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Abstract: In man, COX (cytochrome c oxidase) deficiency is reported to be related to mutation of the SCO2 (synthesis 
of cytochrome c oxidase 2) gene, which encodes one of the copper-donor chaperones involved in the assembly of 
mitochondrial cytochrome c oxidase. Such COX deficiency due to the genetic condition leads to heart disease and 
the Leigh syndrome and is frequently fatal in childhood. Synthesis of cytochrome c oxidase X (SCOX) is a Drosophila 
orthologue of human SCO2. Here, we generated SCOX-knockdown flies and the full length SCOX transgenic flies to 
investigate the in vivo roles of SCOX. Our results demonstrated knockdown of SCOX gene in all cells and tissues to 
be associated with lethality at larval or pupal stages and this correlated with a decrease in ATP level. In contrast, 
the full length SCOX transgenic flies showed a longer lifespan than wild type flies and control flies carrying Act5C-
GAL4 alone and this correlated with an increase in ATP level. Finally, when cultured on paraquat-added medium, 
full length SCOX transgenic flies also exhibited an elongated lifespan. Therefore, we hypothesized that SCOX plays 
an important role in ATP production and consumption, which helps to prevent production of mitochondrial reactive 
oxygen species and/or impairment of mitochondrial activity under oxidative stress. 
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Introduction

Over the last few decades, a variety of disor-
ders including cancers and numerous neurode-
generative diseases (e.g. Alzheimer’s and 
Parkinson’s), have been proved to be caused by 
defects in mitochondrial functions [1-4]. Mito- 
chondria are well known to play a central role in 
the regulation of cellular function, metabolism, 
and cell death in cancer cells. Several function-
al changes in cancer-cell mitochondria have 
been observed, such as increased production 
of mitochondrial reactive oxygen species 
(mtROS), decreased oxidative phosphorylation, 
and a corresponding increase in glycolysis [5]. 
In addition, a high level of mtROS inhibits and 
damages mitochondrial proteins and lipids in 
several ways, which causes lower mitochondri-
al functions contributing to aging and disease. 

In normal cells, it is recognized that the pres-
ence of oxygen results in the activation of an 
oxygen-dependent pathway of oxidative phos-

phorylation (OXPHOS) and inhibition of glycoly-
sis, but most cancer cells show a higher rate of 
glycolysis even with only adequate oxygen lev-
els. A high rate of aerobic glycolysis, or the 
Walburg effect, connects the high rate of glu-
cose fermentation to cancer, and maintains 
relations with the p53-SCO2-respiration axis. 
Mutation of mitochondrial inner membrane 
gene- synthesis of cytochrome c oxidase 2 
(SCO2), one of two human SCO-encoding genes, 
is reported to result in severe cytochrome c oxi-
dase (COX) deficiency [6]. In man, COX is a mul-
timeric protein complex which is the last enzyme 
in the respiratory electron transport chain of 
mitochondria. COX deficiency encompasses a 
wide and heterogeneous spectrum of mostly 
severe multisystemic disorders, which primarily 
affect organs with high energy demand, such as 
the brain, skeletal muscle, heart and kidney [7]. 

Mutations in SCO2 are reported to be associat-
ed with hypertrophic cardiomyopathy and 
encephalopathy that presents soon after birth 
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[8]. Affected infants have respiratory difficul-
ties and metabolic acidosis, and die within the 
first year of life. In patients with SCO2 muta-
tions, neuropathological defects are various, 
including heterotopia, gliosis, early capillary 
proliferation, and atrophy [2, 7, 9, 10]. However, 
no child with SCO2 mutations has neuropatho-
logical defects consistent with the Leigh syn-
drome, possibly because of their death before 
manifesting such features [10-12]. Moreover, 
on survival analysis, high SCO2-expressing 
breast-cancer patients show a significantly bet-
ter prognosis than low SCO2-expressing coun-
terparts [13].

To gain further insight into the in vivo roles and 
genetic functions of SCO, we used Drosophila 
melanogaster as a model system. In Drosophila 
melanogaster, a single SCOX-encoding gene 
(CG8885, scox) is present. Null mutations of 
the scox gene are reported to be associated 
with larval lethality while mutations in its 5’UTR 
are reported to be associated with motor dys-
function and female sterile phenotypes [14]. 
Here, SCOX-knockdown flies carrying UAS-
SCOXIR and the full length SCOX transgenic 
flies carrying UAS-SCOX were established. 
Lifespan, morphology and mobility were exam-
ined in each transgenic fly strain, for compari-
son with wild type and control flies. Lethality at 
pharate adult and larval stages was observed 
with SCOX-knockdown flies, and appeared to 
correlate with decrease in ATP level. In con-
trast, longer lifespan and better mobility of full 
length SCOX transgenic flies could be demon-
strated to be associated with increase in ATP.

Materials and methods

Fly stocks

Fly stocks were maintained at 25°C on stan-
dard food containing 0.7% agar, 5% glucose  
and 7% dry yeast. Canton S was used as the 
wild type strain. In this study, the full length 
SCOX transgenic fly strain (Act5C-GAL4>UAS-
SCOX) carrying genotype of w; UAS-SCOX/+; 
Act5C-GAL4/+ and the SCOX-knockdown fly 
strain (Act5C-GAL4>UAS-SCOXIR20) carrying 
the genotype of w; UAS-SCOXIR20/+; Act5C-
GAL4/+ were designed in our laboratory. The 
RNAi transgene on the second chromosome of 
Act5C-GAL4>UAS-SCOXIR20 fly strain was tar-
geted to the region corresponding to residues 
600-964 of Drosophila SCOX. The SCOX-

knockdown fly strain (Act5C-GAL4>UAS-SCO- 
XIR7861) carrying w; +; Act5C-GAL4/UAS-
SCOXIR7861 (CG8885) was obtained from the 
Vienna Drosophila RNAi center (VDRC). The 
RNAi transgene on the third chromosome of 
Act5C-GAL4>UAS-SCOXIR7861 fly strain was tar-
geted to the region corresponding to amino 
acid residues 584-854 of Drosophila SCOX. 
The Act5C-GAL4 strain was obtained from the 
Bloomington Drosophila stock center.

Oligonucleotides

CG8885XbaI→5’-GCCTCTAGAGTACAACGAAAC-
AACATTTG-3’

CG8885BamHI→5’-GGTCAACGGTGATCCCGAT- 
GGATCCTG-3’

CG8885BglII→5’-TTCAGATCTTCCCGCTCCCT- 
GCAACGCTT-3’

CG8885KpnI→5’-TTCGGTCCCTAGCTGAAC 
CATCCCTTTT-3’

Establishment of transgenic flies

PCR was carried out to construct the plasmid 
pUAS-SCOXIR600-964 and pUAS-SCOX with 
Drosophila cDNA as a template.

Construction of pUAS-SCOXIR600-964: To estab-
lish the transgenic fly line carrying UAS-SCOXIR, 
a 365-bp fragment of SCOX was amplified by 
PCR using primers CG8885BamHI and 
CG8885XbaI, followed by subcloning into the 
pT7Blue-2vector (Novagen). The obtained DNA 
fragments were digested with XbaI and BamHI 
and then inserted into the BglII and AvrII sites 
of pWIZ to create pWIZ-5’-CG8885. Then the 
365-bp DNA fragment amplified from pT7-
SCOX600-964CG8885 was also digested by XbalI 
and inserted into the NheI and XbalI sites of 
pWIZ-5’-CG8885 to create pUAS-SCOXIR600-964.

Construction of pUAS-SCOX containing full 
length SCOX cDNA: A 700-bp DNA fragment 
was amplified by PCR using the CG8885 cDNA 
as a template and primers CG8885BglII and 
CG8885KpnI. PCR products were digested with 
BglII and KpnI and inserted between the BglII 
and KpnI sites of the pUAS-Flag vector. 

These plasmids were verified by sequencing 
and then injected into embryos to obtain stable 
transformant lines carring UAS-SCOXIR and 
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UAS-SCOX. P element-mediated germline trans-
formation was accomplished as described [15] 
and F1 transformants were selected on the 
basis of white eye color rescue [15]. Twenty-five 
lines were established for plasmid pUAS-
SCOIR600-964 but only line number 20 (UAS-
SCOXIR20) was determined to have an RNAi 
transgene on the second chromosome while 
others were determined to have examples on 
both the second and third chromosomes. 
Therefore, this line (UAS-SCOXIR20) was mainly 
used in this study. Although twenty lines were 
established for the plasmid pUAS-SCOX, line 
number 8 (UAS-SCOX) showed the severest 

rough eye phenotype and therefore was primar-
ily used in this study.

To drive expression of SCOX double stranded 
RNA (SCOX dsRNA) or SCOX in the whole body 
of the flies, we crossed the transgenic flies with 
the Act5C-GAL4 driver line. 

Expression of his-tag fusion proteins

The SCOX full length fragment was transferred 
to the pCold I expression vector to create pCold-
scox which was inserted into Escherichia coli 
BL21 to express the His-SCOX full length fusion 

Figure 1. A. Western immunoblotting analysis with extracts from Canton S adult-fly and E. coli producing His-SCOX 
(full lenghth) fushion protein. Lane 1: E. coli extracts; lane 2: Canton S extracts and lane 3: Canton S extracts with 
only secondary antibody. Positions of size markers are shown in left side (kDa). B. Western immunoblotting analysis 
of the protein extract from whole bodies of adult flies. Lane 1: Canton S, lane 2: w; UAS-SCOX/+; Act5C-GAL4/+, 
and lane 3: w; +; Act5C-GAL4/UAS-SCOXIR7861. In the w; +; Act5C-GAL4/UAS-SCOXIR7861 fly extracts no SCOX band 
was detectable. C. Quantitative RT-PCR for SCOX mRNA levels in w; UAS-SCOXIR20/+; Act5C-GAL4/+ and and w; +; 
Act5C-GAL4/+ flies. A significant decrease of SCOX mRNA expression level in w; UAS-SCOXIR20/+; Act5C-GAL4/+ 
flies was observed, compared to w, +; Act5C-GAL4/+ flies (n=3). D. Quantitative RT-PCR for SCOX mRNA levels in w; 
UAS-SCOX/+; Act5C-GAL4/+ flies and w; +; Act5C-GAL4/+ flies. An increase of SCOX mRNA expression level in w; 
UAS-SCOX/+; Act5C-GAL4/+ flies was observed, compared to w, +; Act5C-GAL4/+ flies (n=3). qPCR-SCOX-forward 
primer; 5’-GAGAAGGATGAGGCGAGAATG-3’ and qPCR-SCOX-reverse primer; 5’-GCTCCCTGCGAATCAACTAA-3’ were 
used in this assay. 
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Figure 2. ATP Assay. A. ATP levels in third instar larvae. There was no significant difference in ATP levels among the 
indicated genotypes. B. ATP level in the larvae of w; +; Act5C-GAL4/UAS-SCOXIR7861 flies. The results showed that 
there was no significant difference in ATP level in the first two days of the second larval stage, but decrease was 
noted from the third day. C. ATP level in third instar larvae and pupae with w; UAS-SCOXIR20/+; Act5C-GAL4/+ flies 
or Canton S flies. A significant decrease was observed in the fifth day of the pupal stage (P5), compared to the third 
larvae stage (3rd) and the third day of the pupal stage (P3). Canton S flies showed constant levels of ATP. D. ATP level 
of adult flies with w; UAS-SCOX/+; Act5C-GAL4/+ and Canton S at 3-weeks and 4 weeks of age. An increase in ATP 
level was observed in w; UAS-SCOX/+; Act5C-GAL4/+ flies, compared to wild type flies. The horizontal bars indicate 
the standard errors of the mean values. ****p<0.001, ***p<0.005, **p<0.01, *p<0.05.
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protein. In brief, lysates of cells were prepared 
by sonication in PBS containing 1 mM phenyl-
methanesulfonyl fluoride (PMSF) and separat-
ed into supernatant and pellets by centrifuga-
tion at 12,000 g for 20 min at 4°C. Pellets were 
dissolved in 6 M urea buffer (6 M urea, 50 
mMTris-HCl, pH 8.0, 1 mM EDTA), and purified 
by electrophoresis through Ni-NTA agarose 
(QIAGEN). After purification, the urea buffer was 
replaced with PBS by dialysis. 

Preparation of anti-SCOX antibody

The purified GST-SCOX full length fusion protein 
was used to elicit polyclonal antibody produc-
tion in a Guinea pig. The resulting antiserum 
was used at 1:5000 dilution for Western 
Blotting Assays. 

Longevity assay

Wild-type flies, control flies carrying only Act5C-
GAL4 and Act5C-GAL4>UAS-SCOX flies were 

maintained at 28 ± 0.5°C in a tube with stan-
dard food. To estimate longevity, newly eclosed 
adult flies were collected during 24 hours from 
the onset of explosion for each experimental 
variant. Young males were separated from 
females and put into new conical tubes. Flies 
were transferred to new medium three times 
per week (each 2-3 days). Dead flies were 
counted daily. For each experimental variant, 
three biological replicators were pooled. Sur- 
vival functions were estimated using the 
Kaplan-Meier procedure [16] and plotted as 
survival curves. 

Immunoblotting analysis 

Protein extracts from the whole bodies of wild 
type flies, control flies, Act5C-GAL4>UAS-SCOX 
flies, and Act5C-GAL4>UAS-SCOXIR7861 flies 
and from E. coli producing His-SCOX (full length) 
fusion protein were prepared in lysis buffer with 
proteinase inhibitors and then homogenized in 

Figure 3. Lifespan analysis of w; UAS-SCOX/+; Act5C-GAL4/+ flies, w; +; Act5C-GAL4/+ flies and Canton S flies. 
Percentage survival of adult-male flies of the indicated genotypes is shown. Flies were collected and divided into 
5 vials. The total number of counted flies was n=100 for each fly strain. There was no significant difference in the 
lifespan of wild type and w; +; Act5C-GAL4/+flies, but an extension of lifespan was observed in w; UAS-SCOX/+; 
Act5C-GAL4/+flies. The lifespan differences between w; UAS-SCOX/+; Act5C-GAL4/+ flies and wild type flies or w, 
+; Act5C-GAL4/+ flies were statistically significant (p<0.05 and p<0.005, respectively). Results were analyzed using 
OASIS software (http://sbi.postech.ac.kr/oasis).
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a sample buffer containing 50 mM Tris-HCl (pH 
6.8), 2% SDS, 10% glycerol, 0.1% bromophenol 
blue and 1.2% β-mercaptoethanol. The homog-
enates were boiled at 100°C for 5 min, and 
then centrifuged. The supernatants of extracts 
were electrophoretically separated on SDS 
polyacrylamide gels containing 12% acrylamide 
and then transferred to polyvinylidene difluo-
ride (PVDF) membranes (Bio-Rad, Osaka, 
Japan). The blotted membranes were blocked 
with TBS/0.05% Tween containing 5% skim 

milk for 1 hour at 25°C, followed by incubation 
with Guinea pig polyclonal anti-SCOX at a 
1:2,000 dilution for 16 hours at 4°C. After 
washing, the membranes were incubated with 
HRP-conjugated anti-Guinea pig IgG (GE 
Healthcare Bioscience, Tokyo, Japan) at 
1:10,000 dilution for 2 hours at 25°C. Antibody 
binding was detected by using ECL Western 
blotting detection reagents (GE Healthcare 
Bioscience) and images were analyzed using a 
Lumivision Pro HSII image analyzer (Aisin Seiki, 

Figure 4. Climbing assay results. Two independent tests were performed for w; UAS-SCOX/+; Act5C-GAL4/+ flies 
and Canton S as wild type flies. The total number of counted male-flies was n=60 for each fly strain. A. Time needed 
for the first fly climbing to the line (at height of 17.5 cm). There was no significant difference between w; UAS-
SCOX/+; Act5C-GAL4/+ flies and wild type flies at 3-weeks of age. However, with 4-week-old flies, while a longer 
climbing time was observed in each fly strain, w; UAS-SCOX/+; Act5C-GAL4/+ flies took less time. B. Percentage of 
flies above the line 5 minutes after being put into tube. A decrease was observed at ages of 3-weeks and 4 weeks 
w; UAS-SCOX/+; Act5C-GAL4/+ flies. Furthermore, at these latter ages w; UAS-SCOX/+; Act5C-GAL4/+ flies were 
observed to keep being above the line longer than wild type flies. The horizontal bars indicate the standard errors of 
the mean values. ****p<0.001, ***p<0.005, *p<0.05.
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Kariya, Japan). To confirm equal amounts of 
protein loading in each lane, the membranes 
were also probed with an anti-α-tubulin anti-
body after stripping the complex of anti-SCOX 
antibody and HRP-conjugated anti-Guinea pig 
IgG. For the detection of α-tubulin, mouse anti-
α-tubulin monoclonal antibody (1:5,000 dilu-
tion, Sigma, Tokyo, Japan) and an HRP-
conjugated anti-mouse IgG (1:10,000 dilution, 
GE Healthcare Bioscience) were used as the 
primary and secondary antibody, respectively. 

Quantitative RT-PCR

Total RNAs from whole bodies of Drosophila 
were purified with Trizol (Invitrogen) and 1 μg 
aliquots were reverse transcribed with oligo dT 
primers using a PrimeScript High Fidelity 
RT-PCR Kit (Takara). Then, quantitative RT-PCR 
was performed with a SYBR Premix Ex Taq (Tli 
RNaseH Plus) (Takara) kit and the Applied 

Biosystems 7500 quantitative RT-PCR system 
using 1 μg of reverse transcribed sample per 
reaction. Levels of mRNA in each fly strain were 
investigated by the CT comparative method 
[17]. Rp49 was used as an endogenous refer-
ence gene. Experiments were performed in trip-
licate for each of three RNA batches isolated 
separately. 

ATP assays

A CellTiter-Glo® Luminescent Cell Viability 
Assay Kit (Promega) was used to quantify the 
level of ATP present. Each adult fliy was ground 
in 100 μl Assay Kit buffer and then centrifuged 
at 12,000 g for 10 min. The supernatant was 
transferred into a new microtube and 10 μl of 
the supernatant was mixed with 100 μl of mea-
sure buffer, followed by incubation for 10 min 
at 25°C to stabilize luminescent signals before 
being read on a Lumat LB 9507 luminometer 
(Berthold). 

Figure 5. Lifespan analysis of each fly strain in the paraquat assay. Flies were collected and divided into 20 flies 
per vial (3 vials in total). Adult flies were cultured by food containing 10 mM paraquat. The total number of counted 
flies was n=60 for each fly strain. Percentage survival of adult male-flies of the indicated genotypes is shown. There 
was no significant differences in the lifespans of wild type and control flies, but an extension was observed in the 
lifespan of w; UAS-SCOX/+; Act5C-GAL4/+ flies. The lifespan differences between w; UAS-SCOX/+; Act5C-GAL4/+, 
wild type and w; +; Act5C-GAL4/+ flies were statistically significant (p<0.005, in both cases). 



Lifespan role of SCOX

332	 Am J Cancer Res 2014;4(4):325-336

Climbing assays

Climbing assays were performed at 25°C and 
60% humidity. Act5C-GAL4>UAS-SCOX flies 
and wild type flies were placed at 28°C, and 
newly eclosed adult flies were separated and 
placed in vials at a density of 20 adult male 
flies per vial (3 vials was done in each geno-
type). Flies were transferred, without anesthe-
sia, to a hinge tube with a line at the height of 
17.5 cm. The tube was tapped to collect the 
flies to the bottom, and they were then given 5 
min to climb the wall. The time when the first fly 
crossed the line was noted. After 5 min, the 
number of flies above the line was counted. 
These climbing assays were carried out at 
newly eclosed time and 3 weeks, and 4 weeks 
after eclosing. 

Paraquat assays 

Paraquat assays were carried out in a humidi-
fied, temperature controlled incubator at 28°C 
and 60% humidity under 12-hour light and 
12-hour dark cycle culture condition. Instant 
food with added 10 mM paraquat was used. 
Newly eclosed male adult flies of control flies 
carrying Act5C-GAL4 alone, and Act5C-
GAL4>UAS-SCOX transgenic flies were sepa-
rated and placed in vials at low density (20 flies 
per vial and in this experiment 3 vials for each 
genotype were used.). Every 2 days, they were 
transferred to new tubes containing fresh food 
and deaths were scored. Survival functions 
were estimated using the Kaplan-Meier proce-
dure [16] and plotted as survival curves. 

Data analysis

All statistical analyses were performed using 
Microsoft Excel. The Kaplan-Meier procedure 
was used for assessment of the statistical sig-
nificance of comparisons between groups of 
data concerning the median lifespan. For other 
assays, two-way ANOVA was applied to assess 
the statistical significance of differences 
between groups of data. When two-way ANOVA 
showed significant variation, a Dunnet’s test 
was subsequently used for pairwise compari-
sons. All data are shown as means ± SEM.

Results 

Specificity of the anti-SCOX antibody and 
evaluation of SCOX level in transgenic flies car-
rying UAS-SCOXIR and UAS-SCOX 

We raised a polyclonal antibody against SCOX 
as a tool for studying in vivo roles of SCOX. To 

investigate its specificity, Western immunoblot-
ting was carried out with the extracts of adult-
male flies of wild type Canton S. A band corre-
sponding to approximately 25 kDa was detected 
in extracts from Canton S using the anti-SCOX 
antibody (Figure 1A, lane 2). The size of the 
detected band is nearly identical to the size 
(28,175.2 kDa) of SCOX protein which is pre-
dicted based on its amino acid composition. 
The faster migrating band was also detected 
with the Western blot without the first antibody, 
suggesting the band to be non-specifically 
detected with the secondary antibody. More- 
over, a single band with an apparent molecular 
weight of 29 kDa was detected in extracts from 
E. coli producing His-SCOX (full length) fusion 
protein (Figure 1A, lane 1). The data indicate 
that the prepared antibody is highly specific to 
the SCOX protein.

To confirm the knockdown or expression of 
SCOX in the transgenic flies Act5C-GAL4>UAS-
SCOXIR7861, Western immunoblotting was per-
formed again with anti-SCOX antibody. In 
extracts from the SCOX-knockdown Act5C-
GAL4>UAS-SCOXIR7861 flies, no 25 kDa SCOX 
was detected, confirming that SCOX was effec-
tively knocked down in the Act5C-GAL4>UAS-
SCOXIR7861 flies (Figure 1B, lane 3).

To further examine the knockdown or expres-
sion of SCOX in the transgenic flies- Act5C-
GAL4>UAS-SCOXIR20, quantitative RT-PCR 
analysis was performed. In extracts from the 
SCOX-knockdown Act5C-GAL4>UAS-SCOXIR20 

flies, a little of SCOX mRNA was detected as 
compared to control flies carrying Act5c-GAL4 
alone, confirming that SCOX was efficiently 
knocked down in the Act5C-GAL4>UAS-
SCOXIR20 flies (Figure 1C). However, there was 
no significant increase in SCOX protein level in 
extracts from the transgenic Act5C-GAL4>UAS-
SCOX flies in compared with the wild type flies 
(Figure 1B, lane 1 and 2). In contrast, the SCOX 
mRNA level was increased 23.8 fold in the 
transgenic Act5C-GAL4>UAS-SCOX flies as 
compared to control flies carrying Act5C-GAL4 
alone (Figure 1D).

Decreased ATP level correlates with lethality in 
SCOX-knockdown flies

Using the Act5C-GAL4 driver that expresses 
GAL4 in the whole body of Drosophila, we 
examined the morphology, the life cycle, and 
the lifespan of the two independent SCOX-
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knockdown flies, the Act5C-GAL4>UAS-
SCOXIR7861 flies and the Act5C-GAL4>UAS-
SCOXIR20 flies, in comparison with wild type 
flies and control flies carrying Act5C-GAL4 
alone.

No apparent difference in morphology was 
observed with larvae and adults from these 
flies. However, Act5C-GAL4>UAS-SCOXIR7861 
was associated with lethality at the larval stage. 
Larvae of this knockdown strain survived for 12 
days after hatching but demonstrated reduced 
motility day by day until death. The larvae 
stayed within the medium with low mobility or 
no climbing of the walls of culture tubes, in 
clear contrast to wild type and control flies. The 
other SCOX-knockdown Act5C-GAL4>UAS-
SCOXIR20 flies died at the pupal stage. 
Dissection of the pupae revealed that the 
knockdown flies grew to the pharate adult 
stage, but could not hatch. 

Previous studies provided evidence that SCOX 
is required for assembly of the cytochrome c 
oxidase (COX) complex [18, 19]. In eukaryotic 
cells, this is crucially important for aerobic res-
piration in mitochondria, where the majority of 
molecular oxygen is consumed and high 
amounts of energy (36-38 ATP) are released. 
Therefore, decrease of SCOX in the SCOX-
knockdown flies may lead to decrease in activ-
ity of mitochondria, and lowered ATP. To exam-
ine this hypothesis, ATP levels were measured 
in SCOX-knockdown flies. That of Act5C-
GAL4>UAS-SCOXIR7861 larvae was equal to that 
of wild type flies for the first two days but then 
significantly decreased from the third day 
(Figure 2B) (p<0.001) and continued decreas-
ing until death. In contrast, the Act5C-
GAL4>UAS-SCOXIR20 flies show no significant 
difference in ATP level as compared with wild 
type flies, and the control flies carrying Act5C-
GAL4 alone at the third larval stage (Figure 2A). 
However, at the pupal stage, a significant 
decrease in ATP level was observed at days 1 
and 3 in compared to the wild type flies (Figure 
2C). At the fifth day of the pupal stage (pharate 
adult stage), a further decrease in ATP level 
was observed, as comparing to the third day 
pupal stage (Figure 2C), while wild type flies 
showed a constant of ATP level. These results 
showed SCOX to be essential for the viability of 
Drosophila and the lethal phase coincides with 
the development stage of the knockdown flies 
showing the lowest ATP levels. 

Increased ATP level correlates with prolonged 
lifespan in the transgenic flies carrying the full 
length SCOX

We also examined morphology and lifespan of 
full length SCOX transgenic flies (Act5C-
GAL4>UAS-SCOX). While the Act5C-GAL4>UAS-
SCOXIR20 and Act5C-GAL4>UAS-SCOXIR7861 
knockdown flies showed pupal and larval lethal-
ity, respectively, the Act5C-GAL4>UAS-SCOX 
flies developed normally and eclosed a little 
faster than the control flies carrying Act5C-
GAL4 alone. In addition, there was no apparent 
difference in morphology throughout the devel-
opmental stages. However, a longer lifespan of 
adult flies was observed with the Act5C-
GAL4>UAS-SCOX flies as compared with the 
control and wild type flies (Figure 3). The medi-
an lifespan of wild type flies was 60 days; that 
of the control flies was 58 days, whereas that of 
the Act5C-GAL4>UAS-SCOX flies was an aver-
age of 69 days. The differences in lifespan in 
comparing of the Act5C-GAL4>UAS-SCOX flies 
to wild type flies and the control flies were sta-
tistically significant (p<0.05 and p<0.005, 
respectively). 

In order to evaluate the functional differences 
between Act5C-GAL4>UAS-SCOX and wild type 
flies, we performed climbing assays with newly 
eclosed flies and flies at 3-weeks and 4-weeks 
after eclosion. The Act5C-GAL4>UAS-SCOX 
flies showed better mobility than wild type flies 
at the same age (Figure 4), while there was no 
significant difference in mobility between wild 
type flies and the control flies (data not shown). 
We performed two different climbing assays 
and in both the Act5C-GAL4>UAS-SCOX flies 
showed better mobility than the wild type flies 
with a faster climbing time and a longer time 
remaining at elevation (Figure 4). All of these 
increases in mobility were statistically signifi-
cant (p<0.05 and p<0.01, respectively).  

To examine the activity of mitochondria at the 
age in which significant differences in climbing 
assays were observed in Act5C-GAL4>UAS-
SCOX flies, ATP assays were performed with 
newly eclosed, 3-week-old and 4-week-old 
Act5C-GAL4>UAS-SCOX and wild type flies. The 
results showed increased ATP levels in the 
Act5C-GAL4>UAS-SCOX flies at both time 
points (p<0.001) (Figure 2D). Moreover, while 
decrease of ATP level was observed in 4-week 
as compared with 3-week-old wild type flies (p< 
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0.05), this was not observed with Act5C-
GAL4>UAS-SCOX flies (Figure 2D).

In summary, on clear contrary to the SCOX-
knockdown flies, the Act5C-GAL4>UAS-SCOX 
flies showed extension of lifespan. These 
results taken together suggest that decrease of 
ATP in SCOX-knockdown flies leads to the lethal-
ity at young age, while increase in the Act5C-
GAL4>UAS-SCOX flies helps to extend their 
lifespan.

Role of SCOX in alleviating mitochondrial oxi-
dative stress

Decrease of ATP observed in SCOX-knockdown 
larvae apparently correlated with death at 
young age, suggesting that the defect in SCOX 
affects activity of mitochondria. In previous 
studies, mitochondrial ROS (mtROS) production 
was reported to correlate with the lifespan in 
Drosophila; a decrease in mtROS production 
increased and increase in decreased the lifes-
pan [17]. In the present study, when newly 
eclosed male adults of wild type flies and the 
Act5C-GAL4>UAS-SCOX flies were collected 
and fed food containing 10 mM paraquat, 
known to impair the mitochondrial functions by 
increasing the level of ROS [20-22], the lifes-
pan of Act5C-GAL4>UAS-SCOX flies was 
observed to be longer than those of wild type 
and control flies under the same conditions 
(Figure 5). The median lifespan of both wild 
type and control flies was 25 days whereas that 
of Act5C-GAL4>UAS-SCOX flies was an average 
of 30 days. These data suggest that SCOX 
might reduce the level of mtROS and conse-
quently prolong the lifespan.

Discussion

In a previous study, SCO2 mutation was found 
to lead to reduced-ATP levels [23]. Here we 
showed equivalent decrease in ATP in SCOX-
knockdown flies, pointing to similarity between 
Drosophila SCOX and human SCO2 in func-
tions. Recently, mutations in SCO2 have been 
reported in patients with fatal infantile cardio-
encephalomyopathy and cause cytochrome c 
oxidase deficiency [11]. In man, cytochrome c 
oxidase deficiency is a genetic condition that 
can affect several parts of the body, including 
the muscles, the heart, the brain and the kid-
ney [7]. Common signs or symptoms of cyto-
chrome c oxidase defects are frequently found 

in childhood. Cytochrome c oxidase receives an 
electron from each of four cytochrome c mole-
cules, transfers them to a single oxygen mole-
cule and then converts molecular oxygen to two 
molecules of H2O. In addition, it translocates 
four protons across the membrane, establish-
ing a transmembrane difference of proton-elec-
trochemical potential that allows ATP synthase 
to synthesize ATP. This means that the lack of 
functional cytochrome c oxidase disrupts the 
mechanism, called oxidative phosphorylation, 
and causes a decrease in energy production 
which may result in death. In the body of each 
individual, the brain, the muscle and the heart 
require the largest amount of energy for them 
to function. Decrease in energy may lead to 
decrease in their activity and induce death. In 
this study, the SCOX-knockdown flies demon-
strated pupal or larval lethality which was 
accompanied by a decrease in ATP level, 
observed prior to the stage before death. Larval 
lethality is consistent with the previous report 
with scox null mutants [14]. Furthermore, full 
length SCOX transgenic adult flies showed lon-
ger lifespan and higher mobility than the wild 
type flies, accompanied by an increase in ATP 
level. Our data therefore suggest that SCOX 
plays an important role in controlling ATP pro-
duction and/or consumption to keep cells and 
organs in normal activity. 

In the full length SCOX transgenic flies, the 
SCOX mRNA level was observed to be increased 
as analyzed by quantitative RT-PCR, but no 
apparent increase was observed in SCOX pro-
tein level as analyzed by Western immunoblot-
ting analysis. However, the full length SCOX 
transgenic flies show a longer lifespan than the 
wild type flies. These results suggest a possibil-
ity that overexpression of SCOX in the full length 
SCOX transgenic flies may be transient and 
some unknown negative feedback mechanism 
may operate to keep SCOX protein levels con-
stant. Even under these conditions, some 
genes that act against aging may be affected.

Paraquat, a nonselective herbicide, induces 
oxidative stress by increasing the production of 
ROS, which is a toxic by-product of mitochon-
drial energy production and oxidative phos-
phorylation in cancer cells [24]. An increase of 
ROS may lead to signs associated with death 
and also linked to aging [21]. In our study, the 
Act5C-GAL4>UAS-SCOX flies exhibited a longer 
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lifespan than the wild type flies under condi-
tions of 10 mM paraquat feeding. In a previous 
study, Ca2+ was shown to play a role in ATP syn-
thesis and in ROS generation, and most of the 
mitochondrial effect of Ca2+ requires its entry 
across double-membrane into the matrix. 
Under physiological conditions, Ca2+ is benefi-
cial for mitochondrial functions, but in the pres-
ence of an overriding pathological stimulus, 
Ca2+ may be detrimental which leads to an 
increase of ROS-associated cell death [25]. The 
available observations thus suggest that SCOX 
may help to prevent the formation of Ca2+ with 
pathological stimuli. 

In conclusion, our study identified characteris-
tics of the whole bodies of SCOX-knockdown 
and full length SCOX transgenic flies. We pro-
pose that SCOX plays an important role in mito-
chondrial anti-oxidative stress mechanisms or 
in a mitochondrial death pathway that is impor-
tant for Drosophila lifespan. 
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