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Abstract
Insulin/insulin-like growth factor signalling (IIS), acting primarily through the PI3-kinase

(PI3K)/AKT kinase signalling cassette, plays key evolutionarily conserved regulatory roles

in nutrient homeostasis, growth, ageing and longevity. The dysfunction of this pathway has

been linked to several age-related human diseases including cancer, Type 2 diabetes and

neurodegenerative disorders. However, it remains unclear whether minor defects in IIS can

independently induce the age-dependent functional decline in cells that accompany some

of these diseases or whether IIS alters the sensitivity to other aberrant signalling. We identi-

fied a novel hypomorphic allele of PI3K’s direct antagonist, Phosphatase and tensin homo-
logue on chromosome 10 (Pten), in the fruit fly, Drosophila melanogaster. Adults carrying
combinations of this allele, Pten5, combined with strong loss-of-function Ptenmutations

exhibit subtle or no increase in mass, but are highly susceptible to a wide range of stresses.

They also exhibit dramatic upregulation of the oxidative stress response gene, GstD1, and
a progressive loss of motor function that ultimately leads to defects in climbing and flight

ability. The latter phenotype is associated with mitochondrial disruption in indirect flight mus-

cles, although overall muscle structure appears to be maintained. We show that the pheno-

type is partially rescued by muscle-specific expression of the Bcl-2 homologue Buffy, which

in flies, maintains mitochondrial integrity, modulates energy homeostasis and suppresses

cell death. The flightless phenotype is also suppressed by mutations in downstream IIS sig-

nalling components, including those in the mechanistic Target of Rapamycin Complex 1

(mTORC1) pathway, suggesting that elevated IIS is responsible for functional decline in

flight muscle. Our data demonstrate that IIS levels must be precisely regulated by Pten in

adults to maintain the function of the highly metabolically active indirect flight muscles,
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offering a new system to study the in vivo roles of IIS in the maintenance of mitochondrial

integrity and adult ageing.

Introduction
The insulin/insulin-like growth factor signalling (IIS) cascade and one of its major target path-
ways involving the nutrient-sensitive kinase complex mTORC1 (mechanistic Target of Rapa-
mycin Complex 1) play key evolutionarily conserved roles in nutrient homeostasis, cell growth
regulation, autophagy and longevity [1]. The dysfunction of these pathways is associated with
several human diseases including diabetes, cancer and neurodegenerative disorders, though in
the latter case, the mechanisms involved have not been fully elucidated.

When insulin and insulin-like molecules bind to receptor tyrosine kinases at the surface of
cells, they activate a kinase cascade involving the Class I lipid kinase PI3-kinase (PI3K) and the
downstream protein kinase, Akt. Akt has numerous target proteins, but genetic studies in the
fruit fly, Drosophila melanogaster, have been especially useful in highlighting indirect regula-
tion of the mTORC1 complex as a key step in the control of cell growth and lifespan [2]. Subse-
quent experiments in mice have suggested that these functions are evolutionarily conserved
[3,4]. The effects of IIS/mTORC1 on lifespan were suggested to be partly connected to the life-
extending actions of caloric restriction, though amino acid balance may be a more critical fac-
tor [5]. Hypomorphic mutations in positive regulators of IIS signalling are long-lived in flies
and mice [6], suggesting that changes in signalling alone are sufficient to alter the ageing pro-
cess. However, the IIS-regulated cellular changes that modulate functional decline of tissues
like nerve and muscle during ageing are not fully understood.

Other genetic screens in flies have also suggested that reducing mTORC1 signalling in mod-
els of neurodegeneration suppresses the disease phenotype [7,8]. For example, the degenerative
phenotype produced by expression of the Huntington protein in the developing fly eye is
reduced by mutations that decrease mTORC1 signalling via a mechanism that involves induc-
tion of autophagy [9]. Decreased mTORC1 signalling also suppresses degeneration in fly brains
overexpressing Tau, a model for Alzheimer’s Disease, though in this case, inhibition of cell
cycle activator expression was highlighted as an important suppression mechanism [7].

There are indications that altered IIS activity is associated with degenerative processes in
humans, but both increased and reduced signalling have been implicated [10], perhaps reflect-
ing the complex range of mechanisms involved. It therefore remains unclear whether increased
IIS could normally promote age-dependent degeneration in the absence of other sensitising
factors or whether IIS-induced functional decline with age can take place without overt cell
degeneration. One study in flies has demonstrated that high level overexpression of the
mTORC1 activator Rheb induces muscle degeneration in adults [11]. However, the Rheb trans-
gene employed produces a strong upregulation of mTORC1 activity and induces substantial
overgrowth in other tissues [12], making it difficult to determine the physiological relevance of
these data.

Here we describe the phenotypic characterisation of a hypomorphic allele of Pten in adult
flies. The evolutionarily conserved PTEN protein is a lipid phosphatase that directly antago-
nises the lipid kinase activity of PI3K, and therefore reduces IIS activity [13,14]. We show that
when this allele and much stronger Pten loss-of-function alleles are combined, the transhetero-
zygous flies exhibit little or no increase in size, but are more susceptible to a variety of stresses.
Importantly, they progressively become flightless and exhibit other motor defects with age.
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Our genetic and cell biological data indicate that this phenotype is caused by increased IIS/
mTORC1 activity, which progressively affects indirect flight muscle function. We show that
although overall muscle structure is maintained, the mitochondria in these cells are severely
disrupted, indicating that subtle elevation of IIS can selectively affect mitochondrial integrity
and cell function in this highly metabolically active tissue.

Materials and Methods

Drosophila stocks
CantonS, w1118,4E-BP (Thor2) [15], how-GAL4 [16], arm-GAL4, and UAS-buffy [17] stocks
were obtained from the Bloomington Stock Centre. Flies used in this study carry alleles includ-
ing; Pten1 and Pten3 [13,18], Ptendj189 and a Pten genomic transgene [14], foxo25c and foxo21a

[19,20], Akt1q [21] and Akt13 [22], TorΔP [23] and RhebAV4 [24]. The Pten5 allele was generated
in the screen reported in [13] and like Pten3, is located on an otherwise non-mutant chromo-
some carrying the P[w+]30C P[ry+, neo-FRT]40A transgenes.

Molecular analysis of the Pten5 allele
DNA was extracted from adult females transheterozygous for the Pten5 allele and the Df(2L)
170B chromosome, in which the entire Pten gene is deleted [13]. The Pten5 chromosome was
sequenced using the following 8 pairs of primers: Pten 322F: ATAGAAGACAAGCACTGGTT
C and Pten 719R: CGCTCCGAGCATAGGTTATAG; Pten 629F: GCCTATTCAGAAACCGT
CTGG and Pten 957R: GTTCTGCCCTTTCCAGCTTTAC; Pten 913F: GTCCAATGTTGT
AGCCGTGC and Pten 1367R: CACACAACTGGACTCCGAGAAG; Pten 1252F: AGCCTT
AACGTGAGTATTTCCAGC and Pten 1668R: ATCGCCGGAAACTGGTATTGATG; Pten
1402F: TATTACACGACTCAGCCACAG and Pten 1830R: CCATCGGACTCGCAAGCT
AAAG; Pten 1808F: TCTTTAGCTTGCGAGTCCGATG and Pten 2345R: CTATTAGGCT
GTTTGCGTTTGCAC; Pten 2308F: AATACTTCGACTGCGTGCAAAC and Pten 2628R: CT
GGTCATTGAGAGTATAGTGTGC; Pten 3200F: CACTGCCATTGTCCTTCTACTC and
Pten 3603R: TCATACAGTATATTTACAAATTCGAA.

Light microscopy and eye phenotype image analysis
To photograph and analyse fly eyes, a Leica Wild M35 stereomicroscope was used with an
Axiocam digital camera. Defective eye structure was scored on the basis of roughness or disor-
ganisation of the usually perfectly hexagonal arrangement of the ommatidia. The image analy-
sis programme, Axiovision was employed to capture the eye phenotype and Adobe PhotoShop
CS4, was used to process digital images.

Body Mass Assay
Body mass was determined as described previously [25,26]. For each genotype, batches of five
one-day-old female and male flies were weighed. The weighing of each batch was performed
three times for at least ten groups of flies from two independent genetic crosses.

Flight Assay
The flight assay was performed as described previously [27,28] with minor modifications.
Female and male flies were collected in separate vials shortly after eclosion, and maintained in
a 25°C incubator for 1–2 days with a 12 h light-dark cycle on standard cornmeal food (10.5g of
technical grade agar, 75.0g of cornmeal, 31.5g of dried yeast, 93.0g of glucose, 8.6g of sodium
potassium tartrate, 0.7g of calcium chloride and 2.5g of methyl-4-hydrobenzoate [nipagen] per
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litre). Flies were tested for early-onset of flightlessness on day 2. For flight tests in older flies,
flies were transferred every three days onto fresh food, maintained at 25°C and tested at the
required time point. They were allowed to acclimatise for 1–2 h at room temperature prior to
flight testing [27,28]. Batches of five flies, sorted by tapping flies between vials (and not by
anaesthetizing with CO2), were transferred into a petri dish, which was quickly covered with
the lid. The petri dish was held at a height of one meter, inverted and gently tapped to release
flies. The numbers of flies that flew away, fell vertically or veered to the side were recorded.
Those that veered to the side or fell were retested to confirm the flightless phenotype.

Climbing
A geotaxis and motor function test was performed as described previously [28,29] with minor
modifications. Nine-day-old male flies were moved to ambient temperature for 1–2 h for accli-
matisation [28]. For each genotype, climbing ability was assessed for five different groups of 10
flies. Each group of flies was transferred into a graded cylinder with a climbing height marked
at 6cm. After tapping flies to the bottom of the cylinder, flies were given 30 seconds to climb to
or pass the 6cm mark. The number of flies that failed to reach the 6cm mark was recorded.
These trials were repeated five times for each group. The average number of flies that failed to
reach the 6cm mark was calculated for each genotype as described in [28,29], and was
expressed as a percentage (mean % ± s.d). Statistical significance was assessed using one-way
ANOVA with Bonferroni post-hoc correction.

Water-only dietary restriction assay
Water-only starvation was performed as described previously [30] with minor modifications.
At least seven groups of twenty 1–2 day old males were anaesthetized and transferred onto a
water-soaked cotton ball placed in the bottom of a vial. Vials were placed in a tray containing
water to prevent gradual desiccation of the moist-cotton ball and incubated at 25°C. Every
24 h, 2–3 drops of water were added to the cotton wool balls to keep them moist at all times.
Six to eight vials were assayed simultaneously for each genotype and the number of viable flies
(mean ± s.d) calculated.

Stress assays
Fly food was prepared as described previously [27]. Groups of twenty 1-2-day-old males were
collected into separate vials and maintained in a moist chamber at 25°C to prevent the food
from desiccation. Flies were transferred onto fresh food every three days. Typical food for the
stress assays consisted of 0.8% agar and 5% sucrose in combination with the specific inducer
compound. For the osmotic stress assay, 500mMNaCl [31] was added. To induce oxidative
stress, food containing 2mM paraquat was used [27]. 5mM rotenone [31] was employed to test
flies for susceptibility to mitochondrial complex 1 inhibition.

Fixation and embedding of adult thoraces for light and electron
micrograph
The thoraces of anaesthetized adult flies were fixed in 4% paraformaldehyde (Sigma, UK), 2.5%
gluteraldehyde (TAAB laboratories, Berkshire, UK) in 0.1M PBS, pH 7.4. Thoraces were
washed with 0.1M PBS, pH 7.4 for 3 x 10 min and stained with 1% aqueous Osmium tetroxide
(0.1M PBS, pH7.4) for 1–2 h followed by 3 x 10 min washes with distilled water. Osmication
was followed by staining in 2% uranyl acetate (dissolved in water), dehydration and subsequent
embedding in Spurr’s resin. The Spurr’s resin block was cut at 1μm thickness, stained with 1%
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toluidine blue in 1% borax and examined using the light microscope to check tissue orientation
and quality of sectioning. Ultra-thin sections of 60nm were made on an Ultracut E microtome
and collected on copper grids. The sections were stained with 5% uranyl acetate for 30min fol-
lowed by 4min incubation with Reynolds lead citrate prior to examination with a Jeol JEM-
1010 transmission electron microscope (Jeol LTD, Hert, UK).

Quantitative RT-PCR
All larvae were staged to wandering third instar and the genotype was distinguished as homo-
zygous mutant (test) and heterozygous (control) by absence or presence of the dominant
Tubby balancer phenotype respectively. Tissues were preserved in 400μl RNAlater RNA stabi-
lizing buffer (Qiagen, UK). Total RNA was extracted from 15 third instar larvae in three inde-
pendent experiments using RNeasy mini RNA extraction kit (Qiagen, UK). Final RNA
concentration was determined spectrophotometrically at 260 and 280 nm on an ND-1000
NanoDrop (Thermo Fisher Scientific, UK). For cDNA synthesis, 50 ng of total RNA in 20 μl
cDNA synthesis mastermix was used to reverse-transcribe RNA to cDNA using the High
Capacity Reverse Transcription kit (Applied Biosystems, UK) on a Gene Amp PCR system
9700 machine (Applied Biosystems, UK). Real-time quantitative PCR was carried out with
qRT-PCR SYBR Green premix thermostable Taq polymerase and MgCl kit (Primer Design
Ltd, UK) on a 7000 ABI Prism platform (Applied Biosystems, UK). All reactions were per-
formed in triplicate using the standard curve method. Melting curves were examined after
amplifications to confirm single-product measurement. Transcript levels were normalized to
the Ribosomal protein L32 (RpL32) housekeeping gene transcript level. All final values were
normalized to the transcript level in w1118 flies in order to determine the gene expression fold-
change in relation to normal animals. The following Drosophila-specific quantiTech primers
used for these assays were purchased from Qiagen: Ribosomal protein L32, Entrez Gene ID
43573, QuantiTect Primer ID QT00985677; Pink1: PTEN-induced putative kinase 1, Entrez
Gene ID 31607, QuantiTect Primer ID QT00499380; GstD1, Glutathione S transferase D,
Entrez Gene ID 141503, QuantiTect Primer ID QT01170659.

Statistical Analyses
Eye phenotype and body mass were statistically analysed using a two-tailed unpaired Student’s
t-test. Two-way Analysis of Variance (ANOVA) with a Bonferroni post-hoc correction test for
multiple comparisons was used for analysis of the flightless phenotype at multiple ages. One-
way ANOVA with a Bonferroni post-hoc correction test was used to analyse single time-point
flightless phenotypes and genomic rescue experiments, climbing activity and transcript expres-
sion levels. Unless otherwise stated, mean values represent four or more independent experi-
ments, involving at least two independent replicates and at least two independent experiments.
Statistical analyses were performed with the statistical programme, GraphPad Prism (Version
5.01, GraphPad Software, La Jolla, CA, USA).

Results

Transheterozygous hypomorphic Ptenmutants exhibit a highly specific
and penetrant recessive eye phenotype
The novel recessive viable Ptenmutant, Pten5, was isolated from a screen for mutations that
failed to complement the deficiency, Df(2L)170B, which uncovers Pten [13]. It was identified
because flies transheterozygous for Pten5 and Df(2L)170B had eyes with a slightly disorganised
ommatidial array. Homozygous Pten5 flies, which also displayed a rough eye phenotype, rarely
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eclosed, suggesting that there was a second mutation on this chromosome that increased lethal-
ity. However, we were unable to remove this mutation in subsequent recombination experi-
ments, and instead worked with several viable transheterozygous Pten5 combinations (see
below).

To determine whether the eye phenotype was associated with Pten loss-of-function, we
combined Pten5 with two independently derived Pten alleles that have previously been shown
to behave like nulls, Pten1 [13] and Ptendj189 [14]. Pten1 has not been molecularly characterised,
while Ptendj189 contains an F-element insertion in the Pten coding sequence after amino acid
89, which should remove the phosphatase domain of the protein. Both mutant combinations
were viable and exhibited a highly penetrant, but mild, disorganised eye phenotype at the pos-
terior edge in the midline (Fig 1). The phenotype was observed in females in all Pten5/Pten1

and 92% of Pten5/Ptendj189 flies (P< 0.001; Fig 1K), and in males in all and 82% of flies respec-
tively (S1A Fig). It was never observed in heterozygous Pten5/CyO or wild type CantonS con-
trols. Importantly, only 9% of Pten5/Ptendj189 females carrying a Pten genomic rescue construct
[14] (Fig 1K) and no male flies of this genotype (S1A Fig) displayed this phenotype, demon-
strating that the defect, which probably arises during larval development, is caused by reduced
Pten activity. Oldham et al. (2002) previously isolated a temperature-sensitive viable hypo-
morphic allele of Pten, Pten2L100, and reported that flies occasionally had slightly rough eyes
[30], perhaps reflecting a similar, but less penetrant defect.

PTEN acts antagonistically to PI3K to suppress cell, tissue and whole body growth [1].
Weighing several small groups of flies, as we and others have done in the past [25,26], did not
reveal any significant weight differences in mutant versus non-mutant Pten adults. When we
analysed more groups, we did see modest differences, but these changes did not indicate that
the reduction in Pten function associated with viable Pten5 mutant animals is sufficient to
increase growth. For example, transheterozygous Pten5/Pten1 and Pten5/Ptendj189 females did
not have a significantly greater body mass than heterozygous Pten5/CyO Roi, transheterozy-
gous mutants carrying a genomic rescue construct, or w1118 controls; in fact some of these latter
genotypes were slightly heavier (Fig 1L). By contrast, transheterozygous mutant Pten5/Pten1

males did have significantly (~20%) greater body mass than heterozygous Pten5/CyoRoi and
wild type w1118 (S1B Fig), but Pten5/Ptendj189 males did not (S1B Fig). There is no clear explana-
tion for the differences between males and females in these assays, but previous studies have
also shown different relative changes in mutant versus control weights between males and
females with altered IIS signalling [25]. Overall, our data indicate that there is no consistent
Pten-dependent effect on fly growth in Pten5 transheterozygotes. We conclude that genetically
Pten5 is a weak hypomorphic mutation, producing a subtle developmental recessive phenotype
in the eye.

To determine the molecular defect associated with the Pten5 allele, we sequenced the com-
plete Pten open reading frame from the mutant chromosome. A single A to G (GAC to GGC)
point mutation was identified at position 509, which causes an aspartate (Asp) to glycine (Gly)
change at position 170 of the PTEN protein. This residue is highly conserved (Asp162 in
human PTEN) and resides in the catalytic TI-loop of the PTEN phosphatase domain. A similar
Asp to Ala mutation in the human protein reduces in vivo lipid phosphatase activity by
approximately 30% [32], consistent with our genetic assignment of this allele as hypomorphic.

Pten5 transheterozygous mutants show increased susceptibility to a
wide range of stresses
Oldham et al (2002) reported that viable recessive Pten2L117/Pten2L100 mutant combinations,
which produce a modest increase in adult weight, are hypersensitive to water-only and

PI3K/Akt-Induced Functional Loss in Ageing Muscle

PLOS ONE | DOI:10.1371/journal.pone.0143818 November 23, 2015 6 / 22



Fig 1. Transheterozygous Pten5 mutant flies have a highly penetrant eye phenotype. A-J. Low (A-E) and high (F-J) magnification views of eyes from
females of different genotypes. A mild disorganisation of the ommatidia in the posterior region of the eye is observed in Pten5/Pten1 (C,H) and Pten5/Ptendj189

(D, I) flies, as shown by black arrows inH and I, but not in wild typeCantonS (A,F) and Pten5 heterozygous control females (Pten5/CyO) (B,G). Almost all
female mutant animals carrying a Pten genomic rescue construct (Pten5/Ptendj189;[R]) (E,J) do not display the eye phenotype. (K) Histogram presented as
mean percentage of flies exhibiting disorganised eye phenotype. Error bars indicate standard error of mean (SEM). *** P < 0.001, from two separate
experiments n� 100. (L) The mean body mass of different Ptenmutant females, Pten5/Pten1 and Pten5/Ptendj189, is not significantly heavier than wild type
w1118. Surprisingly, Pten5/Ptendj189 rescue females have significantly higher body mass than all other genotypes. Data are presented as mean body mass per
fly ± SEM. Pooled from two independent experiments, n�60. Statistical significance was determined by two-tailed unpaired Student’s t-test. Scale bar:
100μm.

doi:10.1371/journal.pone.0143818.g001
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starvation stress [30]. We investigated whether the Pten5 allele, which does not reduce Pten
function sufficiently to produce consistent Pten-dependent effects on growth, also altered the
response of adult flies to stresses. The stress assays we employed [27,30,31] typically use males
to avoid confounding factors related to female reproductive biology, which may alter the sensi-
tivity of flies to stressors [33]. One to two day-old Pten5/Ptendj189 mutant males, Pten5/Ptendj189

males carrying a Pten genomic rescue construct, and wild type w1118 control males (the genetic
background in which the Pten alleles were generated) were exposed to the following stresses at

Fig 2. Pten5 transheterozygousmutant flies are sensitive to a wide range of stresses. Survival of Pten5/Ptendj189 transheterozygous mutants (orange),
mutants carrying a Pten genomic rescue construct (Pten5/Ptendj189;[R]) (green), and wild type controlw1118 (pink) males after they were exposed to (A) 5mM
rotenone, (B) 2mM paraquat, (C)water-only diet and (D) 500mMNaCl. The mean survival times (in hours) for Pten5 transheterozygous mutants, rescue flies,
and wild type controlw1118 flies respectively are: rotenone = 40.4, 89.2 and 107.1; paraquat = 8.6, 24.2, and 50.3; water starvation = 9.2, 19.1 and 24.2;
NaCl = 15.4, 19.4 and 30.9. In all four stress assays, Pten5 transheterozygous mutants were short lived compared with wild typew1118 (P < 0.001), and for all
but NaCl stress had a significantly shorter mean survival time compared to rescue flies (P < 0.01). For each experiment, flies were grouped into at least 6–8
batches of 20, these experiments were then repeated four times and data pooled together, n� 480). Statistical significance was determined by Mantel-Cox
Log rank test andWilcoxon test using GraphPad5. Graphs presented as pooled data of percentagemean of survival for each genotype. Graphs presented as
mean ± SEM.

doi:10.1371/journal.pone.0143818.g002
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25°C; 5mM rotenone (an inhibitor of mitochondrial complex 1) (Fig 2A), 2mM paraquat (to
induce oxidative stress) [34] (Fig 2B), water-starvation (Fig 2C) and 500mMNaCl (Fig 2D) to
increase extracellular salt levels and therefore induce osmotic stress [35]. The number of sur-
viving flies was recorded every 24h.

Pten5/Ptendj189 mutant males showed significantly increased susceptibility to paraquat, rote-
none, high NaCl and water-only starvation compared to control w1118 flies. Except in the case
of high NaCl stress, these defects were significantly rescued by a Pten genomic construct. These
results indicate that normal levels of PTEN are protective against a number of different stresses
and even modest changes in activity that have no effect on growth in Pten5/Ptendj189 males
reduce the viability of flies when exposed to such stresses.

Pten5 transheterozygous mutants exhibit locomotor phenotypes
We noticed that a small proportion (< 5%) of newly eclosed Pten5 transheterozygous mutant
flies displayed a characteristic outstretched and paralysed wing phenotype. They were unable
to fly. We investigated whether other mutant flies might also have a flightless phenotype and
whether this phenotype might progress with age using a simple flight assay. Since males and
females with altered IIS activity do not always behave similarly in stress and ageing assays [33],
we tested both sexes in subsequent experiments. Furthermore, given that there are no charac-
terized Pten alleles that are protein nulls, we used multiple Pten5 transheterozygous combina-
tions to ensure that phenotypes were not caused by an allele-specific interallelic interaction.
Although there were some sex-specific and allele-specific differences in the proportions of flies
showing a flightless phenotype, almost all effects of genetic modifiers that we tested were inde-
pendent of the alleles and sex tested.

Surprisingly, Pten5/CyORoi flies, like w1118 flies, were almost all (~95%) able to fly during
the first 9 days of adulthood, despite their curly wings (Fig 3A). For mutant animals, there was
a steady rise in the level of flightlessness with age for both female and male mutant flies com-
pared to heterozygous and wild type controls. Over a longer time course, flightlessness for
Pten5/Pten1 mutant females increased from 31% at day 2 to 86% at day 25, which is signifi-
cantly higher than Pten5/CyORoi or w1118 control flies at these time points (both ~ 20%; Fig
3B). A similar progressive flightless phenotype was observed in male Pten5/Pten1 transhetero-
zygous mutants (S2A Fig).

From our flight test assays at day 9, between 50–60% of transheterozygous mutant Pten5

flies failed to fly, while the proportion of flightless flies was not significantly different between
w1118 and Pten5/CyORoi flies at 9 days (less than 10%) or any other age (Fig 3A and 3B and
S2A Fig). We used the 9 day time point to determine the effect of manipulating genes involved
in the IIS signalling cascade and other signalling pathways, so that interactions that either
increased or decreased levels of flightlessness could be detected. To test whether the Pten5

mutant flightlessness phenotype is caused by loss of Pten function, flight activity of Pten5/
Ptendj189 animals carrying a Pten genomic construct was assayed. This mutant combination
appeared to have a slightly less penetrant flightless phenotype than Pten5/Pten1, as we had
found for the eye disorganization phenotype. However, the flightless phenotype was signifi-
cantly rescued in mutant females (Fig 3C) and males (S2B Fig).

We also investigated whether Pten5 transheterozygous mutant flies have other motor defects
by performing a climbing assay. This assay is typically performed with males, which when tapped
to the bottom of a vial normally show geotaxic behaviour and climb rapidly to the top of the vial
[36]. Interestingly, at day 9, 30% of Pten5/Pten1 and 24% of Pten5/Ptendj189males failed to climb
6 cm within a 30 sec time period, whereas significantly less controls and mutants carrying a geno-
mic rescue construct (about 2% in both cases) showed a similar defect (P<0.001; Fig 3D),
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indicating that the motor defect is caused by Pten loss-of-function [29]. Thus, Pten5 transhetero-
zygous flies have multiple motor defects with flight activity particularly sensitive to reduced Pten
function. Interestingly, flies lacking the homologues of Parkinson’s disease susceptibility genes

Fig 3. Pten5 transheterozygousmutants exhibit Pten-associated locomotive phenotypes. (A,B) Flight tests of adult females of different genotypes
over a 9 day (A) and 25 day (B) period. (A) Pten5 transheterozygous mutant female flightlessness rises between 3 and 9 days (***P<0.001) and is
significantly higher thanw1118 and heterozygous Pten5/CyORoi controls over a 9 day period; ***P < 0.001 relative to both controls. There was no statistically
significant difference between wild typew1118 and heterozygous control Pten5/CyORoi at any time point; graphs represent pooled data from six experiments,
n� 120. (B) Frequency of flightless phenotype for Pten5 transheterozygous mutant female flies continues to increase (P < 0.001 from days 2–9, 9–16 and
16–25 days) and be significantly greater than controlw1118 and Pten5/CyORoi females over a 25 day period. Data from at least six independent experiments.
**P < 0.01, ***P < 0.001, n� 100, determined by two-way ANOVA with Bonferroni post-hoc correction for A andB. (C) Flightless phenotype in 9-day-old
Pten5 transheterozygous female flies is strongly rescued by a Pten genomic construct; pooled data from six experiments; *** P < 0.001, n� 100. (D) 9-day-
old Pten5 transheterozygous mutant males display a defective geotaxic phenotype compared tow1118 controls, Pten5/CyORoi heterozygotes or genomic
rescue flies, assessed by scoring flies that failed to climb 6 cm in 30 sec; n� 50, *** P < 0.001. Significance determined by one-way ANOVA with Bonferroni
post-hoc correction for C andD. Graphs present as mean ± SEM.

doi:10.1371/journal.pone.0143818.g003
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PTEN-induced putative kinase 1 (Pink1) or parkin, which modulate mitochondrial dynamics
and function [37], also display motor defects that are most severe in indirect flight muscle
[28,31,38,39]. This, together with the progressive nature of the Pten5 transheterozygous mutant
phenotype, raised the possibility that the age-related functional decline in these animals might be
linked to a degenerative disorder.

The flightless phenotype of Pten5 transheterozygous mutants is
associated with muscle-specific defects that involve increased Akt/
mTORC1 signalling
To test whether the Pten5 progressive flightless mutant phenotype might involve cell degenera-
tion, the cell death inhibitor buffy, a member of the B cell lymphoma 2 (Bcl-2) family [17], was
ubiquitously overexpressed in mutant flies using the armadillo- (arm-) GAL4 transcriptional
driver. Overexpression of buffy can rescue the muscle-specific mitochondrial and degenerative
phenotypes seen in flies lacking pink1, but does not rescue the flightless defect [28].

Since culture conditions can affect stress responses and lifespan of flies, and Pten5/CyORoi
flies behave like w1118 controls in flight assays, we used Pten5/CyORoi flies as well as w1118 flies
as controls in this and subsequent assays, because the former flies could be selected from the
same vials as the Pten5 transheterozygous mutants that we tested. Adult flies were tested for
flight activity at day 9. We observed significant rescue of the Pten5/Pten1 flightless phenotype
in female (Fig 4A) and male (S3A Fig) flies expressing buffy ubiquitously. Furthermore, mus-
cle-specific expression of buffy using the muscle-specific how-GAL4 driver [40] was also suffi-
cient to produce a strong rescue of the progressive flightless defect in females (Fig 4B), though
the effect did not reach significance for males (S3B Fig). These data indicate that the Pten5

recessive mutant flightless phenotype is primarily due to muscle-specific defects. One simple
explanation is that buffy rescues a muscle degeneration phenotype in these experiments, as it
does for pink1mutants. However, even 26 day old Pten5/Pten1mutant flies do not display the
characteristic indented thoracic phenotype observed in pink1 flies, suggesting that major indi-
rect flight muscle degeneration has not taken place.

PTEN protein has been reported to function both as a lipid and protein phosphatase
[13,41]. Its lipid phosphatase activity antagonises the lipid kinase PI3K, modulating levels of
phosphatidylinositol 3,4,5-trisphosphate (PIP3), an activator of the intracellular kinase Akt1
[42]. To test whether increased activation of Akt1 might explain the flightless phenotype in
Pten5 transheterozygotes, we generated mutant flies also carrying one copy of two different
recessive Akt1 alleles to reduce the gene dosage of this target. The effect of the Akt13 [22] allele
was tested in a Pten5/Ptendj189 mutant background, while the Akt1q [21] allele was tested in
flies carrying Pten5 and another molecularly uncharacterised genetic null mutation, Pten3

[13,43], which like Pten1, gives a more penetrant flightless phenotype than Ptendj189, which is
accentuated in males, when in combination with Pten5 (Fig 4C and S3C Fig). The flightless
phenotype of these two Pten5 transheterozygous combinations at 9 days was significantly sup-
pressed by the Akt1 alleles in females (Fig 4C) and males (S3C Fig), indicating that the mutant
phenotype is mediated by elevated Akt1 activity.

The transcription factor FOXO is a direct target for Akt1 kinase, which blocks FOXO
nuclear translocation, suppressing the expression of multiple genes with roles in combating
oxidative stress, amongst other processes [20]. Flight activity of 9-day-old flies carrying a via-
ble, transheterozygous combination of two foxo null alleles, foxo25c/foxo21a [19,20] and foxo21a

heterozygous controls was assayed to test if this gene might be responsible for the Pten5 pheno-
type. foxo null females and males did not display a significantly increased flightless phenotype
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Fig 4. The Pten5 transheterozygous flightless phenotype involvesmuscle-specific defects and is suppressed by reducing Akt/mTORC1
signalling. (A) Overexpression of the Bcl-2 homologue buffywith the ubiquitous arm-GAL4 driver rescues the Pten5/Pten1 transheterozygous mutant
flightless phenotype in 9-day-old females; pooled data from nine experiments; **P < 0.005, n�50. (B) Similarly, overexpression of buffywith the how-GAL4
muscle-specific driver also rescues the Pten5/Pten1 flightless phenotype in females; pooled data from six experiments; *** P < 0.002, n� 50. (C) Reducing
IIS through heterozygous loss-of-function Akt1q and Akt13 alleles significantly suppresses the Pten5 transheterozygous mutant flightless phenotype in
females, while transheterozygous foxo25c/foxo21a null females does not behave significantly differently from foxo25c/TM3, Pten5/CyORoi orw1118 controls.
Data are pooled from at least six experiments. **P < 0.01, n� 70 for Akt1q, n�148 for Akt13, n� 80 for foxo experiment. (D) Reducing mTORC1 signalling
in flies heterozygous for the TorΔP (pooled data from fifteen experiments, n� 139) or RhebAV4 (pooled data from four experiments, n� 140) loss-of-function
alleles significantly suppresses the Pten5/Pten1 transheterozygous flightless phenotype in females; ***P < 0.001. Significance was determined by one-way
ANOVA with Bonferroni post-hoc correction test.

doi:10.1371/journal.pone.0143818.g004
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(Fig 4C and S3C Fig), indicating that reduced foxo activity cannot be the major contributor to
the flightless phenotype.

Altered mTORC1 signalling can modulate phenotypes linked to IIS, including degeneration
[1,8]. Since mTORC1 is an indirect downstream target of PI3K/Akt, we reasoned that elevated
mTORC1 signalling might be responsible for the Pten5 transheterozygous mutant flightless phe-
notype. To test this hypothesis, we investigated whether genetic reduction in mTORC1 signalling
by altered gene dosage could suppress the flightless phenotype. Akt1 enhances mTORC1 activity
via Rheb. There was a significant suppression of the 9-day flightless phenotype in Pten5/Pten1

transheterozygotes carrying one copy of the strong loss-of-function allele RhebAV4 in females (Fig
4D) and males (S3D Fig). In addition, one copy of the TorΔP loss-of-function null allele [23] sig-
nificantly suppressed the Pten5/Pten1 flightless phenotype in 9-day-old females (Fig 4D). There
also appeared to be suppression in males, but this did not reach significance (S3D Fig). Overall,
we conclude that increased mTORC1 signalling is involved in the Pten5 progressive flightless
phenotype and that modest reductions in this signalling can significantly suppress the functional
deficits in multiple genetic combinations.

The Pten5–dependent transheterozygous flightless phenotype appears
to be associated with an oxidative stress response and defects in
mitochondrial integrity
Mammalian PTEN-induced kinase1 (Pink1) was first identified as a downstream target of Pten
in cancer cells [44]. Since Pink1mutant flies have a flightless phenotype [28,31], we reasoned
that the flightless phenotype of Pten5 transheterozygotes could result from a reduction in pink1
expression. However, we did not detect any differences in pink1 transcript levels in adult Pten5

transheterozygous Pten5/Pten1 (1.04 ± 0.28), Pten5/Pten3 (0.81 ± 0.06), Pten3/Pten1 (1.37±0.5)
flies versus wild type w1118 (normalised to 1.0) controls (P>0.06). To investigate this further in
genetic backgrounds where IIS/mTORC1 signalling is more severely reduced, pink1 transcript
levels were measured using qRT-PCR in mutant third instar larvae in which different compo-
nents of the IIS/mTORC1 pathway, including Pten, the IRS1-4 homologue (chico), foxo and
the mTORC1 target and translational regulator 4E-BP (Thor) were strongly reduced. w1118 flies
were used as controls. Expression levels were normalised to the ribosomal housekeeping gene
RpL32. There was no significant change in pink1mRNA in any of the IIS/mTORC1-modulated
genetic backgrounds, suggesting that this pathway does not control pink1 levels, at least during
larval development (Fig 5A).

Studies in mammalian systems have indicated that the transcription factor nuclear factor
erythroid-derived 2-like 2 (Nrf-2) can be activated via the hyperactivation of the PI3-kinase/
Akt signalling cassette to regulate genes involved in oxidative stress response [45]. Given that
Pten5 transheterozygous animals appear to have hyperactivated IIS and PI3-kinase/Akt1 sig-
nalling, we reasoned that key targets of Nrf2, which include glutathione S-transferase D1
(GstD1), might be significantly altered in Pten5 transheterozygotes, despite the increased sensi-
tivity to oxidative stress, while other genes directly regulating mitochondrial function might
not be differently expressed.

We analysed expression of mitochondrial transcription factor A (TFAM), mitochondrial
transcription factor B2 (mtTFB2), and the Nrf1 family transcription factor, erect wing (ewg),
which are all involved in expression of mitochondrial genes. They were unaffected in larvae
with defective IIS/mTORC1 signalling (S4A Fig). However, there was a significant elevation in
transcripts encoding GstD1 in all Ptenmutant combinations, including not only the strongest
allelic combination of Pten3/Pten1, which rarely produces adult flies, but also combinations
with the Pten5 allele (Fig 5B). We conclude that even relatively subtle changes in IIS signalling
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Fig 5. Transheterozygous Pten5 mutants exhibit defects in mitochondrial structure in IFM and upregulation of the oxidative stress response gene,
GstD1. (A) qRT-PCR of Pink1mRNA expression levels in third instar larvae carrying different mutations affecting IIS/mTORC1 signalling normalised to wild
typew1118 control animals. (B) Levels of the anti-oxidative enzyme-encodingGstD1 transcript are elevated significantly in Ptenmutant backgrounds
compared tow1118 controls. However, there is no significant modulation in the transcript expression levels ofGstD1 in either foxo or 4E-BPmutants or Pten
heterozygous animals. Data are presented as mean ± SEM. * P <0.05; ** P < 0.001; ***P < 0.0001, and are from three independent experiments.
Significance was determined by one-way ANOVA with Bonferroni post-hoc correction test. (C-H) Longitudinal sections of thoraces of 26-day-old female flies
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can upregulate expression of GstD1. However, Pten5mutants are still hypersensitive to oxida-
tive stress.

To determine whether the Pten5 progressive flightless phenotype is associated with any
structural or cell degeneration defects in indirect flight muscle (IFM) that could be linked to
stress sensitivity, the thoraces of 26-day-old adult Pten5 transheterozygous mutant females and
heterozygous controls were dissected. Longitudinal sections were visualised by light micros-
copy and transmission electron microscopy (TEM). No obvious differences were seen between
the IFMs of control (Fig 5C) and mutant (Fig 5D) animals by light microscopy in toluidine
blue-stained sections, confirming that no major tissue degeneration was present. Under TEM,
in sharp contrast to the defects seen in pink1mutant flies [28,31], the sarcomeric structure and
muscle fibre organisation in mutants seemed relatively normal. However, like pink1mutants,
there was a drastic disruption of mitochondrial morphology in IFMs (Fig 5F and 5H) com-
pared to controls (Fig 5E and 5G). These findings indicate that reduced Pten activity leads to
disruption of mitochondrial integrity, which presumably contributes to the flightless pheno-
type seen in most Pten5 mutant animals at 26 days.

Discussion
In this report, we describe a new hypomorphic viable recessive mutation in the IIS antagonist
Pten, which is associated with increased stress sensitivity, a progressive adult flightless pheno-
type and severe mitochondrial disruption within the indirect flight muscles in aging flies. We
use genetic approaches to show that the flightless phenotype is dependent on increased IIS and
mTORC1 signalling, and demonstrate that even though there is no major degeneration of flight
muscle, the phenotype can be rescued by muscle-specific expression of the Bcl-2 family mem-
ber, buffy. We conclude that subtle increases in IIS are sufficient to induce mitochondrial dis-
ruption and functional decline in highly metabolically active tissues like IFMs.

Modest reductions in Pten activity induce IIS/mTORC1-dependent
progressive functional decline in indirect flight muscle
In contrast to a previously identified viable hypomorphic allele of Pten [30], Pten5 transhetero-
zygous mutants have no consistent growth defects relative to control flies, suggesting that this
allele only subtly reduces Pten function. We did observe modest weight differences for specific
genotypes, but these effects were allele- and sex-specific. Since none of the Pten alleles we
employed are likely to be protein nulls, we reasoned that phenotypes could only be assigned to
loss of Pten function if they were observed with multiple interallelic combinations and could be
rescued with a Pten genomic construct. We found that Pten5 mutant flies do exhibit a number
of other adult phenotypes, including sensitivity to several stresses, and age-dependent locomo-
tor defects that fulfill these criteria, strongly indicating that they are caused by reduced Pten
function.

Pten5 transheterozygous mutant animals exhibit a characteristic subtle disruption of the
ommatidia in the posterior region of the eye. The eye phenotype, which is nearly 100% pene-
trant, is presumably a developmental defect associated with differentiation or subsequent reor-
ganization of cells during pupal development. It proved useful in our analysis as a marker for
presence of the Pten5 transheterozygous combination in flies where the flightless phenotype,

either stained with toluidine blue and visualized by light microscopy (scale bar: 100μm; C,D) or imaged by transmission electron microscopy (TEM; scale bar:
1μm) to visualize ultrastructure of IFMs (E-H). The sarcomeric structure of mutant muscle appears relatively normal (black arrows in F,H compared to
controls in E,G), but mitochondrial morphology in the mutant is severely disrupted (white arrows in F,H compared to controls in E,G).

doi:10.1371/journal.pone.0143818.g005
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but not the eye defect, was strongly rescued by specific genetic manipulations, such as reduc-
tion in Akt1 or Tor activities.

Pten5 transheterozygous mutant flies were short-lived when exposed to a range of stresses
including paraquat and rotenone. These oxidative stress-inducing agents decrease mitochon-
drial function by reducing mitochondrial complex I activity and can compromise cell viability
[46,47]. Misregulation of mitochondrial activity is also believed to be strongly associated with
malfunction of the proteasome which is linked to decline in dopaminergic (DA) neurons as
observed in Parkinson’s disease [47]. Reduced life span has previously been observed when
other viable Ptenmutant flies were exposed to altered osmotic conditions and water-only star-
vation [30], supporting the hypothesis that elevated PI3K/Akt signalling affects protective cel-
lular responses to a wide range of stresses [2].

The progressive flightless phenotype in Pten5 transheterozygous mutant flies has not previ-
ously been observed in other IIS mutants, but is also consistent with an increase in sensitivity
to cellular stress in response to elevated IIS. Insect indirect flight muscle is one of the most met-
abolically active tissues in the animal kingdom [48], requiring high levels of energy and mito-
chondrial activity. Hence, even a partial defect in mitochondrial function could lead to a severe
energy deficiency, and block the contractile function of these cells. Although all Pten5 transhe-
terozygous flies displayed a progressive flightless phenotype, there were differences in the pene-
trance of the flightless phenotype between different allelic combinations, presumably reflecting
differences in the alleles employed. In addition, there were differences in penetrance and levels
of genetic suppression between males and females. There is not an obvious explanation for
this, but similar observations have been made for other mutants that affect IIS [25,33], and in
many other IIS studies, the data for only one sex are frequently reported.

Importantly, several pieces of evidence strongly support our conclusion that increased IIS/
mTORC1 signalling causes the flightless phenotype. Using several different Pten5 allelic combi-
nations, we showed that reducing Akt1, Rheb and Tor gene dosage significantly suppresses the
phenotype. Furthermore, molecular characterisation of the Pten5 allele indicates that the
mutant protein carries a mutation in a conserved residue of the lipid phosphatase TI-loop.
Based on studies of the human protein [32], this would be predicted to reduce but not
completely block PTEN’s IIS regulatory activity.

It was not possible to test whether increasing IIS specifically in muscle was responsible for
the flightless phenotype, because we could not express IIS antagonists like PTEN with muscle
drivers at sufficiently low levels to avoid lethality due to developmental defects. But, muscle-
specific expression of buffy [17,49] strongly protected against age-related functional decline in
females, while its effects did not reach significance in males, suggesting that the phenotype pri-
marily involves defects in muscle tissue. However, we cannot completely eliminate the possibil-
ity that defects in other tissues, such as the nervous system, are also involved.

Since about 20–30% of Pten5 transheterozygotes are unable to fly shortly after eclosion, it is
also conceivable that the Pten5 mutation causes a developmental defect that is responsible for
functional defects that appear many weeks later in adults. Adult-specific Pten rescue will be
necessary to properly demonstrate that this is not the case. However, the fact that mutant
adults are more susceptible to multiple stresses, including mitochondrial inhibitors, argues that
post-developmental defects are present that could provide the trigger for the emergence of
functional deficits in ageing adult muscle.

On the basis of the climbing defects observed in mutant flies, it appears that the functions of
other muscles are also altered by the Pten5 allele. However, we did not undertake a detailed
investigation of this phenotype, because there is more variability in the relatively small propor-
tion of flies exhibiting this phenotype in standard assays, making it difficult to score partial res-
cue activity reliably.
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Although genetically decreasing IIS-mTORC1 signalling in Pten5 transheterozygous
mutants by reducing dosage of Rheb, Tor, and Akt1 showed a consistent suppression of the
flightless phenotype, complete loss-of-function for foxo did not produce a significant increase
in flightlessness compared to controls, even though reduced foxo activity in flies and other
organisms induces some forms of stress sensitivity and can also affect growth, though only
when IIS is decreased [19,20,50]. These findings indicate that multiple downstream targets of
Akt1 have roles in controlling stress sensitivity, but that the mTORC1 pathway is critical in
IIS-induced, age-dependent functional decline in IFMs under normal culture conditions.

Reduced Pten activity induces elevated levels of oxidative stress
response and defects in mitochondrial integrity
Mitochondria in the IFMs of Pten5 transheterozygous mutants cultured for 26 days had
severely disrupted morphology, unlike control animals cultured for the same period of time.
This phenotype is reminiscent of the effects of loss-of-function mutants for the two Parkinson’s
disease susceptibility genes, Pink1 and Parkin [29,31], which also have selective effects on mito-
chondria in IFMs and a flightless phenotype [28,31].

Pink1 was first identified as a PTEN-inducible kinase in Ptenmutant tumour cells trans-
fected with a Pten expression construct [44], leading us to hypothesise that the effects of Pten5

might be mediated by modulation of Pink1 levels. However, when we measured Pink1 expres-
sion both in Pten5 transheterozygous animals and in strong Pten loss-of-function mutant lar-
vae, which die mostly before pupation, we did not observe significant changes in transcript
levels.

The potential similarity between the Pten5 and pink1mutant phenotypes led us to test the
effects of muscle-specific buffy expression, which rescues the mitochondrial and degeneration
defects in pink1mutants, but not the flightless phenotype [28]. Although the flightless pheno-
type could be rescued by buffy, subsequent analysis indicated that despite extensive mitochon-
drial defects, there were no obvious indications of major tissue loss or muscle fibre
disorganisation in Pten5 mutant IFM, in stark contrast to pink1mutants. Although Buffy pro-
tein has been reported to normally be located on the endoplasmic reticulum [51], it can rescue
non-degenerative mitochondrial integrity defects in neurons [52]. Buffy can also suppress
basal mTORC1 signalling [53], providing another possible explanation for our data. We con-
clude that subtly elevated IIS in Pten5 mutants leads to age-dependent functional deficits in
IFM, which include loss of mitochondrial integrity, but do not over the time course of our
study induce major cell degeneration.

mTORC1 signalling has been implicated previously as a modulator of degenerative pro-
cesses in experiments that either employ strong overexpression of Rheb in muscle [11] or
reduced mTORC1 signalling in Huntington's and Alzheimer's models [54]. Whether the Pten5

IFM phenotype reflects the early stages of such degenerative processes or the inability to com-
bat cellular events that precede cell death in a sensitive tissue like muscle [29,55] remains
unclear. In one possible example of the latter mechanism, autophagy, which is suppressed by
IIS, is critical in combating damage in many cellular systems, including that caused by
increased ROS production [55], thus maintaining mitochondrial integrity and function under
normal conditions.

Studies in animal models have indicated that oxidative stress due to increased levels of reac-
tive oxygen species (ROS) can initiate degenerative events and disrupt mitochondria [46].
Upregulation of oxidative stress response pathways is a key cytoprotective mechanism by
which cells detoxify ROS [7]. Several anti-oxidative enzymes have been shown to be upregu-
lated in response to ROS from mouse to Drosophila [56]. Interestingly, GstD1 was significantly
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altered in Pten5 and other Ptenmutants, but not in foxo and 4E-BPmutant animals. These data
suggest that although Pten5 is a weak hypomorphic Pten allele, it is still capable of inducing oxi-
dative stress response genes, but presumably not to a level that provides normal protection
against agents that induce oxidative stress like paraquat. Many studies have shown that
increased production of ROS inevitably diminishes mitochondrial ATP production and conse-
quently leads to increased levels of misfolded proteins and intracellular aggregates, which will
accumulate more rapidly if autophagy is suppressed. This inadequate protection may explain
why IFM mitochondria and physiological function are not maintained normally during ageing.

It is also important to consider more direct effects of PTEN on mitochondrial function in
explaining the Pten5 phenotype. In mammals, different forms of PTEN localise to mitochon-
drial membranes and can modulate metabolism and apoptotic signalling [57–59], and this may
play a part in the phenotypes we observe. However, some of these effects in mammals seem to
be independent of phosphatase activity; these are probably not involved, because they would be
unlikely to be suppressed by modest reduction of IIS as we see in flies.

In summary, this work demonstrates for the first time that in addition to raising sensitivity
to cellular stresses, subtle increases in IIS are sufficient to induce functional decline in indirect
flight muscle, which is associated with mitochondrial disruption in Pten5 mutants. These ani-
mals show an elevated oxidative stress response, but ultimately the metabolically active cells of
the IFM fail to maintain normal cellular structure. Although this tissue is also particularly sus-
ceptible to mitochondrial loss and degeneration in flies mutant for genes associated with Par-
kinson’s disease, it remains unclear whether these phenotypes are linked. However, our
findings using mutants which subtly reduce IIS/mTORC1 signalling to suppress the Pten5 phe-
notype suggest drug treatments that only modestly decrease mTORC1 signalling may be bene-
ficial in treating some forms of age-related disease where IIS is defective.

Supporting Information
S1 Fig. Transheterozygous Pten5 mutant male flies exhibit a highly penetrant eye pheno-
type, but body mass is not consistently affected. (A) A mild disorganization of the ommatidia
in the posterior region of the eye was observed in Pten5/Pten1 and Pten5/Ptendj189 male flies.
This eye phenotype is completely absent in wild type CantonS and heterozygote Pten5/CyO
control males and completely rescued in Pten genomic rescue males. Data are presented as
mean percentage of flies exhibiting disorganised eye phenotype; ��� P< 0.001. Data from two
independent experiments, n�100. (B) The mean body masses of different Ptenmutant males.
Pten5/Pten1, and Pten genomic rescue Pten5/Ptendj189 mutant males have a significantly greater
mass than w1118 and Pten5/CyORoi control males, but the rescue males do not have a reduced
mass relative to mutants. Data from two independent experiments, n� 50. Pooled data pre-
sented as mean body mass per fly ± SEM. Significance was determined by two-tailed unpaired
Student’s t-test.
(TIF)

S2 Fig. Pten5 transheterozygous mutant males develop a Pten-associated flightless pheno-
type. (A) Pten5/Pten1 transheterozygous males exhibit an early-onset progressive (P<0.001 for
changes between days 2–9, 9–16 and 16–25) flightless phenotype, which was significantly
higher at all time points compared with w1118 and Pten5/CyORoi controls. Pooled data from at
least six independent experiments, n� 80; ��P< 0.01 and ���P<0.001. (B) Flightlessness in
Pten5 transheterozygous mutant males is rescued by a Pten genomic construct. Histogram
shows mean percentage of flightless males at day 9 for different genotypes, pooled data of at
least six experiments; n�100; ��� P< 0.001. Data are presented as mean ± SEM. Significance
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was determined by one-way ANOVA with Bonferroni post-hoc correction test.
(TIF)

S3 Fig. The Pten5 transheterozygous flightless phenotype is suppressed by reducing Akt/
mTORC1 signalling. (A) Overexpression of the Bcl-2 homologue buffy with the ubiquitous
armadillo (arm) driver, arm-GAL4, partially rescues the Pten5/Pten1 transheterozygous mutant
flightless phenotype in 9-day-old male flies; data from two independent experiments, n = 100.
(B) Overexpression of buffy with the how24B-GAL4muscle-specific driver does not significantly
rescue the phenotype, n = 130. (C) Downregulation of IIS induced by heterozygous loss-of-
function Akt1q and Akt13 alleles significantly suppresses the Pten5 flightless phenotype in
males; duplicate experiments, n�160. Transheterozygous foxo25c/foxo21a mutants were also
analysed together with control transheterozygous foxo25c/TM3 control, but they do not signifi-
cantly induce flightlessness. (D) The heterozygous loss-of-function RhebAV4 allele, but not
TorΔP, significantly suppresses the Pten5 flightless phenotype in males. Pooled data from three
independent experiments, n>110. Data are presented as mean ± SEM. Significance was deter-
mined by one way ANOVA with Bonferroni post-hoc correction test. � P< 0.05,��P< 0.01,
��� P< 0.001.
(TIF)

S4 Fig. Analysis of mitochondria-associated transcription factor mRNA expression in Pten
and foxomutant larvae. qRT-PCR ofmitochondrial transcription factor A (TFAM-A, mtTF1,
TFAM, d-TFAM, CG4217),mitochondrial transcription factor B2 (TFAM-B2, d-mtTFB2,
CG3910) and Nrf1 family transcription factor/co-activator erect wing (ewg, CG3114) mRNA
expression levels in third instar larvae was assessed. mRNA levels in flies carrying different
mutations affecting IIS/mTORC1 signalling were normalised to wild type w1118 control ani-
mals to check for altered expression of mitochondria-associated transcription factors in Pten
and foxomutant animals. Results show pooled data from three independent experiments. The
levels of these nuclear transcription factor transcripts were not significantly elevated in either
Pten or foxomutant backgrounds.
(TIF)

Acknowledgments
We thank Alex Whitworth, Dept. of Biomedical Sciences, University of Sheffield, UK. Ernst
Hafen, Universitat Zurich, currently at MIDATA COOP-Project, Switzerland, Hugo Stocker,
ETH Zurich, Switzerland, Duojia D.J. Pan, Dept. of Molecular Biology and Genetics, Johns
Hopkins University, USA, Judith Lengyel, Dept. of Molecular Biology, University of California,
USA, Thomas Neufeld, College of Biological Sciences, University of Minnesota, USA and the
Bloomington Stock Centre for fly stocks. We are also grateful to Chris Parkin, Mohan Masih
and Lynne Scott for technical assistance. Some of the work was funded by BBSRC grants 96/
G10924, 43/C16865 and BB-L007096-1.

Author Contributions
Conceived and designed the experiments: LBM CD S-JF JFM DCIG CW. Performed the exper-
iments: LBM CD S-JF JFM DCIG CW. Analyzed the data: LBM CD S-JF JFM DCIG CW. Con-
tributed reagents/materials/analysis tools: LBM S-JF JFM DCIG CW. Wrote the paper: LBM
CW.

PI3K/Akt-Induced Functional Loss in Ageing Muscle

PLOS ONE | DOI:10.1371/journal.pone.0143818 November 23, 2015 19 / 22

http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0143818.s003
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0143818.s004


References
1. Goberdhan DC, Wilson C. The functions of insulin signaling: size isn't everything, even in Drosophila.

Differentiation 2003; 71: 375–397. PMID: 12969331

2. Kapahi P, Zid BM, Harper T, Koslover D, Sapin V, Benzer S. Regulation of lifespan in Drosophila by
modulation of genes in the TOR signaling pathway. Curr Biol. 2004; 14: 885–890. PMID: 15186745

3. Holzenberger M, Dupont J, Ducos B, Leneuve P, Geloen A, Even PC, et al. IGF-1 receptor regulates
lifespan and resistance to oxidative stress in mice. Nature 2003; 421: 182–187. PMID: 12483226

4. Harrison DE, Strong R, Sharp ZD, Nelson JF, Astle CM, Flurkey K, et al. Rapamycin fed late in life
extends lifespan in genetically heterogeneous mice. Nature 2009; 460: 392–395. doi: 10.1038/
nature08221 PMID: 19587680

5. Grandison RC, Piper MD, Partridge L. Amino-acid imbalance explains extension of lifespan by dietary
restriction in Drosophila. Nature 2009; 462: 1061–1064. doi: 10.1038/nature08619 PMID: 19956092

6. Broughton S, Partridge L (2009) Insulin/IGF-like signalling, the central nervous system and aging. Bio-
chem J 418: 1–12. doi: 10.1042/BJ20082102 PMID: 19159343

7. Ravikumar B, Vacher C, Berger Z, Davies JE, Luo S, Oroz LG, et al. Inhibition of mTOR induces autop-
hagy and reduces toxicity of polyglutamine expansions in fly and mouse models of Huntington disease.
Nat Genet. 2004; 36: 585–595. PMID: 15146184

8. Tain LS, Mortiboys H, Tao RN, Ziviani E, Bandmann O, Whitworth AJ. Rapamycin activation of 4E-BP
prevents parkinsonian dopaminergic neuron loss. Nat Neurosci. 2009; 12: 1129–1135. doi: 10.1038/
nn.2372 PMID: 19684592

9. Khurana V, Lu Y, Steinhilb ML, Oldham S, Shulman JM, Feany MB. TOR-mediated cell-cycle activation
causes neurodegeneration in a Drosophila tauopathy model. Curr Biol. 2006; 16: 230–241. PMID:
16461276

10. Heras-Sandoval D, Perez-Rojas JM, Hernandez-Damian J, Pedraza-Chaverri J. The role of PI3K/AKT/
mTOR pathway in the modulation of autophagy and the clearance of protein aggregates in neurode-
generation. Cell Signal. 2014; 26: 2694–2701. doi: 10.1016/j.cellsig.2014.08.019 PMID: 25173700

11. Patel PH, Tamanoi F. Increased Rheb-TOR signaling enhances sensitivity of the whole organism to
oxidative stress. J Cell Sci. 2006; 119: 4285–4292. PMID: 17038544

12. Brown HL, Kaun KR, Edgar BA. The small GTPase Rheb affects central brain neuronal morphology
and memory formation in Drosophila. PLoS One 2012; 7: e44888. doi: 10.1371/journal.pone.0044888
PMID: 23028662

13. Goberdhan DC, Paricio N, Goodman EC, Mlodzik M, Wilson C. Drosophila tumor suppressor PTEN
controls cell size and number by antagonizing the Chico/PI3-kinase signaling pathway. Genes Dev.
1999; 13: 3244–3258. PMID: 10617573

14. Gao X, Neufeld TP, Pan D. Drosophila PTEN regulates cell growth and proliferation through PI3K-
dependent and -independent pathways. Dev Biol. 2000; 221: 404–418. PMID: 10790335

15. Bernal A, Kimbrell DA. Drosophila Thor participates in host immune defense and connects a transla-
tional regulator with innate immunity. PNAS USA 2000; 97: 6019–6024. PMID: 10811906

16. Wang C, Lu R, Ouyang X, Ho MWL, Chia W, Yu F, et al. Drosophila overexpressing parkin R275W
mutant exhibits dopaminergic neuron degeneration and mitochondrial abnormalities. J Neurosci. 2007;
27: 8563–8570. PMID: 17687034

17. Quinn L, Coombe M, Mills K, Daish T, Colussi P, Kumar S, et al. Buffy, a Drosophila Bcl-2 protein, has
anti-apoptotic and cell cycle inhibitory functions. EMBO J. 2003; 22: 3568–3579. PMID: 12853472

18. Goberdhan DC, Wilson C. Insulin receptor-mediated organ overgrowth in Drosophila is not restricted
by body size. Dev Genes Evol. 2002; 212: 196–202. PMID: 12012234

19. Jünger MA, Rintelen F, Stocker H, Wasserman JD, Végh M, Radimerski T, et al. The Drosophila fork-
head transcription factor FOXOmediates the reduction in cell number associated with reduced insulin
signaling. J Biol. 2003; 2: 20. PMID: 12908874

20. Slack C, Giannakou ME, Foley A, Goss M, Partridge L. dFOXO-independent effects of reduced insulin-
like signaling in Drosophila. Aging Cell 2011; 10: 735–748. doi: 10.1111/j.1474-9726.2011.00707.x
PMID: 21443682

21. Staveley BE, Ruel L, Jin J, Stambolic V, Mastronardi FG, Heitzler P, et al. Genetic analysis of protein
kinase B (AKT) in Drosophila. Curr Biol. 1998; 8: 599–602. PMID: 9601646

22. Stocker H, Andjelkovic M, Oldham S, Laffargue M, Wymann MP, Hemmings BA, et al. Living with lethal
PIP3 levels: viability of flies lacking PTEN restored by a PH domain mutation in Akt/PKB. Science 2002;
295: 2088–2091. PMID: 11872800

23. Zhang H, Stallock JP, Ng JC, Reinhard C, Neufeld TP. Regulation of cellular growth by the Drosophila
target of rapamycin dTOR. Genes & Development 2000; 14: 2712–2724. PMID: 11069888

PI3K/Akt-Induced Functional Loss in Ageing Muscle

PLOS ONE | DOI:10.1371/journal.pone.0143818 November 23, 2015 20 / 22

http://www.ncbi.nlm.nih.gov/pubmed/12969331
http://www.ncbi.nlm.nih.gov/pubmed/15186745
http://www.ncbi.nlm.nih.gov/pubmed/12483226
http://dx.doi.org/10.1038/nature08221
http://dx.doi.org/10.1038/nature08221
http://www.ncbi.nlm.nih.gov/pubmed/19587680
http://dx.doi.org/10.1038/nature08619
http://www.ncbi.nlm.nih.gov/pubmed/19956092
http://dx.doi.org/10.1042/BJ20082102
http://www.ncbi.nlm.nih.gov/pubmed/19159343
http://www.ncbi.nlm.nih.gov/pubmed/15146184
http://dx.doi.org/10.1038/nn.2372
http://dx.doi.org/10.1038/nn.2372
http://www.ncbi.nlm.nih.gov/pubmed/19684592
http://www.ncbi.nlm.nih.gov/pubmed/16461276
http://dx.doi.org/10.1016/j.cellsig.2014.08.019
http://www.ncbi.nlm.nih.gov/pubmed/25173700
http://www.ncbi.nlm.nih.gov/pubmed/17038544
http://dx.doi.org/10.1371/journal.pone.0044888
http://www.ncbi.nlm.nih.gov/pubmed/23028662
http://www.ncbi.nlm.nih.gov/pubmed/10617573
http://www.ncbi.nlm.nih.gov/pubmed/10790335
http://www.ncbi.nlm.nih.gov/pubmed/10811906
http://www.ncbi.nlm.nih.gov/pubmed/17687034
http://www.ncbi.nlm.nih.gov/pubmed/12853472
http://www.ncbi.nlm.nih.gov/pubmed/12012234
http://www.ncbi.nlm.nih.gov/pubmed/12908874
http://dx.doi.org/10.1111/j.1474-9726.2011.00707.x
http://www.ncbi.nlm.nih.gov/pubmed/21443682
http://www.ncbi.nlm.nih.gov/pubmed/9601646
http://www.ncbi.nlm.nih.gov/pubmed/11872800
http://www.ncbi.nlm.nih.gov/pubmed/11069888


24. Patel PH, Thapar N, Guo L, Martinez M, Maris J, Gau CL, et al. Drosophila Rheb GTPase is required
for cell cycle progression and cell growth. J Cell Sci. 2003; 116: 3601–3610. PMID: 12893813

25. Böhni R, Riesgo-Escovar J, Oldham S, Brogiolo W, Stocker H, Andruss BF, et al. Autonomous control
of cell and organ size by CHICO, a Drosophila homolog of vertebrate IRS1-4. Cell 1999; 97: 865–875.
PMID: 10399915

26. Goberdhan DC, Meredith D, Boyd CA, Wilson C. PAT-related amino acid transporters regulate growth
via a novel mechanism that does not require bulk transport of amino acids. Development 2005; 132:
2365–2375. PMID: 15843412

27. Pesah Y, Pham T, Burgess H, Middlebrooks B, Verstreken P, Zhou Y, et al. Drosophila parkin mutants
have decreased mass and cell size and increased sensitivity to oxygen radical stress. Development
2004; 131: 2183–2194. PMID: 15073152

28. Park J, Lee SB, Lee S, Kim Y, Song S, Kim S, et al. Mitochondrial dysfunction in Drosophila PINK1
mutants is complemented by parkin. Nature 2006; 441: 1157–1161. PMID: 16672980

29. Greene JC, Whitworth AJ, Kuo I, Andrews LA, Feany MB, Pallanck LJ, et al. Mitochondrial pathology
and apoptotic muscle degeneration in Drosophila parkin mutants. Proc Natl Acad Sci U S A 2003; 100:
4078–4083. PMID: 12642658

30. Oldham S, Stocker H, Laffargue M, Wittwer F, Wymann M, Hafen E. The Drosophila insulin/IGF recep-
tor controls growth and size by modulating PtdInsP(3) levels. Development 2002; 129: 4103–4109.
PMID: 12163412

31. Clark IE, Dodson MW, Jiang C, Cao JH, Huh JR, Seol JH, et al. Drosophila pink1 is required for mito-
chondrial function and interacts genetically with parkin. Nature 2006; 441: 1162–1166. PMID:
16672981

32. Rodríguez-Escudero I, Oliver MD, Andrés-Pons A, Molina M, Cid VJ, Pulido R. A comprehensive func-
tional analysis of PTENmutations: implications in tumor- and autism-related syndromes. HumMol
Genet. 2011; 20: 4132–42. doi: 10.1093/hmg/ddr337 PMID: 21828076

33. Clancy DJ, Gems D, Harshman LG, Oldham S, Stocker H, Hafen E, et al. Extension of life-span by loss
of CHICO, a Drosophila insulin receptor substrate protein. Science 2001; 292: 104–6. PMID: 11292874

34. Rzezniczak TZ, Douglas LA, Watterson JH, Merritt TJ. Paraquat administration in Drosophila for use in
metabolic studies of oxidative stress. Anal Biochem 2011; 419: 345–347. doi: 10.1016/j.ab.2011.08.
023 PMID: 21910964

35. Nepal O, Rao JP. Haemolytic effects of hypo-osmotic salt solutions on human erythrocytes. Kathmandu
Univ Med J (KUMJ) 2011; 9: 35–39.

36. Venderova K, Kabbach G, Abdel-Messih E, Zhang Y, Parks RJ, Imai Y, et al. Leucine-Rich Repeat
Kinase 2 interacts with Parkin, DJ-1 and PINK-1 in aDrosophila melanogastermodel of Parkinson's dis-
ease. HumMol Genet. 2009; 18: 4390–4404. doi: 10.1093/hmg/ddp394 PMID: 19692353

37. Hatano T. PINK1 autophosphorylation facilitates Parkin recruitment to mitochondria: new insight in the
mechanisms of quality control for mitochondria in young-onset Parkinson's disease. Mov Disord. 2012;
27: 1613. PMID: 23326858

38. Rana A, Rera M, Walker DW. Parkin overexpression during aging reduces proteotoxicity, alters mito-
chondrial dynamics, and extends lifespan. Proc Natl Acad Sci U S A 2013; 110: 8638–8643. doi: 10.
1073/pnas.1216197110 PMID: 23650379

39. Vincent A, Briggs L, Chatwin GF, Emery E, Tomlins R, Oswald M, et al. parkin-induced defects in
neurophysiology and locomotion are generated by metabolic dysfunction and not oxidative stress. Hum
Mol Genet. 2012; 21: 1760–1769. doi: 10.1093/hmg/ddr609 PMID: 22215442

40. Cauchi RJ, Davies KE, Liu JL. A motor function for the DEAD-box RNA helicase, Gemin3, in Drosoph-
ila. PLoS Genet. 2008; 4: e1000265. doi: 10.1371/journal.pgen.1000265 PMID: 19023405

41. Arico S, Petiot A, Bauvy C, Dubbelhuis PF, Meijer AJ, Codogno P, et al. The tumor suppressor PTEN
positively regulates macroautophagy by inhibiting the phosphatidylinositol 3-kinase/protein kinase B
pathway. J Biol Chem 2001; 276: 35243–35246. PMID: 11477064

42. Hemmings BA, Restuccia DF. PI3K-PKB/Akt pathway. Cold Spring Harb Perspect Biol. 2012; 4:
a011189. doi: 10.1101/cshperspect.a011189 PMID: 22952397

43. Vereshchagina N, Ramel MC, Bitoun E, Wilson C. The protein phosphatase PP2A-B' subunit Wide-
rborst is a negative regulator of cytoplasmic activated Akt and lipid metabolism in Drosophila. J Cell Sci.
2008; 121: 3383–92. doi: 10.1242/jcs.035220 PMID: 18827008

44. Unoki M, Nakamura Y. Growth-suppressive effects of BPOZ and EGR2, two genes involved in the
PTEN signaling pathway. Oncogene 2001; 20: 4457–4465. PMID: 11494141

45. Papaiahgari S, Zhang Q, Kleeberger SR, Cho HY, Reddy SP. Hyperoxia stimulates an Nrf2-ARE tran-
scriptional response via ROS-EGFR-PI3K-Akt/ERKMAP kinase signaling in pulmonary epithelial cells.
Antioxid Redox Signal 2006; 8: 43–52. PMID: 16487036

PI3K/Akt-Induced Functional Loss in Ageing Muscle

PLOS ONE | DOI:10.1371/journal.pone.0143818 November 23, 2015 21 / 22

http://www.ncbi.nlm.nih.gov/pubmed/12893813
http://www.ncbi.nlm.nih.gov/pubmed/10399915
http://www.ncbi.nlm.nih.gov/pubmed/15843412
http://www.ncbi.nlm.nih.gov/pubmed/15073152
http://www.ncbi.nlm.nih.gov/pubmed/16672980
http://www.ncbi.nlm.nih.gov/pubmed/12642658
http://www.ncbi.nlm.nih.gov/pubmed/12163412
http://www.ncbi.nlm.nih.gov/pubmed/16672981
http://dx.doi.org/10.1093/hmg/ddr337
http://www.ncbi.nlm.nih.gov/pubmed/21828076
http://www.ncbi.nlm.nih.gov/pubmed/11292874
http://dx.doi.org/10.1016/j.ab.2011.08.023
http://dx.doi.org/10.1016/j.ab.2011.08.023
http://www.ncbi.nlm.nih.gov/pubmed/21910964
http://dx.doi.org/10.1093/hmg/ddp394
http://www.ncbi.nlm.nih.gov/pubmed/19692353
http://www.ncbi.nlm.nih.gov/pubmed/23326858
http://dx.doi.org/10.1073/pnas.1216197110
http://dx.doi.org/10.1073/pnas.1216197110
http://www.ncbi.nlm.nih.gov/pubmed/23650379
http://dx.doi.org/10.1093/hmg/ddr609
http://www.ncbi.nlm.nih.gov/pubmed/22215442
http://dx.doi.org/10.1371/journal.pgen.1000265
http://www.ncbi.nlm.nih.gov/pubmed/19023405
http://www.ncbi.nlm.nih.gov/pubmed/11477064
http://dx.doi.org/10.1101/cshperspect.a011189
http://www.ncbi.nlm.nih.gov/pubmed/22952397
http://dx.doi.org/10.1242/jcs.035220
http://www.ncbi.nlm.nih.gov/pubmed/18827008
http://www.ncbi.nlm.nih.gov/pubmed/11494141
http://www.ncbi.nlm.nih.gov/pubmed/16487036


46. Hosamani R, Muralidhara. Acute exposure of Drosophila melanogaster to paraquat causes oxidative
stress and mitochondrial dysfunction. Arch Insect Biochem Physiol. 2013; 83: 25–40. doi: 10.1002/
arch.21094 PMID: 23564607

47. Shamoto-Nagai M, MaruyamaW, Kato Y, Isobe K, Tanaka M, Naoi M, et al. An inhibitor of mitochon-
drial complex I, rotenone, inactivates proteasome by oxidative modification and induces aggregation of
oxidized proteins in SH-SY5Y cells. J Neurosci Res. 2003; 74: 589–597. PMID: 14598303

48. Augustin H, Partridge L. Invertebrate models of age-related muscle degeneration. Biochim Biophys
Acta 2009; 1790: 1084–1094. doi: 10.1016/j.bbagen.2009.06.011 PMID: 19563864

49. Danial NN. BCL-2 family proteins: critical checkpoints of apoptotic cell death. Clin Cancer Res 2007;
13: 7254–7263. PMID: 18094405

50. Kondo M, Yanase S, Ishii T, Hartman PS, Matsumoto K, Ishii N. The p38 signal transduction pathway
participates in the oxidative stress-mediated translocation of DAF-16 to Caenorhabditis elegans nuclei.
Mech Ageing Dev. 2005; 126: 642–647. PMID: 15888317

51. Doumanis J, Dorstyn L, Kumar S. Molecular determinants of the subcellular localization of theDrosoph-
ila Bcl-2 homologues DEBCL and BUFFY. Cell Death Differ. 2007; 14: 907–15. PMID: 17205077

52. Tsubouchi A1, Tsuyama T, Fujioka M, Kohda H, Okamoto-Furuta K, Aigaki T, et al. Mitochondrial pro-
tein Preli-like is required for development of dendritic arbors and prevents their regression in the Dro-
sophila sensory nervous system. Development 2009; 136: 3757–66. doi: 10.1242/dev.042135 PMID:
19855018

53. Monserrate JP, Chen MY, Brachmann CB. Drosophila larvae lacking the bcl-2 gene, buffy, are sensi-
tive to nutrient stress, maintain increased basal target of rapamycin (Tor) signaling and exhibit charac-
teristics of altered basal energy metabolism. BMC Biol. 2012; 10: 63. doi: 10.1186/1741-7007-10-63
PMID: 22824239

54. Wang T, Lao U, Edgar BA. TOR-mediated autophagy regulates cell death in Drosophila neurodegener-
ative disease. J Cell Biol 2009; 186: 703–711. doi: 10.1083/jcb.200904090 PMID: 19720874

55. Wang L, Colodner KJ, Feany MB. Protein misfolding and oxidative stress promote glial-mediated neu-
rodegeneration in an Alexander disease model. J Neurosci 2011; 31: 2868–2877. doi: 10.1523/
JNEUROSCI.3410-10.2011 PMID: 21414908

56. Sykiotis GP, Bohmann D. Keap1/Nrf2 signaling regulates oxidative stress tolerance and lifespan in
Drosophila. Dev Cell 2008; 14: 76–85. doi: 10.1016/j.devcel.2007.12.002 PMID: 18194654

57. Garcia-Cao I, Song MS, Hobbs RM, Laurent G, Giorgi C, de Boer VC, et al. Systemic elevation of
PTEN induces a tumor-suppressive metabolic state. Cell 2012; 149: 49–62. doi: 10.1016/j.cell.2012.
02.030 PMID: 22401813

58. Bononi A, Bonora M, Marchi S, Missiroli S, Poletti F, Giorgi C, et al. Identification of PTEN at the ER
and MAMs and its regulation of Ca(2+) signaling and apoptosis in a protein phosphatase-dependent
manner. Cell Death Differ. 2013; 20: 1631–43. doi: 10.1038/cdd.2013.77 PMID: 23811847

59. Liang H, He S, Yang J, Jia X, Wang P, Chen X, et al. PTENα, a PTEN isoform translated through alter-
native initiation, regulates mitochondrial function and energy metabolism. Cell Metab. 2014; 19: 836–
48. doi: 10.1016/j.cmet.2014.03.023 PMID: 24768297

PI3K/Akt-Induced Functional Loss in Ageing Muscle

PLOS ONE | DOI:10.1371/journal.pone.0143818 November 23, 2015 22 / 22

http://dx.doi.org/10.1002/arch.21094
http://dx.doi.org/10.1002/arch.21094
http://www.ncbi.nlm.nih.gov/pubmed/23564607
http://www.ncbi.nlm.nih.gov/pubmed/14598303
http://dx.doi.org/10.1016/j.bbagen.2009.06.011
http://www.ncbi.nlm.nih.gov/pubmed/19563864
http://www.ncbi.nlm.nih.gov/pubmed/18094405
http://www.ncbi.nlm.nih.gov/pubmed/15888317
http://www.ncbi.nlm.nih.gov/pubmed/17205077
http://dx.doi.org/10.1242/dev.042135
http://www.ncbi.nlm.nih.gov/pubmed/19855018
http://dx.doi.org/10.1186/1741-7007-10-63
http://www.ncbi.nlm.nih.gov/pubmed/22824239
http://dx.doi.org/10.1083/jcb.200904090
http://www.ncbi.nlm.nih.gov/pubmed/19720874
http://dx.doi.org/10.1523/JNEUROSCI.3410-10.2011
http://dx.doi.org/10.1523/JNEUROSCI.3410-10.2011
http://www.ncbi.nlm.nih.gov/pubmed/21414908
http://dx.doi.org/10.1016/j.devcel.2007.12.002
http://www.ncbi.nlm.nih.gov/pubmed/18194654
http://dx.doi.org/10.1016/j.cell.2012.02.030
http://dx.doi.org/10.1016/j.cell.2012.02.030
http://www.ncbi.nlm.nih.gov/pubmed/22401813
http://dx.doi.org/10.1038/cdd.2013.77
http://www.ncbi.nlm.nih.gov/pubmed/23811847
http://dx.doi.org/10.1016/j.cmet.2014.03.023
http://www.ncbi.nlm.nih.gov/pubmed/24768297

