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1) 74% of 1682 human disease genes have homologs in Drosophila.  
 
2) A third of these genes (~ 500) are functionally equivalent  
   between flies and humans.  
 
3) Neurological disorders, developmental defects,  
   metabolic/storage disorders, cancer, cardiovascular disease,  
   the visual, auditory, and immune systems disorders. 

Drosophila is a powerful model organism  
for the analysis of human disease genes 



Drosophila Genetics 

Thomas Hunt Morgan 



1)   Short life cycle 
2)   Large number of progeny 
3)   Ease of maintenance 
4)   Availability of stocks containing altered genes 
5)   Full sequences of ~ 12 Drosophila species 
6)   Model for development of multicellular organisms 
7)   Powerful molecular genetic techniques 
8)   Small genome (4 chromosome pairs) 

Why Drosophila? 



1) Short life cycle, 2) Large number of progeny 

Median lifespan: 40 ~ 50 days at 25oC 

1 female : ~ 150 progenies 

Lin et al., Science 1998 



Drosophila Culture 

1.  Media - agar, cornmeal, yeast extract, molasses 
 
2. Vessel - vial, bottle 
 
3. Microscope - 7X to 30X 
 
4. Temperature - 18oC ~ 29oC 
 
5. Virgin Collection - 6 ~ 8 hrs after eclosion 
 
6. Mite Prevention - Cleaning 

3) Ease of maintenance 



http://flybase.org 

4) Availability of stocks containing altered genes 



4) Availability of stocks containing altered genes 



5) Full sequences of ~ 12 Drosophila species 
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5) Full sequences of ~ 12 Drosophila species 



Genetic Markers 

6) Model for development of multicellular organisms 
7) Powerful molecular genetic techniques 

Eye Color 

Bristle Length 



Diploid Chromosome 

Heterochromatin 

8) Small genome (4 chromosome pairs) 



1A        20F       21A        40F  41A      60F     61A      80F   81F     100F 102F	


                                                                                                                          101A	



Polytene Chromosome 

8) Small genome (4 chromosome pairs) 



Cytological Map 
8) Small genome (4 chromosome pairs) 

Immunostaining 



Nomenclature 



Nomenclature 

Sex Determination by X:A ratio 
1:1 is female (2X:2A) and 0.5:1 is male (X:2A) 

 
XX/Y:2A ?, X/O:2A ? 



Nomenclature 

Tp(3)    =   transposition in 3rd	





Balancer Chromosome 

61A - 63C2 / ----------- / 72A1 - 75C3 / ------------------------------------ / 96A2 -100F	



WT-3rd	
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 III	
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72A1 - 75C3 / ----------- / 96A2 -100F / ------------------------------------ / 61A - 63C2	



Balancer-3rd	
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1)	

 (No recombination)	



3)	



2)	





Heterozygous Stock 

Homozygous Stock 

F0      y / Y ; pr / CyO        X     y ; pr / CyO 

F1     y / Y ; pr                   X            y ; pr 

2nd chr Balancer (CyO)  

pr                                pr 
                    X 
CyO                           CyO 

pr / pr 
pr / CyO 
CyO / pr 
CyO / CyO 

y: yellow body,  pr: purple eye,  CyO: curled wing 

WT: black body, red eye, straight wing 



Heterozygous Stock 

Homozygous Stock 

F0      y / Y ; * / TM3, Sb        X     y ; * / TM3, Sb 

F1     y / Y ; *                    X            y ; * 

3rd chr Balancer (TM3, Sb) 

      *                         * 
                   X 
TM3, Sb           TM3, Sb 

             * / * 
             * / TM3, Sb 
TM3, Sb / * 
TM3, Sb / TM3, Sb  

y: yellow body,  *: unknown mutant,  Sb: short bristle 

WT: black body,  long bristle 



Cancer Study in the Fruitfly 

1. Why is fly used for study of human cancer? 

2. How is cancer studied in fly? 

3. How are cancer genes found in fly? 

4. What kind of cancer genes were discovered in fly? 



Advantage of fly to study cancer 

1)   Evolutionarily conserved simpler pathway of cancer 
-  less redundant cancer genes 
 
 
2) Powerful genetic screening of cancer genes  
   in animal model 
-  loss-of-function or gain-of-function mutants 
-  forward genetics or reverse genetics 



Fly tissues for tumor analysis 
Larva Cancer genes Imaginal disc 



Fly tissues for tumor analysis 

Testes 

Cancer genes 

Ovary 



Mutagenesis for Cancer study 

1)   EMS 
- single (or several) bases substitution and deletion  
 
2) X-rays 
-  chromosome rearrangements 
 
3) P-element 
- insertion or deletion 



EMS Mutagenesis (Point mutation) 

Chr 
Gene 

* 

Mutation Mapping 
1.  Chromosome Mapping by Balancer 
2.  Linkage Mapping with known mutations 
3.  Deficiency Mapping  



P-element Mutagenesis (Insertion) 

Chr 
Gene 

P 

Mutation Mapping 
1. Chromosome Mapping by Balancer 
2. Cytological Mapping in Polytene chromosome  
3. Genomic Inverse PCR 



P-element Mutagenesis (Deletion) 

Mutation Mapping 
1. Selection of deletion (w/o w+) 
2. Genomic Southern 
3. Genomic Inverse PCR 

Chr 
Gene 

P[w+] 
deletion 



Transgene Construction 

pUC19 

Chr 

+ Transposase 

Embryo 

Plasmid Injection 

DNA 

Meiosis 



Genetic manipulation of fly for the discovery 
of cancer genes 

1)   Genetic screening of loss-of-function  
-  EMS, P-element insertion 
 
2) Genetic screening of modifier gene 
-  genetic pathways 
-  suppressor mutant: su(m) 
 su(wa) : recessive suppressor of wa (apricot eye color), 
 su(wa) wa : brown eye  
-  enhancer mutant: e(m) 
 e(we) : recessive enhancer of we (eosin eye color), 
 e(we) we : white eye 



3) gain-of-function 
- GAL4-UAS system (overexpression of gene) 

Chr 
Gene 

EP 
UAS 

ey-GAL4; UAS-gene 

“An overexpression screen in Drosophila for genes that restrict growth or cell-cycle progression  
in the developing eye” Tseng & Hariharan, Genetics 2002 



4) Genetic screening using clonal (mosaic) analysis 
-FLP/FRT recombination	



FRT P{w+} 
WT 

FRT 

m 
FRT 

P{w+} 
WT 

FRT 
m 

FLP 

1 
2 

3 
4 

Re - 
1+3 : WT P{w+} / m 
1+4 : WT P{w+} / m 
2+3 : WT P{w+} / m 
2+4 : WT P{w+} / m 

F 

M 

        Re + 
1+3 : WT P{w+} / WT P{w+}  
1+4 : WT P{w+} / m 
2+3 : m / WT P{w+} 
2+4 : m / m 

“Archipelago regulates Cyclin E levels in Drosophila and is mutated in human cancer cell lines” 
 Moberg et al., Nature 2001 



5) Genetic screening in invasion/metastasis 
-transplantation assays 

“Drosophila screening model for metastasis: Semaphorin 5c is required for l(2)gl cancer phenotype.”  
 Woodhouse et al., PNAS 2003 



Four hallmarks of cancer in fly 

1)   Self-sufficiency in growth/proliferation signals 
   (Cell growth/proliferation) 
 
2) Evading apoptosis 
   (Survival) 
 
3) Insensitivity to anti-proliferative signals 
   (failure of differentiation) 
 
4) Tissue invasion/metastasis 
   (Transplantation) 



Fly genes to show hallmarks of cancer 
Oncogenes 



Fly genes to show hallmarks of cancer 
Oncogenes 



Fly genes to show hallmarks of cancer 
Tumor suppressors 



Fly genes to show hallmarks of cancer 
Tumor suppressors 



Hallmarks of cancer in fly imaginal discs 

“USING DROSOPHILA MELANOGASTER TO MAP HUMAN CANCER PATHWAYS” 
Brumby AM and Richardson HE, Nat. Rev. Cancer. 2005. 5:626-39. 



Studies of aging disease in fly 



Aging 
??? 

How is aging processed? 

Longevity mechanisms are evolutionarily 
conserved in several species. 



Fontana et al., Science 2010 

Insulin/IGF-1, TOR-S6K, Sir2 signaling pathways 



Rogina et al., Science 2002 

Before starting 
dietary restriction 

(81.6 kg) 

After 7 years of 
dietary restriction 

(60.8 kg) 

Dietary restriction extends life-span 
in several species. 

Fontana et al., Science 2010 



The benefits of using Drosophila for studying aging 

1) Its relatively short life span (3 months) compared to mammalian 
 
2) Large number of progeny (200 progenies per female) 
 
3) Diverse developmental stages compared to C.elegans and yeast 
 
4) Ease of manipulating genes 
 
5) Fast mutant screening system 
 
6) Easily characterized simple pathway compared to complex pathway of mammalian 
 
7) Availability of stocks containing altered genes 
 
8) Powerful molecular genetic techniques 

Aging Study in the Fruitfly 



Adult life-span : 2 ~ 3 months 



Rogina et al., Science 2000 

Survival of 200 adults on the cornmeal medium is followed 
(20 flies per vial) at 250C with enumeration and transfer  
of survivors to fresh vials every 2-3 days. 

Measuring aging in Drosophila 

1) Median life-span : the day in 50% of survivors 
2) Maximal life-span : the day in last survivor 
3) Mortality : the rate of flies dying per day 



Lin et al., Aging Cell, 2011 

Non-Genetic factors to affect life-span in fly 

1) Stressor, 2) Temperature, 3) Reproductivity, 4) Diet 

Stress response assay 
 
Starvation test: a group of 100 flies (20 flies per vial) are 
maintained in the vials containing two filters wetted with 
300 ul of water at 25C .  
 
Oxidation test: adult flies, starved for initial 6 hrs, are 
maintained in the vials containing two filters wetted with 
300 ul of 20 mM paraquat in 5% sucrose solution at 25C.  
 
Heat test: adult flies are maintained in standard cornmeal 
vials at 37C with 30% humidity. 



Non-Genetic factors to affect life-span in fly 

1) Stressor, 2) Temperature, 3) Reproductivity, 4) Diet 

Lower temperature (18C) extends life-span of flies  
than higher temperature (25C). 

Kim et al., Exp. Gerontol., 2010 



Rogina et al., Science 2002 

Non-Genetic factors to affect life-span in fly 

1) Stressor, 2) Temperature, 3) Reproductivity, 4) Diet 



Genetic approaches to understanding aging 

1) The random single-gene alternation approach 
-mutagenesis  (mth, Indy) 
-ectopic expression 
 
2) The candidate gene approach 
-Antioxidants  (catalase, SOD) 
-Protective/Repair system  (PCMT, MSRA) 
-Insulin/IGF-like signaling  (InR, chico) 
-Chromatin structure  (rpd3) 



-Partial loss-of-function mutation in methuselah (mth), 
 G-protein-coupled receptor, increases life span. 

The random single-gene alternation approach 

-Partial loss-of-function mutation in I’m not dead yet 
 (Indy), sodium dicarboxylate cotransporter, increase  
 life span. 

Rogina et al., Science 2000 Lin et al., Science 1998 



-The ability to slow the accumulation of oxidative damage 
 extends life span. 
 
 
-Increases in catalase and superoxide dismutase (SOD) 
 show increases in life span. 

1) The Antioxidant genes 

Candidate gene alternation approach 



2) The Insulin/IGF-like signaling genes 

Candidate gene alternation approach 

-Mutations in insulin receptor (InR) and insulin receptor 
 substrate (chico) extend life span. 
-The evolutionary conservation of longevity-determination 
 pathway 



3) The Protective/Repair system genes 

Candidate gene alternation approach 

-Increased protein repair systems extend life span. 
  
 protein carboxy methytransferase (PCMT) 
 methionine sulfoxide reductase A (MSRA) 
 



4) The Chromatin structure genes 

Candidate gene alternation approach 

-Phenylbutyrate (PBA), inhibitor of histone deacetylase 
 also extends life span. 
-A decrease in histone deacetylase (rpd3) increases 
 life span. 

Rogina et al., Science 2002 



A D ( A l z h e i m e r ’ s  D i s e a s e ) i s  a 
neurodegenerative disorder leading to amnesia, 
cognitive impairment, and senile dementia.  
 
The vast majority of cases of Alzheimer Disease 
are sporadic with no clear pattern of inheritance 
and a late age of onset (70s and 80s).  
 
A small percent (5%) of cases, termed early-onset, 
arises at an unusually young age, as early as the 
third decade of life.  
 
Mutations in APP (Amyloid Precursor Protein) 
and PSn (Presenilin1/2) are genetically 
associated with early-onset forms of familial 
Alzheimer Disease (FAD). 
 

Alzheimer’s Disease 



Two types of lesions extend progressively to 
neocortical brain areas during the course of 
Alzheimer Disease.  
1) SPs (Senile Plaques) result from the 
extracellular aggregation of Aβ (Amyloid Beta) 
peptide, which is derived from APP (Amyloid 
Precursor Protein). 
2) NFTs (Neuro-Fibrillary Tangles) are 
composed of intraneuronal bundles of PHF (Paired 
Helical Fi laments). PHF result from the 
aggregation of pathologic Tau proteins, named 
PHF-Tau1.  
 
SPs and NFTs generate ROS (Reactive Oxygen 
Species) such as hydrogen peroxide and hydroxyl 
radical that induce membrane lipid peroxidation, 
which results in impairment of the function of 
membrane glucose and glutamate transporters, 
altered mitochondrial function, and a deficit in ATP 
levels.  
 
Cumulative ROS-induced membrane damage 
compromises membrane integrity and increases 
the permeability of several ions including calcium; 
resultant calcium influx is a crucial factor in 
neurodegeneration and leads to the neuronal 
death. 



Drosophila as a powerful model to study 
age-related human neurodegenerative 
diseases including AD (Alzheimer’s 
Disease) 
 
1) Short generation time (~ 10 days) and 
short lifespan (~ 60–80 days) 
 
2) Conserved genes implicated in AD such 
as APP, PSn, and tau 
 
3) Many tools to determine the effect of 
mutations on specific cell/tissue types, 
including neurons  
 
4) Transgenic flies to express genes in a 
spatially and temporally restricted manner 
(UAS/Gal4 system) 
 
5) Synaptic activity to be measured using 
e lec t rophys io log ica l and imag ing 
techniques from both the neuromuscular 
junction and the adult central nervous 
system 
 
6) Gene functions to be examined for their 
effects on various behaviors including 
locomotion, learning, and memory 

Alzheimer’s Disease study in Drosophila 

Bonner & Boulianne, Exp. Gerontol. 2011 



1. APP and Aβ transgenic models 
 
1) Over-expression of dBACE (Drosophila 
BACE-like enzyme) and APPL (Drosophila 
APP homologue) results in the production 
of the Aβ peptide, which accumulates in 
neurotoxic aggregates and induces age-
dependent, AD-like behavioural deficits 
and neurodegeneration. 
 
2) Expression of Aβ peptide in the fly brain 
gives rise to clear amyloid deposits, age-
dependent locomotor defects and 
neurodegeneration. 
 
3) Over-expression of the PPIase FKBP52 
reduces the toxicity of Aβ expression. 
 
4 ) APP and Aβ - exp ress ing f l i e s 
recapitulates many important aspects of 
AD, including some phenotypes difficult to 
model in the mouse system, such as 
neuronal cell loss. 
 

Alzheimer’s Disease study in Drosophila 

Bonner & Boulianne, Exp. Gerontol. 2011 



Age-dependent accumulation of Aβ peptides in fly heads as insoluble aggregates. 

Dissecting the pathological effects of human Aβ40 and Aβ42 in Drosophila:  
A potential model for Alzheimer's disease 

Iijima K et al. PNAS 2004;101:6623-6628 

Arrowhead:  
Aβ aggregates 



Dissecting the pathological effects of human Aβ40 and Aβ42 in Drosophila:  
A potential model for Alzheimer's disease 

Iijima K et al. PNAS 2004;101:6623-6628 

Pavlovian Olfactory Associative Learning  

Flies are trained by exposure to electroshock paired 
w i th one odor {oc tano l [ 10 -3 ( vo l / vo l ) ] o r 
methylcyclohexanol [10-3 (vol/vol)]} for 60 s and 
subsequent exposure to a second odor without 
electroshock for 60 s. Immediately after training, 
learning is measured by allowing flies to choose 
between the two odors for 120 s. The performance 
index is calculated by subtracting the number of flies 
making the incorrect choice from those making the 
correct one, dividing by the total number of flies, and 
multiplying by 100. 

Progressive loss of learning ability in Aβ flies. 



Dissecting the pathological effects of human Aβ40 and Aβ42 in Drosophila:  
A potential model for Alzheimer's disease 

Iijima K et al. PNAS 2004;101:6623-6628 

Climbing Assay  

Twenty flies are placed in a plastic vial and gently 
tapped to the bottom. The number of flies at the top of 
the vial was counted after 18 s of climbing under red 
light (Kodak, GBX-2, Safelight Filter). 

Progressive climbing disability and shortened life 
span in Aβ42 flies. 
 



Dissecting the pathological effects of human Aβ40 and Aβ42 in Drosophila:  
A potential model for Alzheimer's disease 

Iijima K et al. PNAS 2004;101:6623-6628 

Late-onset progressive neurodegeneration in Aβ42 brains. 
 

Arrowhead:  
Neuronal loss 



2. Presenilin and the γ-secretase 
complex in Drosophila AD models 
 
1) Over-expression of PSn in Drosophila 
chol inergic neurons gives r ise to 
intracellular calcium deficits as the earliest 
events in AD pathogenesis. 
 
2) Mutations in conserved residues of 
Drosophila Psn have been used to model 
clinically heterogeneous human PS FAD 
mutations. 
 
3 ) d U b q l n ( D r o s o p h i l a U b i q u i l i n 
homologue) binds to PSn and antagonizes 
its function in vivo. 
 
4) Inhibitors against BACE or γ-secretase 
s u p p r e s s a g e - d e p e n d e n t n e u r o -
degeneration that results from Aβ peptide 
aggregates. 

Alzheimer’s Disease study in Drosophila 

Bonner & Boulianne, Exp. Gerontol. 2011 



3. Tau-based models of AD 
 
1) Expression of human mutant tau 
transgene shortens the lifespan of flies and 
exhibits age-dependent neurodegeneration 
and vacuol izat ion associated with 
increased staining for NFT-specific 
epitopes. 
 
2) Expression of human wild-type tau in 
combination with shaggy, the Drosophila 
homologue of the kinase GSK-3β, is 
associated with cell loss, vacuolization and 
abnormal nuclear lamin accumulation 
suggestive of apoptosis. 
 
4. Genetic screens to identify 
modifiers of AD-like degenerative 
phenotypes 
 
1 ) M o d i f i e r s o f P S n - d e p e n d e n t 
phenotypes, which enhance or suppress 
wing and bristle phenotypes due to over-
expression of wild-type Psn.  
 
2) Candidate screening of pharmacological 
compounds to treat AD: γ-secretase 
inhibitors in Drosophila cell culture. 
 

Alzheimer’s Disease study in Drosophila 

Bonner & Boulianne, Exp. Gerontol. 2011 



Identifying genes that interact with Drosophila presenilin  
and amyloid precursor protein 

Van de Hoef et al. Genesis 2008;47:246-260 

Wild-type             PSn over-expression          Suppressor                    Enhancer  



Heart Study in the Fruitfly 



1) Online Mendelian Inheritance in Man (OMIM)  
 
2) 74% of 1682 human disease gene has homologs in Drosophila.  
 
3) A third of these genes (~ 500) are functionally equivalent  
   between flies and humans.  
 
4) Neurological disorders, developmental defects,  
   metabolic/storage disorders, cancer, cardiovascular disease,  
   the visual, auditory, and immune systems disorders. 

Drosophila is a powerful model organism  
for the analysis of human disease genes 



1) Cardiac development (e.g., transcription factors) 
   cardiac muscle contraction (e.g., cytoskeletal proteins) 
   conduction of electrical signals (e.g., ion channels) 
   hypertension (e.g., peptide hormone signaling) 
   formation of veins and arteries (e.g., receptor tyrosine  
   kinase signaling) 
 
2) Cardiovascular disease is the leading cause of death  
   (~ 950,000/year) in the United States. 
  
3) Genes controlling early stages of heart development have  
   been highly conserved in vertebrates and invertebrates 
 
4) The Drosophila homologs of human cardiac disease 
   and Drosophila genes to interact with these homologs 

Congenital Heart Disease (CHD) and Cardiac Arrest 



Cardiac disease genes and Drosophila homologs 



Bier and Bodmer, Gene 2004 



Formation of Fly Heart (dorsal vessel) 

1) Activation of tin expression: a central event in the control of heart development 
   mesoderm, dorsal mesoderm, heart precursors, cardial and pericardial cells 
 
2) Tinman (homeodomain transcription factor): activator or repressor 
 
3) In the absence of tin function, no heart precursors are generated. 
 
4) Tinman binds to the consensus sequence 5’-TYAAGTG-3’  
 
5) Nkx2.5 (vertebrate homolog of Tinman) can rescue tin mutant of Drosophila, 
   when a unique N-terminal domain of Tinman is transferred to Nkx2.5. 

Cripps and Olson, Dev. Biol. 2002 



Structure of Fly Heart 

Cripps and Olson, Dev. Biol. 2002 

1) Blood (hemolymph) is pumped anteriorly toward the brain  
   and then percolates posteriorly through the body cavity in an open circulatory system  
   until it reenters the heart through inflow tracts termed ostia. 
 
2) Cardial cell: contractile 
 
3) Pericardial cell: macrophages, blood filtration 
 
4) Lymph glands: blood-forming organ 
 
5) Ring gland: endocrine organ 
 
 

Heart proper 

Aorta 



Transcriptional Network for Cardiogenesis 

Cripps and Olson, Dev. Biol. 2002 

In Drosophila In Vertebrate 



Kim et al., PNAS 2004 

Functional Genomic screen for Cardiogenic genes 



Various heart phenotypes generated by RNAi 

Kim et al., PNAS 2004 



Long-lived flies maintain the functional heart. 

Nature Genetics, 36, 1275-1281. 



-The evolutionary conservation of longevity-determination pathway 
-Mutations in insulin receptor (InR) and insulin receptor substrate 

(chico) extend life span. 

Clancy D et al., Science, 2001 

chico mutant 

M W 

InR mutant 

Tatar M et al., Science, 2001 

The Insulin/IGF-I signaling pathway 

Barbieri M et al., Am J Physiol Endocrinol Metab, 2003 



Measuring heart rate in Drosophila 
     After flies are anaesthetized with FlyNap (triethylamine), the heart rate is 

measured between diastole and systole by visually counting for 20 seconds. 

30 frames/sec 
CCD Camera 

5X & 20X 
Objectives 

Stage Area 
With 

Adjustable 
Light Source 

Heat 
Reducing 
Infrared 

Filter 



D. melanogaster heart rate changes with age. 

D. melanogaster heart rate is declined with aging. 



Measuring heart failure rate in Drosophila 
     Electrical pacing: After we pace the heart at 4 V and 6 Hz for 30 seconds, 

the heart failure rate is defined as the percentage of flies that enter a 
cardiac arrest. 

Pacing Setup 

Pacing Slide 
Constructed 
With Lead 

Sheets 

5-9 beats/sec 
Pacing Induced 
with 4V Square 

Wave  



 Heart failure as a function of age  
after external electrical pacing. 

Heart failure rate is increased with aging. 



    Long-lived flies (InR- and chico-) show consistent heart rate 
and low heart failure with aging. 

Wessells R et al., Nat Genet, 2004 

Wild type 

Long-lived flies 

Long-lived flies 

Wild type 
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