare cH2AvD levels accurately, we quantified

the mean cH2AvD fluorescence in each DAPI region

(Fig. 1f). The age-related increase of cH2AvD was

only absent in muscle with ATM knockdown (Fig.

S3a), indicating an ATM-dependent increase of

cH2AvD in muscle but no dependence on ATR. Leg

muscles of aged (40-days-old) flies showed much

stronger level of cH2AvD than young (5-days-old)

flies after 20 Gy irradiation (Fig. S1) indicating

increased sensitivity to DNA damage in aged muscle.

These results indicate that cH2AX levels increase in

adult thoracic and leg muscles during aging.

Age-related degenerative markers in Drosophila

muscle

To understand the significance of increased cH2AX in

muscle, we set up muscular degenerative markers. We

first measured the activity of caspase-3, the key

protease in apoptosis (Nicholson and Thornberry

1997), as amuscular degenerativemarker. OR thoracic

muscles were stained with an anti-cleaved caspase-3

antibody, which detects the active form of caspase-3

(Kumar 2007). As expected, the number of cleaved

caspase-3 foci showed an age-dependent increase. A

robust increase in the number of foci was detected in

muscle of 50-days-old flies, exceeding that in 5- and

30-days-old flies (Fig. 2a–c, g). This indicates that

caspase-3 activity increases in aged thoracic muscle.

We also assessed poly-ubiquitin aggregates for

damaged protein accumulation.As previously reported

(Demontis and Perrimon 2010), we observed an age-

dependent increase of poly-ubiquitin aggregates in OR

thoracic muscle (Fig. 2d–f, h). Because caspase-3

affects muscular protein degradation through its pro-

tease activity associated with the ubiquitin–protea-

some degradation pathway (Du et al. 2004;Wang et al.

2010), we co-immunostained cleaved caspase-3 and

poly-ubiquitin in aged thoracic muscle. Interestingly,

cleaved caspase-3 foci co-localized with poly-ubiq-

uitin aggregates (Fig. 2i). Four-hydroxynonenal (4-

HNE) foci, a marker of oxidative damage (Dalleau

et al. 2013), also showed an age-related increase and

co-localizedwith poly-ubiquitin aggregates (Fig. S2b).

These results indicate that the levels of cleaved

caspase-3 and poly-ubiquitin aggregates are useful as

muscular degenerative markers in this study.

Correlation among cH2AX levels, muscle

degenerative markers, and organismal aging

in longevity strains

We investigated whether the cH2AX level is correlated

with muscular degenerative markers and organismal

aging. For this purpose, we used finely selected

longevity strains with short- (w1118), normal- (Ra), or

long-lived (La) lifespans (Arking 1987; Soh et al. 2007).

The age-related changes of cH2AX levels were

examined in 5-, 30-, and 50-days-old thoracic and leg

muscles of longevity strains by using the anti-

cH2AvD antibody. In immunohistochemical images

and quantified data, La shows no increase in cH2AvD,
whereas w1118 and Ra show age-related increases of

cH2AvD in thoracic muscle (Fig. 3a–c, g, S4). In leg

muscle, all three strains showed age-related increases

of cH2AvD; however, the lowest and highest rates of

increase were observed for La and w1118, respectively

(Fig. 3d–f, h, S5). These results indicate that the age-

related increase of cH2AvD in muscle is related to

organismal aging.

Then, we examined the age-related changes of

caspase-3 activity and ubiquitin aggregates in longevi-

ty strains. In w1118 and Ra, age-related increases of the
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number of cleaved caspase-3 foci were observed in

thoracic muscle. w1118 showed the most rapid increase

in the number of foci, but the La strain showed no

significant increase in aged muscle (Fig. 4a–c, g, S6).

Age-related increases in poly-ubiquitin aggregates

were detected in all three longevity strains. Whereas

w1118 has the most abundant foci in aged muscle, La

showed only a slightly increased level of poly-

ubiquitin aggregates (Fig. 4d–f, h, S7). These levels

of cleaved caspase-3 and poly-ubiquitin aggregates in

the three longevity strains indicate that age-related

increases of caspase-3 and poly-ubiquitin aggregates

in muscle are related to organismal aging. Altogether,

these results indicate that the cH2AX level is corre-

lated with muscular degenerative markers as well as

organismal aging.

Correlation among cH2AX level, muscle

degenerative markers, and organismal aging

in muscle-specific HP1a-knockdown flies

To test whether cH2AX level is correlated with

muscular degenerative markers and organismal aging,

we also examined flies with muscle-specific

Fig. 1 cH2AvD accumulation in thoracic and leg muscles with

age. a, b Immunostaining with anti-cH2AvD antibody (red) was

performed in thoracic muscles of OR adult females. The level of

cH2AvD in thoracic muscle nuclei was increased in 30-days-old

compared to 5-days-old adult. c–e The age-related increase of

cH2AvD was also detected in leg muscle. The cH2AvD level

increased gradually from 5- to 60-days-old tissue. f The

cH2AvD mean fluorescence was measured in selected nuclei

of thoracic and leg muscles (5- and 30-days-old thorax, n = 64

and 80, respectively; 5-, 30-, and 60-days-old leg, n = 150, 150,

and 150, respectively). Data are given as mean ± SEM,

***p\ 0.001, two-tailed unpaired t test. Asterisks indicate

significance compared to the 5-days-old control. (Color figure

online)
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knockdown of HP1a by using muscle-specific Gal4

drivers (Fig. S8). Flies with muscle-specific HP1a

knockdown showed significant loss of HP1 in thoracic

and leg muscles (Fig. 5, S9a). Moreover, we observed

that muscle-specific knockdown of HP1a shortens

lifespan compared to control flies (Fig. S10a). We
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observed that flies with muscle-specific HP1a knock-

down have a rapid, age-related increase of the

cH2AvD signal in thoracic and leg muscles compared

to control flies (Fig. 5). This indicates that HP1

depletion in muscle induces increased cH2AvD levels.

We next examined muscular degeneration by

observing levels of cleaved caspase-3 and ubiquitin

aggregates. The number of cleaved caspase-3 foci in

30-days-old muscle with HP1a knockdown strikingly

increased compared to the control, whereas 5-days-old

thoracic muscle with HP1a knockdown was similar to

control (Fig. 6a–c). Similarly, 30-days-old flies with

muscle-specific knockdown of HP1a showed a great

increase in the number of ubiquitin aggregate foci in

thoracic muscle compared to the control, although

there was no significant difference between 5-days-old

control and HP1a-knockdown flies (Fig. 6d–f, S9b,

S10b). This further supports the correlation between

high levels of cH2AvD and increased degenerative

markers in muscle.

In addition, we assessed the effects of HP1a

depletion on climbing activity. Control flies showed

decreases in climbing activity between 1- and 5-week-

old female adults. However, the climbing activity of

HP1a-knockdown flies decreased more sharply than

that of the controls (Fig. 6g). These results support our

previous findings that increased cH2AX is correlated

with muscular aging as well as organismal aging.

Discussion

In the present study, we demonstrated an age-related

increase of DNA damage in fully differentiated

Drosophilamuscle cells as well as a robust correlation

between muscle damage and longevity.

The age-related increase of cH2AX in muscle is

likely to be proximately due to oxidative stress.

Oxidative stress is regarded as a significant cause of

DNA damage and physiological decline in function

during aging (Finkel and Holbrook 2000), and muscle

tissue shows spontaneous production of oxidative

stress (Powers et al. 2010). Our finding that 4-HNE

shows an age-dependent increase in muscle further

supports the role of endogenous oxidative damage in

muscle tissue (Fig. S2b). The La strain exhibits a

significantly lower level of cH2AX in aged muscle

and has higher expression of genes involved in

antioxidant defense than the normal-lived Ra strain,

which accounts for the extended longevity phenotype

of the La strain (Fig. 3, S4, S5) (Arking 2001).

Mitochondria from the La strain produce significantly

lower levels of ROS in vitro relative to Ra mitochon-

dria (Ross 2000). Cybrid flies with Ra nuclear

genomes and La mitochondrial genomes showed an

extended longevity phenotype, suggesting mitochon-

dria as a key determinant of longevity (Soh et al.

2007). Additionally, our data showed that ex vivo

treatment with PQ induces a significant increase of

cH2AX levels in muscle (Fig. S2a). Therefore, age-

related mitochondrial dysfunction may be a factor

underlying the age-related increase of cH2AX in

muscles.

One of our major questions we were asking is

whether the cH2AX levels can be used as a biomarker

of muscle function in Drosophila. Our data showed an

age-related increase of cH2AX accompanying the

increase of degenerative markers. As shown in the La

strain, when the cH2AX level did not increase

significantly, the number of foci indicating degen-

erative markers also did not increase (Fig. 4, S6, S7).

Conversely, excessive cH2AX formation induced by

muscle-specific HP1a knockdown leads to increased

accumulation of muscle degenerative markers (Fig. 6,

S9). These results are similar to previous work

showing that loss of heterochromatin with excessive

DNA damage accumulation and genomic instability is

a crucial cause of neurodegenerative disease in

Drosophila brain tissues, which is also composed of

fully differentiated cells (Frost et al. 2014). In murine

study, it was reported that DNA damage in muscle

occurs prior to muscle degeneration (Sandri et al.

1995). And decreased DNA damage accumulation in

myostatin knockout mice showed decreased muscle

degeneration (Sriram et al. 2014). Therefore, our data

bFig. 2 Age-related increase of degenerative markers in tho-

racic muscle. Immunostaining was performed on cryosections in

5-, 30-, and 50-days-old OR adult female thoracic muscle.

Thoracic muscle was stained for nuclei (DAPI, blue), F-actin

(rhodamine-phalloidin, red), a–c cleaved caspase-3 (green), and
d–f poly-ubiquitin (green). Abundant foci were observed in

aged thoracic muscle. g, h The foci were counted in a selected

region of thoracic muscle (5-, 30-, and 50-days-old thorax,

n = 8, 6, and 8, respectively). i Co-localization of cleaved

caspase-3 (red) and poly-ubiquitin (green) is shown. Arrows

indicate co-localization. All images display transverse views.

Data are given as the mean ± SEM, *p\ 0.05, ***p\ 0.001,

two-tailed unpaired t test. Asterisks indicate significance

compared to the 5-days-old control. (Color figure online)
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Fig. 3 cH2AvD accumulation in thoracic and leg muscles of

longevity strains. Immunostaining with anti-cH2AvD antibody

(red) was performed in a–c thoracic and d–f leg muscles of three

longevity strains: w1118, Ra, and La. The level of cH2AvD in

50-days-old leg muscle is lowest in La and highest in w1118. g,
h The exact comparison was achieved by measuring the

cH2AvD fluorescence in thoracic (w1118, Ra, and La: 5-days-

old, n = 50, 40, and 40; 30-days-old, n = 50, 40, and 40;

50-days-old, n = 50, 60, and 60, respectively) and leg muscle

(w1118, Ra, and La: 5-days-old, n = 75, 60, and 60; 30-days-old,

n = 60, 60, and 60; 50-days-old, n = 60, 45, and 45,

respectively). Nuclei (DAPI, blue) were visualized. Data are

given as the mean ± SEM, *p\ 0.05, **p\ 0.01,

***p\ 0.001, two-tailed unpaired t test. (Color figure online)
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Fig. 4 Increase of degenerative markers in thoracic muscle of

longevity strains. Immunostaining was performed on cryosec-

tions from w1118, Ra, and La thoracic muscle. Nuclei (DAPI,

blue) and F-actin (rhodamine-phalloidin, red) were visualized.

a–c Cleaved caspase-3 (green) was stained in 50-days-old

thoracic muscle. w1118 tissue exhibits the most abundant foci

while La tissue has few foci. d–f Poly-ubiquitin (green) was

stained in 50-days-old thoracic muscle. La tissue has remarkably

fewer foci than w1118 and Ra. For quantification, g cleaved

caspase-3 (w1118, Ra, and La: 5-days-old, n = 15, 11, and 12;

30-days-old, n = 12, 11, and 12; 50-days-old, n = 7, 6, and 8,

respectively) and h poly-ubiquitin foci (w1118, Ra, and La:

5-days-old, n = 14, 12, and 12; 30-days-old, n = 13, 12, and

11; 50-days-old, n = 7, 6, and 7, respectively) were counted in

selected regions of thoracic muscle. Data are given as the

mean ± SEM, *p\ 0.05, **p\ 0.01, ***p\ 0.001, two-

tailed unpaired t test. (Color figure online)
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suggest that nuclear DNA damage, specifically DSBs

represented by cH2AX is closely linked to age-related

macromolecular changes represented by degenerative

markers.

The correlation between cH2AX and muscle

degeneration can be explained in terms of the DNA

damage repair mechanism in differentiated cells. Age-

related phenotypes differ between proliferative

Fig. 5 Increased cH2AvD in flies with muscle-specific HP1a

knockdown. Immunostaining with anti-cH2AvD (red) and anti-

HP1 (green) antibodies was performed for flies with muscle-

specific knockdown of HP1a knockdown (?/?; Mef2-Gal4/

UAS-HP1a-RNAi). a, b In 7-days-old thoracic muscle of HP1a-

knockdown flies, HP1 was successfully depleted, and the

cH2AvD level was higher than in the control (?/?; Mef2-

Gal4/?). c, d Increased cH2AvD was also detected in 5-days-

old leg muscle of HP1a-knockdown flies with depletion of HP1

in nuclei. e The cH2AvD fluorescence in leg muscle nuclei was

measured (5- and 30-days-old: control, n = 90 and 90,

respectively; HP1a knockdown, n = 90 and 90, respectively).

Data are given as the mean ± SEM, ***p\ 0.001, two-tailed

unpaired t test. (Color figure online)
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midgut stem cells and differentiated muscle cells with

increased cH2AX formation, and this difference may

be associated with the DNA repair capacity and the

outcome of the DNA damage response. Formation of

cH2AX is an early response of DSB repair (Tanaka

et al. 2006), after which cells repair damage and then

re-enter either the cell cycle or senescence and death

(Bartek and Lukas 2007). Pyo et al. (2014) showed

that cH2AX disappeared within 24 h after irradiation

of highly proliferativeDrosophila intestinal stem cells

(ISCs), indicating a rapid repair process that is

consistent with other observations (Redon et al.

2011). Moreover, aged Drosophila ISCs show in-

creased proliferative activity despite increased

cH2AX formation (Park et al. 2012; Na et al. 2013).

In differentiated muscle cells, however, factors in-

volved in DNA damage repair are downregulated

compared to their counterparts in proliferative cells

(Fortini and Dogliotti 2010; Szczesny et al. 2010) and

muscle cells have slow kinetics of cH2AX formation

after DNA damage (Fortini et al. 2012). Our finding

that irradiation-induced cH2AX remained present for

168 h inDrosophilamuscle (Fig. S3) further indicates

a slow and inactive repair process. Generally, DNA

repair ends 48 h after inducing damage, and persistent

damage repair foci can promote senescence-associat-

ed gene expression changes (Fortini et al. 2012; Rodier

et al. 2011). Despite cellular senescence is generally

termed in proliferating cells, it was reported that fully

differentiated neuron cell showed senescence-like

phenotype with age (Jurk et al. 2012). Therefore,

although it needs more precise and diverse approaches

for the possibility of senescence phenotypes in differ-

entiated muscle cell, tissue degeneration may result

from distinct DNA damage repair in fully differenti-

ated muscle cells.

We observed that flies with muscle specific ATM

knockdown are defective in cH2AX formation in

muscle. These flies show more rapid increase of

degenerative markers in muscle with age than control

or ATR knockdown (Fig. S3b–e). The phenotypes of

flies with muscle specific ATM knockdown may

indicate that cH2AX formation is required in muscle

during aging. Increased degenerative markers in

muscle with ATM knockdown may be also due to

cH2AX independent role of ATM, since it was

reported that extranuclear localized ATM negatively

regulates cellular oxidative stress level (Reichenbach

et al. 2002; Watters et al. 1999).

It is well known that tissue interactions seem to

coordinate and regulate systemic aging via endocrine

signals (Russell and Kahn 2007). Recent work in

Drosophila has shown that muscle has the capacity to

significantly alter organismal longevity by either

autonomous or non-autonomous processes involving

other types of signals (Demontis et al. 2014; Bai et al.

2013; Owusu-Ansah et al. 2013). It seems as if

muscle-autonomous signal can result in preserving

muscle functions, but that muscle non-autonomous

signals can result in extended longevity of the

organism. In the present study, we demonstrated a

close association between the cH2AX level in muscle

and longevity: longer-lived strains experience a much

slower increase of cH2AX in muscle tissue (Fig. 3,

S4, S5). Furthermore, DNA damage accumulation in

muscle by muscle-specific HP1a knockdown supports

the association between cH2AX and longevity, im-

plying accelerated organismal aging (Fig. S10). Our

findings are in line with previous evidence that

excessive DNA damage accumulation can shorten

organismal longevity (reviewed in Moskalev et al.

2013). The cH2AX level provides a cross-sectional

molecular biomarker which can be usefully combined

with the longitudinal climbing assay to deliver an

integrated view of flight and/or leg muscle function in

Drosophila. Its use also should allow the specific

identification of the signaling pathways involved in

cFig. 6 Increase of degenerative markers in flies with muscle-

specific HP1a knockdown. Degenerative markers, nuclei

(DAPI, blue), and F-actin (rhodamine-phalloidin, red) were

stained in 30-days-old thoracic muscles of flies with muscle-

specific knockdown of HP1a. a, b 30-days-old flies had a higher

number of cleaved caspase-3 foci (green) in HP1a-knockdown

muscle than in control muscle. c Cleaved caspase-3 foci were

counted in a selected region of the transverse view (5- and

30-days-old: control, n = 15 and 13, respectively; HP1a

knockdown, n = 14 and 15, respectively). d, e The number of

poly-ubiquitin aggregate foci (green) was also higher in HP1a

knockdown muscle than in control muscle. f The poly-ubiquitin
foci were counted in a selected region of the transverse view (5-

and 30-days-old: control, n = 15 and 13, respectively; HP1a

knockdown, n = 14 and 15, respectively). Data are given as the

mean ± SEM, *p\ 0.05, **p\ 0.01, ***p\ 0.001, two-

tailed unpaired t test. g Decreased climbing activity was

detected in 1- to 5-week-old flies with muscle-specific HP1a

knockdown (control and HP1a knockdown: 1-week-old, n = 10

and 5; 2-week-old, n = 14 and 10; 3-week-old, n = 15 and 10;

4-week-old, n = 10 and 6; 5-week-old, n = 5 and 5, respec-

tively). Data are given as the mean ± SD, *p\ 0.05,

***p\ 0.001, two-tailed unpaired t test. (Color figure online)
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the experimental modulation of the DNA damage

response in Drosophila muscle and other tissues.

Notably, cleaved caspase-3 was detected in tho-

racic muscle but not in leg muscle (data not shown).

Drosophila thoracic and leg muscles are similar to

mammalian slow-twitch and fast-twitch muscles,

respectively (Taylor 2006). Our results may indicate

a difference in the caspase-3 pathways of thoracic and

leg muscle, and further investigation is required to

determine the source of these differences.

In summary, we showed an age-related increase of

cH2AX in fully differentiated Drosophila muscle and

its correlation with degenerative markers, cleaved

caspase-3 and poly-ubiquitin aggregates, and longevi-

ty. We suggest that aging in differentiated muscle cell

is a crucial determinant of organismal aging. Our data

indicates that cH2AX can be a biomarker of muscle

aging in Drosophila differentiated muscle cells in

further studies for interventions of muscle aging and

healthy aging.
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