
 
 

Ph.D Thesis 
 
 
 
 
 
 
 
 
 

Studies on Drosophila genes 
related to cancer and their roles 

in cell metabolism 
 

 

 
Nguyen Thanh Binh 

2015 

Kyoto Institute of Technology



1 
 

Contents 
Abbreviations ··················································································  2 

General introduction  ········································································  4  

Chapter 1: Role of SCOX in determination of Drosophila melanogaster lifespan 

1.1. Introduction ··············································································· 19   

1.2. Materials and Methods  ·································································· 23  

1.3. Results  ···················································································· 29 

1.4. Discussion  ················································································ 34 

1.5. References  ················································································ 45 

Chapter 2: Genetic link between Cabeza, a Drosophila homologue of Fused in 

Sarcoma (FUS), and the EGFR signaling pathway 

2.1. Introduction ··············································································· 49  

2.2. Materials and Methods  ·································································· 51  

2.3. Results  ···················································································· 54 

2.4. Discussion  ················································································ 58 

2.5. References  ················································································ 70 

Conclusions and perspectives  ····························································· 76 

List of publications  ·········································································· 79 

Acknowledgements  ·········································································· 80 

 

 

 

 

 



2 
 

Abbreviations 

ALS   Amyotrophic Lateral Sclerosis 

ATP    Adenosine Triphosphate 

Cabeza   Caz 

c-Cb1   Cas-Br-M ecotropic retroviral transforming sequence 

COX    cytochrome c oxidase 

coxII   cytochrome c oxidase subunit II 

DNA    Deoxyribonucleic Acid 

DOK2   docking protein 2 

dsRNA   Double-stranded Ribonucleic Acid 

E. coli   Escherichia coli  

EDTA   Ethylene diamine tetraacetic Acid 

EGFR   Epidermal Growth Factor Receptor 

FUS   Fused in Sarcoma  

GRB2   Growth factor Receptor-bound protein 2 

JAK1   Janus Kinase 1 

JAK2   Janus Kinase 2 

JNK signaling  c-Jun N-terminal kinase signaling  

mRNA   messenger Ribonucleic Acid 

mtDNA   mitochondria Deoxyribonucleic Acid 

mtROS   mitochondrial Reactive Oxygen Species  

NCK1   NCK adaptor protein 1 

nDNA   nuclear DNA 

OXPHOS  oxidative phosphorylation  
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PLC-gamma1  phospholipase C gamma 1 

Quantitative RT-PCR Quantitative Reverse Transcriptase-mediated Polymerase 

Chain Reaction  

RNA   Ribonucleic Acid  

SOD1   Superoxide Dismutase 1 

RNAi   Ribonucleic Acid interference 

ROS   Reactive Oxygen Species 

SCO2   Synthesis of Cytochrome c Oxidase 2 

SCOX   Synthesis of Cytochrome c Oxidase X 

Shc   SHC transforming protein 1 

TDP-43   TAR DNA-binding protein of 43kDa  
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General introduction 
1. Drosophila as a model organism of human disease study 

 In the past few decades, biomedical researchers got success with valuable 

information on numerous human diseases basing on genetics studies. However, the 

limitation of human genetics studies such as complex patterns of inheritance, lack of 

sufficient family pedigree data and population-based genetic heterogeneity, makes it 

difficult to analyze genes activities and pathways in detail. In genetics studies, higher 

animal models such as mice, rats or monkeys have been used. However, now it faces to 

problems of cost, time, legal and ethical boundaries. Hereby, by using fruit flies, a more 

powerful model due to its large collection of available genetic tools, short generation 

time, high reproductive rate, and easily to perform in large-scale genetic screen, can 

make these problems not be developed.  

The fruit fly, Drosophila melanogaster, is a little insect with the size about 

3mm long which accumulates around the spoiled fruits, has been intensely studied for 

more than 100 years with thousands of scientists. In the early 1900’s, by the results of 

consideration of T.H. Morgan, Drosophila came to the central organism in genetics, 

especially to identify mutant genes [1]. Many basic biological or physiological 

functions are conserved between mammals and Drosophila melanogaster, and 80% of 

human disease-causing genes are reported to have a functional homolog and same 

signaling pathway in Drosophila [5-7]. The fly genome, which was completely 

sequenced in 2001, includes 165 million base pair in length (located on only four pairs 

of chromosomes) and contains roughly 14,000 predicted and confirmed genes [2-4]. 

Human has more genes (27,000 human genes) than Drosophila but with the similar 

number of gene families.          
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2. Mitochondrial diseases  

 

 

Figure 1: Symptom of mitochondrial diseases. (Source: www.mitocanada.org) 

 Definition: 

 Mitochondria are known as the powerhouse of the cell by creating more than 

90% of the energy needed by the body to sustain the life and support the growth. When 

mitochondria fail or less in activities, less and less energy is produced within the cell, 
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followed by cell injury or cell death. Each cell contains only one nucleus but more than 

hundreds or thousands of mitochondria and mitochondrial DNA (mtDNA ).    

Mitochondrial diseases are results of dysfunction of the mitochondrial 

respiratory chain, due to the mutations in mtDNA or nuclear DNA (nDNA) which lead 

to altered function of the protein or RNA molecules that normally reside in 

mitochondria. Although mitochondrial diseases are commonly seen in infants and 

children, they happen at any age. While some of mitochondrial diseases only affect a 

single organ, many involve multiple organs and often present with prominent neurologic 

and myopathic features. Patients who get mitochondrial diseases usually harbor a 

mixture of normal and mutant mtDNAs as a heteroplasmy. Furthermore, proportion of 

mutated number of mtDNA affects differently both in among tissues and in age of 

patients. For example, large numbers of mtDNA deletions in heart, muscle, and brain 

become fatal in young adulthood such as Kearns-Sayre syndrome, while large numbers 

of the same mtDNA deletions in blood cause fatal anemia in infancy such as Pearson 

syndrome.   

 The most common symptoms are summarized in Figure 1:  

- Poor growth, loss of muscle coordination or muscle weakness, neurological 

problems, autism, visual and/or hearing problems, developmental delays, learning 

disabilities, heart-liver-kidney diseases, gastrointestinal disorders, diabetes, severe 

constipation, increase risk of infection, memory loss, autonomic dysfunction … etc.  

How common the mitochondria diseases are: 

- 1/2000 children in the US will develop mitochondrial disease by the age of 10 

- 1/4000 children in the US per year were born with a type of mitochondrial 

disease.  

http://www.swmed.edu/home_pages/pearson/survey.htm�
http://www.swmed.edu/home_pages/pearson/survey.htm�
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- In adults, many diseases of aging and diabetes have been found to have 

defects of mitochondrial function.  

Diagnosis and treatment of mitochondrial diseases:  

Mitochondrial diseases are difficult to make diagnoses. Furthermore, due to the 

lack of physician and public awareness, this disease is not often diagnosed. In the 

present day, diagnosis of mitochondrial diseases can be made through a combination of 

clinical observation, laboratory evaluation, brain imaging and muscle biopsies. 

Although new gene techniques such as deep sequencing have been developed but 

genetic testing is rarely sufficient for the diagnosis of mitochondrial diseases. Besides, 

there are no highly effective mitochondrial disease treatments until now. Actually, 

scientists have given their constant efforts in genetics studies to find the real mechanism 

of these diseases and Drosophila melanogaster is used as a convenient animal model for 

human genetic diseases, including those associated with mitochondrial dysfunction. 

With advantages in genetics and molecular biology, I hope to be better in understanding 

mitochondrial diseases. However, the definitive cause of this disease continues to 

evolve.  

3. Epidermal Growth Factor Receptor (EGFR) 

 Epidermal Growth Factor (EGF) is a small 53 amino acid residue protein that 

plays important roles in normal cell growth, oncogenesis and wound healing. EGF binds 

to a specific high-affinity, low-capacity receptor on the surface of responsive cell known 

as Epidermal Growth Factor Receptor (EGFR). EGFR is a typical cell membrane 

receptor tyrosine kinase that is activated following ligand biding and receptor 

dimerization  
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Moreover, EGFR is also a particular molecular target of high promise on 

oncology. Mutation of this gene or overexpression of EGFR is reported to be associated 

with many cancers including lung cancer and breast cancer [9.10]. Understanding the 

mechanism of this receptor activation and function will provide new lead on the clinical 

targeting of this receptor in cancer therapy.  

 It is reported that mitochondrial cytochrome c oxidase subunit II (CoxII) binds 

EGFR at Tyr(P)-845 in a EGF-dependent manner. However the regulation of this 

process is now well defined. One of recent studies revealed that CoxII can be 

phosphorylated by EGFR and EGF stimulation reduces Cox activity and cellular ATP 

level [11], which suggests that EGFR plays a role in modulating mitochondrial function 

via its association with, and modification of CoxII.  

 EGFR signaling pathway is one of the most important pathways which regulate 

the growth, survival, proliferation and differentiation in mammalian cells. The EGFR 

receptors signal through Akt, MAPK, and many other pathways to regulate the cell 

proliferation, migration, differentiation, apoptosis and cell motility [9].  

4. Cytochrome c oxidase (COX) and SCO2 gene 

 Cytochrome c oxidase is the terminal enzyme of the mitochondrial respiratory 

chain which catalyzes the transfer of electron from reduced cytochrome c to molecular 

oxygen in eukaryotes and certain prokaryotes. The enzyme is embedded in the inner 

mitochondrial membrane and is active as a dimer. It has two copper binding sites, two 

hemes, a magnesium ion and a zinc ion.  

Cytochrome c oxidase (COX) deficiency is a genetic condition that affects 

many parts of the body, with the signs and symptoms begin before age of two. 

Cytochrome c oxidase (COX) deficiency is frequently fatal in childhood. However, it 
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may appear later in mildly affected individuals, correlated with the myopathy and 

hypotonia with no other health problems.  

 In man, mutations of five human nuclear COX assembly genes, including 

SURF1, SCO2, SCO1, COX10 and COX15, have been associated with mitochondrial 

abnormalities and COX deficiency. Human SCO1 and SCO2 are paralogous genes that 

code the metallochaperone proteins that play roles in copper delivery to cytochrome c 

oxidase with the highly conserved potential copper-binding motif, CxxxC. Mutation in 

the human SCO2 gene have been found to cause fatal, early onset of hypertrophic 

cardiomyophathy with encephalopathy [10,11], while mutations in SCO1 have recently 

been reported in a family with hepatopathy and ketocaidotic coma, with no cardiac 

symptoms [12]. Recent studies showed that human SCO2 is also the downstream 

mediator of the balance between the utilization of respiratory and glycolytic pathways 

[13] and has a regulatory role in the maintenance of cellular copper homeostasis [14]. 

Synthesis of cytochrome c oxidase X (SCOX) is a Drosophila orthologue of human 

SCO2. Alignment of amino acid sequences of both proteins is shown in Figure 2.  
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Figure 2: Alignment of human SCO2 and Drosophila SCOX amino acid 

sequence. Identity is indicated by two-dot place. The copper binding domains including 

the CXXXC motif are in red box. The histidine residue at position 205 of the 

Drosophila protein, also involved in copper binding [16,17], is indicated by an arrow. 

The alignment was made by using BLAST and FASTA. The overall identity and the 

similarity of the amino acid sequences of SCOX and SCO2 are 48.6% and 78.4%, 

respectively.  

5. Amyotrophic lateral sclerosis (ALS)  

 ALS is a fatal neurodegenerative disease that is characterized by degeneration 

of motor neurons of the brain and the spinal cord, which leads to progressive muscle 

weakness and fatal paralysis [18]. Most cases of ALS are sporadic, but some patients 

have a family history such as a result of mutation in the gene for Cu/Zn superoxide 
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dismutase 1 (SOD1) that is located in cytoplasm [19-23]. SOD2 that is not related to 

ALS is located in mitochondria and may relate to mitochondrial function. Pathology of 

ALS involve in many mechanisms such as oxidative stress, glutamate excitotoxicity, 

mitochondrial damage, defective axonal transport, glia cell pathology and aberrant RNA 

metabolism.  

 The ALS-related mutant SOD1 have also been found in the intermembrane 

space, matrix and outer membrane of mitochondria [24-27] and it is believed to cause 

multiple damages to mitochondria such as loss of mitochondrial membrane potential or 

swelling of the important organelle [28,29]. The consequences include impaired 

respiratory complex [30-33], loss of mitochondrial membrane potential, disruption of 

calcium homeostasis, and impaired axonal transport of mitochondria, potential 

imbalance of mitochondrial fission and fusion and a decrease of ATP production [32]. 

Furthermore, apoptosis can be activated [34-36]. Various aspects of the underlying 

mechanisms as well as functional consequences of mitochondrial dysfunction are 

observed to believe that mitochondrial dysfunction plays a critical role in mutant SOD1 

mediated familial ALS.   
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5. Outline of this thesis  

5.1. Chapter 1: Role of SCOX in determination of Drosophila melanogaster 

lifespan 

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 oxidative 

species and/or impairment of mitochondrial activity under oxidative stress. 

5.2. Chapter 2: Genetic link between Cabeza, a Drosophila homologue of 

Fused in Sarcoma (FUS), and the EGFR signaling pathway 

Amyotrophic Lateral Sclerosis (ALS) is a fatal neurodegenerative disease that 

causes progressive muscular weakness. Fused in Sarcoma (FUS) that has been 

identified in familial ALS is a RNA-binding protein that is normally localized in the 
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nucleus. However, its function in vivo is not fully understood. Drosophila has Cabeza 

(Caz) as a FUS homologue and specific knockdown of Caz in the eye imaginal disc and 

pupal retina using a GMR-GAL4 driver was here found to induce an abnormal 

morphology of the adult compound eyes, a rough eye phenotype. This was partially 

suppressed by expression of the apoptosis inhibitor P35. Knockdown of Caz exerted no 

apparent effect on differentiation of photoreceptor cells. However, immunostaining with 

an antibody to Cut that marks cone cells revealed fusion of these and ommatidia of 

pupal retinae. These results indicate that Caz-knockdown induces apoptosis and also 

inhibits differentiation of cone cells, resulting in abnormal eye morphology in adults. 

Mutation in EGFR pathway-related genes, such as rhomboid-1, rhomboid-3 and mirror 

suppressed the rough eye phenotype induced by Caz-knockdown. Moreover, the 

rhomboid-1 mutation rescued the fusion of cone cells and ommatidia observed in Caz 

-knockdown flies. The results suggest that Caz negatively regulates the EGFR signaling 

pathway required for determination of cone cell fate in Drosophila. 
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Chapter 1:  

Role of SCOX in determination of Drosophila 

melanogaster lifespan 
1.1. Introduction  

1.1.1. Cancer and ATP 

Although humans can live longer nowadays, we have to face so many serious 

diseases, such as cancers. Nowadays, cancer is a leading cause of disease worldwide. In 

2012, 14.1 million of new cases of cancer were estimated in the world: 7.4 million 

(53%) in males and 6.7 million (47%) in female (Source: www.cancerresearchuk.org). 

The most common cancers are lung, female breast, bowel and prostate, which account 

for about 42% of all the cases all over the world. Although there are so many invention 

of cancer treatment reported nowadays, such as surgery, hormone therapy, radiation, 

chemotherapy, immunotherapy, targeted therapy and so on, it is predicted that there will 

be 23.6 million new cases worldwide each year by 2030. That is why scientists are 

taking constant efforts to find the last answer for mechanism of cancer development.  

The oldest case of cancer was reported in ancient Egypt, about 3000 B.C with a 

description of 8 cases of tumors or ulcers of the breast that were removed by 

cauterization with a tool called a fire drill. And in the ancient description of this disease, 

it was written that “there is no treatment” for this disease. It was not until 400 B.C that 

the word “cancer” was firstly credited by the “Father of Medicine” – Greek physician 

Hippocrates. Cancer begins when cells in a part of the body start to divide and 

reproduce uncontrollably, to become abnormal cells. The result is a growth called a 

tumor, which will cause many problems or pressure on the nearby tissues. Serious 
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malignant tumors can spread throughout the body and invade all the tissues, which 

blocks the normal activities of these tissues. For examples: if cancer happens in the 

digestive system, nutrients cannot go through the intestines. When this happens, none of 

the nutrients can be absorbed. Another example is if cancer affects to the lung, there 

won’t be enough healthy lung tissues to allow adequate oxygen flow. Generally these 

could cause death in almost cases.     

Over the last few decades, a variety of disorders including cancers and 

numerous neurodegenerative diseases (e.g. Alzheimer’s and Parkinson’s diseases), have 

been proven to be caused by defects in mitochondrial functions [1-4]. Mitochondria are 

well known to play a central role in the regulation of cellular function including 

metabolism and cell death in cancer cells. Several functional 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 impairs 

mitochondrial functions contributing to aging and disease.  

In recent studies, it is reported that some evidence being suggested to prove the 

relations between cancer and cellular metabolic program. In 1931, with the investigation 

of the metabolism of tumors and the respiration of cells, Otto Heinrich Warburg got the 

Nobel Prize in Physiology and Medicine and put the first stone on studying relationship 

between cell metabolism and oncology. He noted that the cancer cells growing in 

normal oxygen conditions have an increased rate of glycolysis, compared with the 

normal cells (the Warburg effect).  
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ATP, adenosine triphosphate, is a usable form of energy for cells. All living 

cells make ATP. The oxidative phosphorylation in mitochondria provides most of the 

ATP in nearly all cell types. In the cellular respiration of normal cells, by using oxygen 

through an aerobic process, a single molecule of glucose produces 36 to 38 servings of 

ATP. In contrast, the cancer cells rely mainly in the anaerobic process in which glucose 

was used to produce 2 servings of ATP. And because cancer cells rely on the glycolysis 

which only has 2 servings of ATP, they need more glucose for their activity.   

 

 
 

Figure 1: Comparing to normal cells and cancer cells in producing ATP 

(Source: http://www.scientificamerican.com) 

1.1.2. COX and SCO2 

Cox (Cytochrome c oxidase or Complex IV) is the main transmembrane 

protein complex found in mitochondrion, and acts as the last enzymes of respiratory 

chains located in the mitochondrial membrane. In human, 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, 
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heart and kidney [7]. COX 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. In normal cells, it is recognized that the 

presence of oxygen results in the activation of an oxygen-dependent pathway of 

oxidative phosphorylation (OXPHOS) and inhibition of glycolysis, but most cancer 

cells show a higher rate of glycolysis even with only adequate oxygen levels. A high 

rate of aerobic glycolysis, or the Walburg effect, connects the high rate of glucose 

fermentation to cancer, and maintains relations with the p53-SCO2-respiration axis. 

Mutation of mitochondrial inner membrane gene- SCO2, one of two human 

SCO-encoding genes, is reported to result in severe COX deficiency [6]. Mutations in 

SCO2 are also reported to be associated with hypertrophic cardiomyopathy and 

encephalopathy that presents soon after birth [8]. Affected infants have respiratory 

difficulties and metabolic acidosis, and die within the first year of life. In patients with 

SCO2 mutations, neuropathological defects are various, including heterotopia, gliosis, 

early capillary proliferation, and atrophy [2, 7, 9, 10]. However, no child with SCO2 

mutations has neuropathological defects consistent with the Leigh syndrome, possibly 

because of their death before manifesting such features [10-12]. Moreover, on survival 

analysis, high SCO2-expressing breast-cancer patients show a significantly better 

prognosis than low SCO2-expressing counterparts [13]. 

Synthesis of cytochrome c oxidase X (SCOX) is a Drosophila orthologue of 

human SCO2. To gain further insight into the in vivo roles and genetic functions of 

SCO2, we used Drosophila melanogaster as a model system. In Drosophila 
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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 dysfunction and female sterile 

phenotypes [14]. Here, we generated SCOX-knockdown flies and the full length SCOX 

transgenic flies to investigate the in vivo roles of SCOX. SCOX-knockdown flies 

carrying UAS-SCOXIR and the full length SCOX transgenic flies carrying UAS-SCOX 

were established. Lifespan, morphology and mobility were examined in each transgenic 

fly strain, for comparison with wild type and control flies.  

1.2. Materials and methods 

1.2.1. Fly stocks 

Fly stocks were maintained at 25oC on standard 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 targeted to the region 

corresponding to residues 600-964 of Drosophila SCOX. The SCOX-knockdown fly 

strain (Act5C-GAL4>UAS-SCOXIR7861) 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 

targeted 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. 
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1.2.2. Oligonucleotides 

CG8885XbaI  5’-GCCTCTAGAGTACAACGAAACAACATTTG-3’ 

CG8885BamHI 5’-GGTCAACGGTGATCCCGATGGATCCTG-3’ 

CG8885BglII 5’-TTCAGATCTTCCCGCTCCCTGCAACGCTT-3’ 

CG8885KpnI 5’-TTCGGTCCCTAGCTGAACCATCCCTTTT-3’ 

1.2.3. 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 establish the transgenic fly line carrying UAS-SCOXIR, a 365-bp fragment 

of SCOX was amplified by PCR using primers CG8885BamlHI and CG8885XbalI, 

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 XbaI and inserted into 

the NheI and XbaI 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 carrying UAS-SCOXIR and UAS-SCOX. P 

element-mediated germline transformation was accomplished as described [15] and F1 
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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 primarily 

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.  

1.2.4. 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 ( E. coli) BL21 to 

express the His-SCOX full length fusion protein. In brief, lysates of cells were prepared 

by sonication in PBS containing 1mM phenylmethanesulfonyl fluoride (PMSF) and 

separated into supernatant and pellets by centrifugation at 12,000g for 20 min at 4oC. 

Pellets were dissolved in 6M urea buffer (6M urea, 50mMTris-HCl, pH 8.0, 1mM 

EDTA), and purified by electrophoresis through Ni-NTA agarose (QIAGEN). After 

purification, the urea buffer was replaced with PBS by dialysis.  

1.2.5. Preparation of anti-SCOX antibody 

The purified GST-SCOX full length fusion protein was used to elicit 

polyclonal antibody production in a Guinea pig. The resulting antiserum was used at 

1:5000 dilution for Western Blotting Assays.  
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1.2.6. 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 standard 

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. Survival functions were 

estimated using the Kaplan-Meier procedure [16] and plotted as survival curves.  

1.2.7. 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 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 homogenates were boiled at 100oC for 5 min, and then 

centrifuged. The supernatants of extracts were electrophoretic ally separated on SDS 

polyacrylamide gels containing 12% acrylamide and then transferred to polyvinylidene 

difluoride (PVDF) membranes (Bio-Rad, Osaka, Japan). The blotted membranes were 

blocked with TBS/ 0.05% Tween containing 5% skim milk for 1 hour at 25oC, followed 

by incubation with Guinea pig polyclonal anti-SCOX at a 1:2,000 dilution for 16 hours 

at 4oC. 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 25oC. Antibody binding was detected by using ECL Western blotting 
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detection reagents (GE Healthcare Bioscience) and images were analyzed using a 

Lumivision Pro HSII image analyzer (Aisin Seiki, Kariya, Japan). To confirm equal 

amounts of protein loading in each lane, the membranes were also probed with an 

anti-α-tubulin antibody after stripping the complex of anti-SCOX antibody and 

HRP-conjugated anti-Guineapig IgG. For the detection of α-tubulin, mouse 

anti-α-tubulin monoclonal antibody (1:5,000 dilution, 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.  

1.2.8. Quantitative RT-PCR 

Total RNAs from whole bodies of Drosophila were purified with Trizol 

(Invitrogene) and 1μg 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 1μg of reverse transcribed sample 

per reaction. Levels of mRNA in each fly strain were investigated by the CT 

comparative method [17]. The Rp49 was used as an endogenous reference gene. 

Experiments were performed in triplicate for each of three RNA batches isolated 

separately.  

1.2.9. 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 100μl Assay Kit buffer 

and then centrifuged at 12,000 g for 10 min. The supernatant was transferred into a new 

microtube and 10μl of the supernatant was mixed with 100μl of measure buffer, 
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followed by incubation for 10 min at 25oC to stabilize luminescent signals before being 

read on a Lumat LB 9507 luminometer (Berthold).  

1.2.10. Climbing Assays 

Climbing assays were performed at 25oC and 60% humidity. 

Act5C-GAL4>UAS-SCOX flies and wild type flies were placed at 28oC, 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 genotype). Flies were transferred, without anesthesia, 

to a hinge tube with a line at the height of 17.5cm. 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 elosed time and 3 weeks, and 

4 weeks after elosing.   

1.2.11. Paraquat Assays  

Paraquat assays were carried out in a humidified, temperature controlled 

incubator at 28oC and 60% humidity under 12-hour light and 12-hour dark cycle culture 

condition. Instant food with added 10mM paraquat was used. Newly eclosed male adult 

flies of control flies carrying Act5C-GAL4 alone, and Act5C-GAL4>UAS-SCOX 

transgenic flies were separated 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 procedure [16] and plotted as survival 

curves.  
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1.2.12. Data analysis 

All statistical analyses were performed using Microsoft Excel. The 

Kaplan-Meier procedure was used for assessment of the statistical significance 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 comparisons. All data are shown as 

means ±SEM. 

 

1.3. Results  

1.3.1. Specificity of the anti-SCOX antibody and evaluation of SCOX level in 

transgenic flies carrying 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 immunoblotting was carried out 

with the extracts of adult-male flies of wild type Canton S. A band corresponding to 

approximately 25 kDa was detected in extracts from Canton S using the anti-SCOX 

antibody (Figure 2A, lane2). The size of the detected band is nearly identical to the size 

(28,175.2 kDa) of SCOX protein which is predicted 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. Moreover, 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 2A, lane 1). The data indicate that the prepared antibody is highly 

specific to the SCOX protein. 
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To confirm the knockdown or expression of SCOX in the transgenic flies 

Act5C-GAL4>UAS-SCOXIR7861, Western immunoblotting was performed again with 

anti-SCOX antibody. In extracts from the SCOX-knockdown 

Act5C-GAL4>UAS-SCOXIR7861 flies, no 25kDa SCOX was detected, confirming that 

SCOX was effectively knocked down in the Act5C-GAL4>UAS-SCOXIR7861 flies 

(Figure 2B, lane 3). 

To further examin the knockdown or expression 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 2C). 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 2B, 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 2D). 

1.3.2. 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-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. 
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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 

COX complex [18, 19]. In eukaryotic cells, this is crucially important for aerobic 

respiration 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 activity of mitochondria, and lowered 

ATP. To examine 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 3B) 

(p<0.001) and continued decreasing until death. In contrast, the 

Act5C-GAL4>UAS-SCOXIR20 flies show no significant difference in ATP level as 

compared with type flies, and the control flies carrying Act5C-GAL4 alone at the third 

larval stage (Figure 3A). 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 3C). 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 3C), while wild type flies 

showed a constant of ATP level. These results showed SCOX to be essential for the 
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viability of Drosophila and the lethal phase coincides with the development stage of the 

knockdown flies showing the lowest ATP levels.   

1.3.3. 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 lethality, 

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 developmental 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 4). The median 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 average 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 statistically 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 5), 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 5). 
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All of these increases in mobility were statistically significant (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 3D). 

Moreover, while decrease of ATP level was observed in 4-week as compared with 

3-week-old wild type flies (p< 0.05), this was not observed with 

Act5C-GAL4>UAS-SCOX flies (Figure 3D). 

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 lethality at 

young age, while increase in the Act5C-GAL4>UAS-SCOX flies helps to extend their 

lifespan. 

1.3.5. Role of SCOX in alleviating mitochondrial oxidative 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 lifespan [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 10mM paraquat, known to impair the mitochondrial 

functions by increasing the level of ROS [20-22], the lifespan of 
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Act5C-GAL4>UAS-SCOX flies was observed to be longer than those of wild type and 

control flies under the same conditions (Figure 6). 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 consequently prolong the lifespan. 

 

1.4. Discussion 

In a previous study, SCO2 mutation was found to lead to reduced-ATP levels 

[23]. Here I showed equivalent decrease in ATP in SCOX-knockdown flies, pointing to 

similarity between Drosophila SCOX and human SCO2 in functions. Recently, 

mutations in SCO2 have been reported in patients with fatal infantile 

cardioencephalomyopathy 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 kidney [7]. Common signs 

or symptoms of cytochrome c oxidase defects are frequently found in childhood. 

Cytochrome c oxidase receives an electron from each of four cytochrome c molecules, 

transfers them to a single oxygen molecule and then converts molecular oxygen to two 

molecules of H2O. In addition, it translocates four protons across the membrane, 

establishing a transmembrane difference of proton-electrochemical 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 
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this study, the SCOX-knockdown flies demonstrated 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 longer 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 production 

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 protein level as analyzed by Western immunoblotting analysis. 

However, the full length SCOX transgenic flies show a longer lifespan than the wild 

type flies. These results suggest a possibility 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 constant. 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 mitochondrial energy production and 

oxidative phosphorylation 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 lifespan than the wild type flies 

under conditions of 10 mM paraquat feeding. In a previous study, Ca2+ was shown to 

play a role in ATP synthesis 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 beneficial for mitochondrial functions, but in the 
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presence 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.  

The results in the thesis 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 oxidative 

species and/or impairment of mitochondrial activity under oxidative stress.  

In conclusion, this thesis identified characteristics of the whole bodies of 

SCOX-knockdown and full length SCOX transgenic flies. We propose that SCOX plays 

an important role in mitochondrial anti-oxidative stress mechanisms or in a 

mitochondrial death pathway that is important for Drosophila lifespan.  
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Figure 2: A, Western immunoblotting analysis with extracts from Canton S 

adult-fly and E. coli producing His-SCOX (full length) fusion protein. Lane1: 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/+ 
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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 3: 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 
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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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Figure 4: 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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Figure 5: 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 
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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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Figure 6: 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 10mM 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).  
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Chapter 2: 

Genetic link between Cabeza, a Drosophila 

homologue of Fused in Sarcoma (FUS), and the 

EGFR signaling pathway 
2.1. Introduction 

Amyotrophic lateral sclerosis (ALS) is a fatal neurodegenerative disease that is 

characterized by degeneration of upper and lower motor neurons of the brain and the 

spinal cord, which leads to progressive muscle weakness and fatal paralysis [1]. Most 

cases of ALS are sporadic, but some patients have a familial history as a result of a 

mutation in the gene for Cu/Zn superoxide dismutase (SOD1) [2].  

The family of MAPKs includes ERK, p38 and JNK. Each MAPK signaling 

pathway consists of at least three components, a MAPK kinase kinase, a MAPK kinase 

and a MAPK. Deviation from strict control of MAPK signaling pathways has been 

implicated in the development of human neurodegenerative diseases including 

Alzheimer’s, Parkinson’s and ALS [3]. Recently it was reported that aberrant 

expression and activation of p38 in motor neurons and microglia play important roles in 

ALS progression [4]. Persistent activation of p38 correlates with degeneration of motor 

neurons in transgenic mice expressing a mutant SOD1 [5,6]. Moreover a p38 inhibitor 

was demonstrated to prevent the apoptosis of motor neurons induced by a mutant SOD1 

[7]. Thus a possible link between MAPK signaling and ALS has been suggested.  

A substantial number of proteins linked to ALS are directly or indirectly 

involved in RNA processing [8]. Among RNA-binding proteins, mutations in the TAR 

DNA-binding protein of 43kDa gene (TDP-43) and fused in sarcoma (FUS) gene have 
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been identified as major genetic causes in both familial and sporadic ALS [9-18]. 

TDP-43 and FUS are implicated in multiple aspects of RNA metabolism including 

transcriptional regulation, mRNA splicing and mRNA shuttling between the nucleus 

and the cytoplasm [19,20].  

Drosophila melanogaster has a single orthologue of human FUS, named 

Cabeza (Caz). In situ hybridization and immunohistochemistrical analyses demonstrated 

that Caz mRNA and protein are enriched in the brain and central nervous system (CNS) 

during embryogenesis, and the Caz protein has been detected in the nuclei of several 

larval tissues and in imaginal discs [21,22]. The full-length recombinant Caz protein 

and its RRM domain are capable of binding RNA in vitro [21]. These findings suggest 

that Caz is a nuclear RNA binding protein that may play an important role in the 

regulation of RNA metabolism during Drosophila melanogaster development.  

In the previous studies using neuron specific Caz-knockdown flies, it was 

demonstrated that Caz functions in neuronal cell bodies and/or axons of the CNS and is 

involved in elongation of synaptic branches of motoneurons [22]. However, 

contributions of Caz during development of various tissues in Drosophila melanogaster 

are not fully understood. As a first step toward clarification, we investigated the effect 

of knockdown of Caz on eye development and revealed a rough eye phenotype, 

accompanied by apoptosis, abnormal differentiation of cone cells and defects in 

ommatidia rotation. In addition, a Rhomboid-1 mutant could be shown to rescue the 

fusion of cone cells and mutations of rhomboid-3 and mirror significantly suppressed 

the rough eye phenotype of the Caz-knockdown flies. Since rhomboid-1, rhomboid-3, 

and mirror are EGFR pathway-related genes, these results indicate genetic links 

between Caz and EGFR signaling.   
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2.2. Materials and Methods 

2.2.1. Fly stocks 

Fly stocks were maintained at 25°C on standard food containing 0.7% agar, 5% 

glucose and 7% dry yeast. Canton S was used as the wild type. w; UAS-Caz-IR363-399; 

+ (CG3606) and UAS-rho-IR28690 was obtained from Vienna Drosophila RNAi Center 

(VDRC). The RNAi of this strain was targeted to the region corresponding to residues 

363-399 of Drosophila Caz (UAS-Caz-IR363-399). Four and seven transgenic strains 

carrying UAS-Caz-IR1-167 and UAS-Caz-IR180-346 were established, respectively [22]. 

Each transgenic strain showed a consistent phenotype. Alleles of the following genes 

were obtained from the Bloomington Drosophila stock center: mirrorSaiD3, ru1, rho7M43 

and rhoAA69. Enhancer trap lines carrying the lacZ markers AE127 (inserted into 

seven-up) [23] and P82 (inserted into deadpan) [24] were obtained from Y. Hiromi. 

These lines express the β-galactosidase marker in photoreceptor cells (R) of 

R3/R4/R1/R6 and R3/R4/R7, respectively. hspFlp; +; tub1> FRT cd2 FRT> GAL4, 

UAS-GFP/ TM3 was a kind gift from A. Plessis. Establishment of lines carrying 

GMR-GAL4 was as described earlier [25]. Act5C-GAL4/ TM6B flies were also 

obtained from the Bloomington Drosophila stock center. 

2.2.2. Generation of RNAi clones in retinae  

RNAi clones in retinae were generated with the flip-out system [26]. Female 

flies with hspFlp; +; tub1> FRT cd2 FRT> GAL4, UAS-GFP/ TM3 were crossed with 

w; UAS-Caz-IR363-399; + male flies and clones were marked by the presence of GFP. 

Flip-out was induced 24-48 h after egg laying with a 60 min heat shock at 37°C. 
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2.2.3. Immunostaining 

For immunohistochemistory, larval eye imaginal discs and pupal retinae were 

dissected, and fixed in 4% paraformaldehyde/ PBS for 15 min and 30 min at 25°C, 

respectively. After washing with PBS containing 0.3% Triton X-100, the samples were 

blocked with PBS containing 0.15% Triton X-100 and 10% normal goat serum for 30 

min at 25°C, and incubated with diluted primary antibodies in PBS containing 0.15% 

Triton X-100 - 7 - and 10% normal goat serum for 16h at 4°C. The following antibodies 

were used: mouse anti-LacZ (1:500, Developmental Studies Hybridoma Bank [DSHB], 

40-1a), mouse anti-Elav (1:200 DSHB 9F8A9), mouse anti-Cut (1:500, DSHB 2B10), 

and mouse anti-Discs large (1:500) (DSHB) anf anti-di-phospho ERK (dpERK) (1:500) 

(Sigma). After extensive washing with PBS containing 0.3% Triton X-100, samples 

were incubated with secondary antibodies labeled with either Alexa 546 or Alexa 488 

(1:400, Invitrogen) for 3h at 25°C. Alexa 488-conjugated phalloidin (200 units/ ml) was 

used for the detection of F-actin. After extensive washing with PBS containing 0.3% 

Triton X-100, samples were mounted in Vectashield (Vector Laboratories Inc.) and 

analyzed by confocal laser scanning microscopy (Olympus Flouview FV10i).  

2.2.3. Western immunoblot analysis 

Protein extracts from the whole pupae of Drosophila carrying Act5C-GAL4/+ 

or Act5C-GAL4/+; UAS-Caz-IR363-399/+ were prepared as previously described [22]. 

The homogenates were boiled at 100 °C for 5 min, and then centrifuged. The 

supernatants (extracts) were electrophoretically separated on SDS-polyacrylamide gels 

containing 12% acrylamide and then transferred to polyvinylidene difluoride (PVDF) 

membranes (Bio-Rad). The blotted membranes were blocked with TBS/0.05% Tween 

containing 5% skim milk for 1 h at 25 °C, followed by incubation with rabbit polyclonal 
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anti-Caz at a 1:5,000 dilution for 16h at 4°C. After washing, the membranes were 

incubated with HRP-conjugated anti-rabbit IgG (GE Healthcare Bioscience) at 1:10,000 

dilution for 2 h at 25°C. Antibody binding was detected using ECL Western blotting 

detection reagents (GE Healthcare Bioscience) and images were analyzed using a 

Lumivision Pro HSII image analyzer (Aisin Seiki).  

2.2.3. Apoptosis assay 

Third instar larvae or 42APF pupae were dissected in PBS and the eye imaginal 

discs or pupal retinae were fixed in 4% paraformaldehyde in PBS for 30 min at 25°C. 

After being washed with 0.3% PBST, the samples were permeabilized by incubation in 

0.25% PBST for 20 min in 25°C. After washing with H2O, the TUNEL reaction was 

carried out using a Click-iT TUNEL Alexa Fluor 594 Imaging Assay Kit (Life 

Technologies) according to the manufacture’s recommendations.  

2.2.4. Scanning electron microscopy 

Adult flies were anesthetized, mounted on stages, and observed under a 

scanning electron microscope (SEM) VE-7800 (Keyence Inc.) in the low vacuum mode. 

The eye phenotype of at least five adult male flies (3 to 5 days old) of each line was 

examined in each experiment and the experiments were done in triplicate. No 

significant variation in eye phenotype was observed among the five individuals. 

2.2.5. Data analysis 

Quantification of intensity of Caz signals was carried out with six to nine 

different samples by using Meta Morph software (Molecular Devices). For the 

statistical analysis, Microsoft Excel 2007 was used. P-values were calculated using 

Welch’s t-test and the error bars represent Standard Errors from Means. 
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2.3. Results 

2.3.1 Knockdown of Caz in eye imaginal discs induces morphologically 

aberrant rough eyes 

In order to investigate in vivo functions of Caz, we examined the effect of 

reduction of Caz protein in vivo using a combination of the GAL4-UAS targeted 

expression system and the RNAi method. Knockdown of Caz in all tissues by the 

Act5C-GAL4 driver strain resulted in late pupal lethality in transgenic lines carrying 

UAS-Caz-IR1-167 (data not shown). Knockdown of Caz in eye imaginal discs by the 

GMR-GAL4 driver strain, in which Caz double-stranded RNA (dsRNA) was expressed 

in the region posterior to the morphogenetic furrow, induced morphologically aberrant 

rough eyes. SEM images showed fusion of ommatidia and a lack of bristles (Data not 

shown). Flies carrying GMR-GAL4 alone exhibited apparently normal eye morphology 

(Data not shown). Moreover, to eliminate the possibility of off-target effects, we 

established eleven independent transgenic fly lines carrying UAS-Caz-IR targeted to the 

different regions of the Caz mRNA assessed in a previous study [22]. Phenotypes of the 

established transgenic fly lines crossed with the GMR-GAL4 driver strain are reported 

[27]. Each independent strain showed the similar rough eye phenotype as the flies 

carrying UAS-Caz-IR targeted to different regions of the Caz mRNA (Data not shown). 

These results suggest that the rough eye phonotype observed in Caz-knockdown flies is 

not due to a possible insertional mutation or off-target effect but rather to reduction of 

the Caz protein level. Throughout the following studies, we utilized the strain CG3606 

carrying UAS-Caz-IR363-399. 

To investigate whether the expression of Caz dsRNA efficiently reduces the 

level of Caz protein, we performed immunostaining of pupal retinae at 42 h after pupal 
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formation (APF) with anti-Caz antibodies. We utilized the flip-out system to produce 

the RNAi clone so that the level of Caz could be directly compared within a single 

retina. We used UAS-Caz-IR363-399 line, since it apparently showed the severest rough 

eye (Figure S1E and F). Within the RNAi clone of Caz marked by the presence of GFP 

signals, Caz signals marked by Red were reduced by 50 % (Figure 1A to G). Double 

immunostaining of pupal retinae with anti-cut antibody and ant-Caz antibody revealed 

relatively high expression of Caz in cone cells (Figure 1J) and the Caz signal was 

reduced by 62% in flies expressing Caz dsRNA drived by GMR-GAL4 (Figure 1K and 

N). Moreover, effective knockdown of Caz in pupae of UAS-Caz-IR363-399 line was 

demonstrated by the Western immunoblot analysis with anti-Caz antibody (Figure 10). 

All of these results further indicate that the rough eye phenotype observed in RNAi flies 

of Caz is due to reduction of the Caz protein level.  

2.3.2. Knockdown of Caz induces apoptosis in pupal retinae 

Extensive apoptosis could be considered as one factor causing fused ommatidia 

in the adult compound eye, since it is frequently accompanies this phenotype. We 

therefore examined if excessive cell death might occur during eye development in 

Caz-knockdown flies by crossing GMR-GAL4; UAS-Caz-IR363-399; + with flies 

expressing a broad specificity Caspase inhibitor P35 encoded by the baculovirus 

Autographa californica [28]. Partial suppression of the rough eye phenotype induced by 

knockdown of Caz was observed in flies co-expressing P35 (Figure 2A, a-f). Expression 

of P35 alone exerted no apparent effect on the compound eye morphology (Figure 2A, g 

and h). Moreover, we monitored apoptotic cells in third instar larval eye imaginal discs 

by TUNEL assay. However, no detectable apoptotic signals in eye imaginal discs of 

these flies was observed (Figure 2B, a, d, g and j). We therefore next examined pupal 



56 
 

retinae at 42 h APF by TUNEL assay. Apoptotic cells detected in the Caz-knockdown 

retinae were significantly reduced in flies expressing P35 (Figure 2B, c, f and i). These 

results indicate that knockdown of Caz induces apoptosis in some cells in pupal retinae 

2.3.3. Knockdown of Caz interferes with cell differentiation in pupal retinae  

Photoreceptor cells are known to be generated in a stereotype order: R8 is 

generated first, with movement posterior from the morphogenetic furrow, then cells are 

added pair wise (R2 and R5, R3 and R4, and R1 and R6), and R7 is the last 

photoreceptor to be added to each cluster [29]. To investigate whether Caz-knockdown 

inhibits differentiation of photoreceptor cells, we crossed flies expressing Caz dsRNA 

with two enhancer trap lines, AE127 and P82, to specifically mark photoreceptor cells 

of R3/R4/R1/R6 and R3/R4/R7, respectively and then immunostained the eye imaginal 

discs with anti-β-galactosidase antibodies (Data not shown). In parallel, we carried out 

immunostaining of eye imaginal discs with anti-Elav antibodies (Data not shown). Elav, 

a pan-neuronal marker is normally expressed in the posterior portion of the eye imaginal 

discs. In eye imaginal discs of Caz-knockdown flies, all eight photoreceptor cells and 

their neuron appeared to differentiate normally (Data not shown). 

We next examined the pattern formation in pupal ommatidia of 

Caz-knockdown flies. Differentiation of photoreceptors, cone cells, and 1°, 2°, and 3° 

pigment cells was completed by about 42 h APF at 28°C. However, in pupal retinae of 

Caz-knockdown flies, immunostaining with an anti-Cut antibody that marks cone cells 

showed that some of these were fused in flies expressing Caz dsRNA (Figure 3D and H). 

Flies carrying GMR-GAL4 alone exhibited apparently normal cone cells (Figure 3A 

and H). The quantified data indicate that occurrence of cone cell fusion was increased 

by 5.7 fold in the Caz-knockdown retinae. 
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Furthermore, we monitored apical cell junctions in pupal retina at 42 h APF by 

immunostaining with anti-Discs large. The results showed cells in pupal retinae of Caz 

-knockdown flies to be attached loosely, the orientation of ommatidia to be irregular, 

and the size of ommatidia to vary (Figure 4C). In addition some ommatidia were 

apparently fused (Figure 4C). These data suggest that knockdown of Caz disrupts 

differentiation of pupal ommatidial cell types, especially cone cells, and 1°, 2°, and 3° 

pigment cells, probably by repressing or enhancing expression of genes involved in 

differentiation processes.  

2.3.4. Genetic link between Caz and rhomboid 

The epidermal growth factor-receptor (EGFR) signaling pathway, 

evolutionarily conserved from C. elegans to man, controls a variety of different cellular 

processes. In Drosophila melanogaster, these include proliferation, patterning, cell-fate 

determination, migration, and survival [30]. Contributions to cone cell-fate and 

ommatidial rotation have also been documented [30-33]. One of the rate limiting 

components of Drosophila EGFR signaling is Rhomboid [32-34]. We therefore 

examined the effects of mutations that might modify the Caz-induced rough eye 

phenotype, especially focusing on the rhomboid gene.  

Half dose reduction rhomboid-1 (rho) significantly suppressed the rough eye 

phenotype (Figure 5A, a, b, c and d) and rescued the fusion of cone cells (Figure 3E and 

H) in pupal retinae. Rescue of the fusion of the cone cells was also observed with 

overexpression of P35 (Figure 3G and H), suggesting that induction of apoptosis is also 

responsible for this phenotype. Two different alleles of rho showed suppression of the 

rough eye (Figure 5A, a, b, c and d). In addition, similar extent of suppression of the 

rough eye was observed by knockdown of rho (Figure 5A, m and n), but not by 
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expression of dsRNA for GFP (Fig. 5A, k and l). Rhomboid-1 is a seven 

membrane-spanning serine protease, undergoing cleavage of Spitz to release the 

secreted form as an EGFR ligand from the Golgi apparatus [32-35]. In the eye, 

Rhomboid-3, also known as Roughoid, cooperates with Rhomboid-1 [32, 33]. 

Expectedly, the Rhomboid-3 hypomorph mutant ru1 also demonstrated suppression of 

the rough eye phenotype induced by knockdown of Caz (Figure 5A, g and h). Moreover, 

a mirror loss of function mutant mirrSaiD3 similarly suppressed the rough eye phenotype 

(Fig. 5A, e and f). The mirror gene encodes a homeodomain-containing transcription 

factor that is thought to activate transcription of rhomboid [36]. In addition, 

immunostaining of eye imaginal discs with anti-dpERK antibody also pointed activation 

of ERK signals in the Caz-knockdown flies (Figure 5B). These results indicate a genetic 

link between Caz and the EGFR signaling pathway.  

 

2.4. Discussion 

In this study, I found that Caz-knockdown in eye imaginal discs induces a 

rough eye phenotype associated with apoptosis, abnormal differentiation of cone cells 

and pigment cells, and defects in ommatidia rotation in pupal retinae. However, 

apoptosis and differentiation of photoreceptor cells were not affected in larval eye 

imaginal discs expressing Caz dsRNA. Why did Caz-knockdown in eye imaginal discs 

affect pupal retinae but not third instar larval eye discs? In situ hybridization and 

immunohistochemistrical analyses demonstrated that Caz mRNA and protein are 

enriched in the brain and CNS during embryogenesis, and Caz protein was detected in 

the nuclei of several larval tissues and in imaginal discs [21]. However, the expression 
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level of Caz is higher in adult eyes than in larval eye discs (Flybase). Thus, it is possible 

that Caz plays a more important role in eye development in the pupal stage.  

The observation that the rough eye phenotype of Caz-knockdown flies was 

significantly suppressed by co-expression of P35 and that apoptotic cells detected by 

immunostaining with anti-cleaved Caspase-3 antibody were significantly increased in 

pupal retinae of flies expressing Caz dsRNA suggests that induction of apoptosis at least 

partially contributes to the rough eye phenotype. It is reported that the number of dying 

cells increases dramatically if interactions between cells are disrupted, for instance upon 

cell ablation [37]. Therefore, one possible explanation is that Caz-knockdown disrupts 

interactions between cells in pupal retinae, as evidenced with anti-Cut immunostaining, 

that results in induction of apoptosis. In addition, it is well known that apoptosis is 

induced by JNK or p38 signaling [38-40]. It is also reported that persistent activation of 

the JNK or p38 signaling pathways mediates neuronal apoptosis in ALS [3-7,41], and 

that TDP-43 is related to JNK signaling [42]. Thus, another possible explanation is that 

Caz-knockdown induces JNK or p38 signaling, resulting in increase of apoptosis in 

pupal retinae. 

We found a genetic interaction between Caz and Rhomboid, a rate-limiting 

component of the EGFR signaling pathway. Appropriate levels of EGFR signaling are 

required for cone cell-fate and ommatidial rotation [30-33]. Knockdown of Caz in eye 

imaginal discs and pupal retinae induced abnormal differentiation of cone cells and 

defects in ommatidia rotation that eventually resulted in the rough eye phenotype in 

adults. The rhomboid-1 mutant rescued the fusion of cone cells and mutations of 

rhomboid-3 and mirror significantly suppressed the rough eye phenotype of 

Caz-knockdown flies. In contrast, mutations of egfr did not suppress the rough eye 
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phenotype induced by knockdown of Caz (data not shown). These apparently 

contradictory results might be explained as follows. Once activated, the signaling  

cascade could be amplified progressively, so that only a half reduction of some 

components of pathway such as egfr may not be sufficient to suppress the effects of 

over-activation of the initiator such as rhomboid. In any event, the present study 

suggests that Caz negatively regulates EGFR signaling. Since the expression level of 

Caz is much higher in adult eyes than larval eye discs, negative regulation of EGFR 

signaling by Caz may play a role in controlling EGFR signaling less reactive to 

oxidative stress during adulthood. It should be noted that a hallmark of ALS is chronic 

neuronal exposure to oxidative stress and inflammation. 

In summary, the results have shown that knockdown of Caz in the Drosophila 

retina induces a rough eye phenotype associated with increased apoptosis, abnormal 

differentiation of cone cells and pigment cells, and defects in ommatidia rotation. Here I 

provide the first definitive evidence that Caz plays an important role in regulation of the 

EGFR signaling pathway. It should be noted that the neurodegeneration occurring in 

ALS can be accounted for deviation from strict control of MAPK signaling [3]. Thus, 

the Caz-knockdown flies used in the present study should provide a useful tool for 

elucidating functions of FUS and pathological mechanisms of associated ALS.  
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Figure 1: The level of anti-Caz signals is reduced in Caz dsRNA-expressing 

areas. Immunostaining of retinae at 42h APF with anti-Caz antibody (C, D, J and K). 

RNAi clones in retinae were generated with the flip-out system (A to F). Female flies 

with hspFlp; +; tub1> FRT cd2 FRT> GAL4, UAS-GFP were crossed male flies with 

w; UAS-Caz-IR363-399; +. The Caz dsRNA-expressing area is positively marked with 

GFP (A, B). (E and F): Merged images. Panels B, D and F show higher magnification 

images of the regions marked with squares in panels A, C and D. (G) Quantification of 

intensities of Caz-signals in GFP-positive and –negative areas. Mean intensities with 

standard deviation from six pupal retinae are shown. *P<0.05. (H to M) 
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Immunostaining of retinae at 42h APF with anti-cut (H and I) and anti-Caz (J and K) 

antibodies. (L and M) Merged images. (H, J and K) GMR-GAL4/y. (I, K and M) 

GMR-GAL4/y; UAS-Caz-IR363-399. (N) Quantification of intensities of Caz-signals. 

Mean intensities with standard deviation from nine pupal retinae are shown. *P<0.05. 

The bars in dicate 1 0 0 μm (A, C and  E), 1 0 μm (B, D and  F) and  2 0 μm (H to M), 

respectively. (O) Western immunoblotting analysis. Protein extracts were prepared from 

the whole pupae of Drosophila carrying Act5C-GAL4/+ (left lane) or Act5C-GAL4/+; 

UAS-Caz-IR363-399/+ (right lane). The blot was probed with anti-Caz antibody.  
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Figure 2: Knockdown of Caz in eye imaginal discs induces apoptosis. (A) 

Over-expression of P35 suppresses the rough eye phenotype, as shown by scanning 

electron micrographs of adult compound eyes. (a, b) GMR-GAL4/y; UAS-Caz-IR363-399/ 
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+; +, (c, d) GMR-GAL4/y; UAS-Caz-IR363-399/+; UAS-GFP/+, (e, f) GMR-GAL4/y; 

UAS-Caz-IR363-399/+; UAS-P35/+. (g, h) GMR-GAL4/y; +/+; UAS-P35/+. The flies 

were developed at 28°C. The eye phenotype of at least five adult male flies (3 to 5 days 

old) of each line was examined and the experiments were done in triplicate. No 

significant variation in eye phenotype was observed among the five individuals. The 

rough area of the compound eye was circled as an index of the rough eye phenotype. 

The bars indicate 50μm (a, c, e and g), and 14.2μm (b, d, f and h), respectively. (B) 

Detection of apoptotic cells in third larval eye imaginal discs (a, d, g and j) and pupal 

retinae (c, f, i and l) by TUNEL assay. Pupal retinae were also stained with DAPI (b, e, 

h and k). (a to c) GMR-GAL4/y; UAS-Caz-IR363-399/ +; +. (d to f) GMR-GAL4/y; 

UAS-Caz-IR363-399/+; UAS-GFP/+. (g to i) GMR-GAL4/y; UAS-Caz-IR363-399/+; 

UAS-P35/+. (j to l) GMR-GAL4/y; +/+; UAS-P35/+. The flies were developed at 28°C. 

The bars indicate 100μm.  
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Figure 3: Knockdown of Caz interferes with differentiation of cone cells. 

Immunostaining of retinae at 42 h APF with an antibody to Cut that marks cone cells 

(green). (A) GMR-GAL4/y. (B) GMR-GAL4/y; +; UAS-P35/+. (C) GMR-GAL4/y; +; 

rhoAA69/+. (D) GMR-GAL4/y; UAS-Caz-IR363-399/+; +. (E) GMR-GAL4/y; 

UAS-Caz-IR363-399/+; rhoAA69/+. (F) GMR-GAL4/y; UAS-Caz-IR363-399/+; UAS-GFP/+. 

(G) GMR-GAL4/y; UAS-Caz-IR363-399/+; UAS-P35/+. The flies were developed at 28°C. 
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Arrows show fused cone cells and fused ommatidia are circled. The bar indicates 20μm 

(A-G). (H) Quantification of fused cone cells in pupal retinae. Ratio of fused cone cells 

in each retina us shown (%). Mean values with standard deviation from six pupal retinae 

are shown. *P<0.05. (Left to Right) GMR-GAL4/y, GMR-GAL4/y; +; UAS-P35/+, 

GMR-GAL4/y; +; rhoAA69/+, GMR-GAL4/y; UAS-Caz-IR363-399/+; +, GMR-GAL4/y; 

UAS-Caz-IR363-399/+; rhoAA69/+, GMR-GAL4/y; UAS-Caz-IR363-399/+; UAS-GFP/+ and 

GMR-GAL4/y; UAS-Caz-IR363-399/+; UAS-P35/+.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



67 
 

 

Figure 4: Effects of Caz-knockdown on morphogenesis of pupal retinae. 

Confocal sections stained with anti-Discs large (A, C). (A) GMR-GAL4/y. (C) 

GMR-GAL4/y; UAS-Caz-IR363-399/+; +. Black arrows in the lower panels (B, D) 

indicate the orientation of the ommatidia. Note disruption in the Caz-knockdown flies 

(D) in compared to control (B). The size of ommatidia is also irregular, and cell 

attachment appears to be loose (compare panels A and C). The white arrow in panel C 

indicates an example of the fused ommatidia. 
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Figure 5: Scanning electron micrographs of adult compound eyes. (A) Female 

flies expressing Caz dsRNA (GMR-GAL4/GMR-GAL4; UAS-Caz-IR363-399 ; +) were 

crossed with UAS-GFP-IR, UAS-rho-IR28690, rho7M43 (amorph), rhoAA69 (undetermined), 
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mirrorSaiD3 (loss of function), or ru1 (hypomorph) male flies, and then F1 progeny were 

developed at 28°C without balancer chromosomes and used for inspection of the eye 

phenotype. The eye phenotype of at least five adult male flies (3 to 5 days old) of each 

line was examined and the experiments were done in triplicate. No significant variation 

in eye phenotype was observed among the five individuals. The rough area of the 

compound eye was circled as an index of the rough eye phenotype. (a, b) GMR-GAL4/y; 

UAS-Caz-IR363-399/+; rho7M43/+. (c, d) GMR-GAL4/y; UAS-Caz-IR363-399/+; rhoAA69/+. 

(e, f) GMR-GAL4/y; UAS-Caz-IR363-399/ +; mirrorSaiD3/ + (g, h) GMR-GAL4/y; 

UAS-Caz-IR363-399/ +; ru1/ +. (i, j) GMR-GAL4/ y; UAS-Caz-IR363-399/+; +. (k, l) 

GMR-GAL4/y; UAS-Caz-IR363-399/+; UAS-GFP-IR/+, (m, n) GMR-GAL4/y; 

UAS-Caz-IR363-399/+; UAS-rho-IR28690/+. The flies were developed at 28°C. The bar 

indicates 50 μm (a, c, e, g, i, k, m) or 14.2μm (b, d, f, h, j, l, n). (B) Immunostaining of 

eye imaginal discs with anti-dpERK antibody. (a) GMR-GAL4/y. (b) GMR-GAL4/ y; 

UAS-Caz-IR363-399/+; +. Arrows indicate morphogenetic furrows (MF). The bars 

indicate 100μm. 
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Conclusions and perspectives 
For a long time, Drosophila has been used as an efficient genetic model 

organism for studying on molecular mechanism of human diseases such as cancer, 

human neurodegenerative diseases. The most important reason is that how similar 

Drosophila is to human. Although there are important differences between flies and 

humans such as the circulatory is much simpler than in the fly but in general, cell cycle 

regulation, synaptogenesis, membrane trafficking, cell death are similar in Drosophila 

and human. Furthermore, Drosophila is easy and inexpensive to culture in laboratory 

conditions with a much shorter life cycle than vertebrate models. Currently, it is 

estimated that there are around 14000 genes in Drosophila and all information including 

sequence, mutations and related literature are shown in database of Flybase. It is no 

doubt to believe that Drosophila is the key advances in study about genetics and human 

diseases.  

Since the first mitochondrial dysfunction was described in 1960s, researchers 

have advanced understating the role of mitochondria playing in health, disease, and 

aging. A wide range of unrelated human diseases including cancers and neuronal 

degeneration is reported to result in mitochondrial dysfunction. However, since 

symptoms vary from case to case, age of onset, rate of progression, it is difficult to 

diagnose when mitochondrial dysfunction first appears. The more we understand about 

the mechanisms related to mitochondrial dysfunction, the more chance we have to 

discover the best treatment being tailored specifically to each patient, to alleviate the 

symptoms of the disorders and to slow down the progression of the diseases.   

In the study about in vivo roles of SCOX, I obtained the results that knockdown 

of SCOX in all cells is associated with lethality in larvae or pupae, while the full length 
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of SCOX transgenic flies showed a longer lifespan correlated with the decrease and 

increase in ATP level, respectively. Besides, when cultured on paraquat-added medium, 

full length SCOX transgenic flies inhibited an elongated lifespan. I therefore 

hypothesized that SCOX plays an important role in ATP consumption and production. 

However, until now, it is unclear to answer where SCOX targets in ATP production and 

consumption in cells and if SCOX have other in vivo roles or not. To get the answer of 

these questions, more in vivo and in vitro experiments will be done in future to find out 

the genetic link between SCOX and other mitochondrial genes, especially ATP 

production and consumption-related genes. Moreover, the study of Rossato et al (1999) 

on sperm got the result that sperm treatment with extracellular ATP increases 

fertilization rates in in vitro fertilization for male factor infertility. Mitochondria have 

effect on all biochemical pathways including the pathway that drives sperm mobility. 

Sperms require a substantial amount of energy to swim fast enough to reach the oviduct 

during fertilization, and the decrease of ATP production and consumption may lead to 

male infertility. I hypothesized that SCOX plays role in ATP production and 

consumption so SCOX also may play important roles in infertility. Both in vivo and in 

vitro experiments in future are necessary to prove this hypothesis.  

In the other part of my study on Cabeza, I obtained the results indicating that 

Caz-knockdown induces apoptosis and inhibits differentiation of cone cells. Moreover, 

mutation of EGFR pathway-related genes suppressed the rough eye phenotype induced 

by Caz-knockdown and the rhomboid-1 mutation rescued the fusion of cone cells and 

ommatidia observed in Caz-knockdown flies. These results suggest that Caz negatively 

regulates the EGFR signaling pathway in Drosophila melanogaster. In the future, more 

in vivo and in vitro experiments will be done to clarify other genetic functions of Caz 
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and to further elucidate the mechanism of mitochondrial dysfunction and 

neurodegenerative disorders. Deep understanding about genetic functions of Caz may 

lead us to discover more effective treatments of ALS.  
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