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ABSTRACT 

Aging, characterized by a time-dependent functional decline, eventually results in 

the death of an organism.  Unfortunately, this complex biological phenomenon is poorly 

understood.  In order to dissect the molecular changes associated with aging, the 

identification and molecular characterization of the genes that regulate this universal 

process is absolutely necessary.  The expectation is that the isolated genes potentially 

have human homologues and can be experimentally analyzed in Drosophila 

melanogaster in order to determine basic function. 

 In an attempt to find candidate genes that may influence aging, the enhancer trap 

technique was utilized to identify age-related regulatory elements.  The genomic regions 

surrounding the insertion site of the enhancer trap lines have the potential to be regulated 

by the characterized enhancer.  A previous screen determined the temporal pattern of 180 

enhancers trap lines, known as DJ lines.  Many of these lines demonstrated an expression 

pattern that was associated with age.  Several of the genes within the nearby genomic 

regions of six sequenced DJ lines, DJ695, DJ710, DJ849, DJ767, DJ761 and DJ694, were 

chosen for transcript quantification. 

 Prior to gene quantification, reverse transcription, an essential step in the 

experimental procedure, was assessed for the error it incorporated into quantification.  

Specifically, an exogenous molecule was used to ensure that unsuccessful reverse 

transcription reactions had the potential to be identified and, soon after, discarded.  This 

was achieved through the use of a spike RNA molecule, Luciferase.  Luciferase was 

shown to be a diagnostic tool that can be used in determining reverse transcription 

efficiency.  Eight genes were chosen from the aforementioned DJ lines and quantitative 
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PCR revealed that the natural regulation of some genes were comparable to the, 

previously obtained, expression pattern of the enhancer trap line.  Although the 

expression of other genes did not correlate to that of the enhancer trap lines, all genes 

exhibited expression patterns that were age-associated.  The known functions of these 

candidate genes and the relevant homologues are discussed.  These findings validate the 

use of the enhancer trap technique in the identification of candidate genes involved in the 

aging process.  Furthermore, these DJ lines also have the potential to be used in 

mutational analysis to establish gene function.  This is particularly relevant for the genes 

currently having no known function.   
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CHAPTER 1 

INTRODUCTION AND LITERATURE REVIEW 

1.1 INTRODUCTION 

Aging, a biologically systemic process, is the intrinsic and progressive functional 

decline of an organism.  This physical deterioration can occur at various levels within the 

organism, including at the level of the cell, tissue or organ and contributes to the 

physiological decline of the organism as a whole, ultimately resulting in death 1.  

Although the identification of old and young individuals is a reasonably uncomplicated 

undertaking, the actual definition of aging continues to be a subject of controversy.  One 

all-encompassing description was imparted by Robert Arking, who defines aging as “the 

time-independent series of cumulative, intrinsic, and deleterious functional and structural 

changes that usually begin to manifest themselves at reproductive maturity and 

eventually culminate in death” 2. 

Although a universal process, aging is characterized by many features that are 

noticeably different among species and individuals.  While environmental factors such as 

temperature and nutrient abundance affect the lifespan of an organism, gene regulation is 

also involved in determining the process by which an organism ages and its maximum 

lifespan 1.  Despite the fact that aging is associated with biological deterioration through 

the loss of a variety of homeostatic processes and a general diminution in regulation, it is 

not associated with the persistent decline of regulation in gene expression.  In fact, gene 

expression seems to be precisely regulated throughout life in Drosophila melanogaster.  

Specifically, at older ages there is no observable increase in the variability of gene 

expression 3.  Therefore, genetically-encoded factors are expected to affect the longevity 
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of the majority of organisms.  Such factors have been investigated through the assessment 

of whole-body gene expression to the cell-specific expression analysis of single genes 

and have been important in the identification of age-regulated as well as age-regulating 

genes.  Progress in this area of research, in which age-dependent transcription patterns 

are established and gene function is characterized, continues to aid in the discovery of 

potential mechanisms underlying the universal process of aging.  It is obvious that 

determining the function of gene products at various ages would aid in the elucidation of 

how and why individuals age.  Determining the optimal expression levels of specific gene 

products throughout the lifespan of an organism may also be effective in the discovery of 

therapeutic techniques that can be used in the treatment of age-related illnesses in order to 

improve the quality of life and health. 

1.2 MANIPULATIONS THAT ALTER LIFESPAN 

 In order to study aging, experimental methods that allow for the manipulation of 

mean and maximal lifespan must be available.  Comparisons between differences in 

lifespan and expression levels will aid in elucidating the relationship between a gene and 

the aging process.  The idea is that the examination of conditions that alter lifespan may 

reveal the specific mechanisms that have changed that potentially regulate longevity.  

These age-associated mechanisms that have been modified (resulting in altered maximum 

lifespan) may be regulated by gene expression.  In this manner, genes that can potentially 

influence aging are identified.  Given that correlations can be found that are common 

between these conditions that alter lifespan, manipulating lifespan may aid in the 

understanding of molecular processes that occur during the normal process of aging.  
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However, similarly identified mechanisms may coincidently produce an aging phenotype 

and, therefore, have the potential to be acting independent of aging. 

1.2.1 Caloric Restriction 

Caloric restriction is the most extensively studied external manipulation due to the 

fact that it extends lifespan.  Since initially described in 1935, studies directed at 

observing the effects of limiting dietary energy intake have strongly demonstrated an 

increase in both mean and maximum lifespan of numerous species 4,5.  Caloric restriction, 

that reduces food consumption while maintaining essential nutrient levels, can extend 

lifespan, slow aging and/or delay the onset of age-associated diseases in yeast, worms, 

flies, fish, mice, rats, hamsters and dogs.  Based on the hypothesis that the metabolic rate 

of an organism is inversely correlated with lifespan, it is postulated that the extension of 

lifespan observed in individuals under caloric restriction is due to a reduction in 

metabolism 4.  The production of reactive oxygen species (ROS), derived from the 

metabolic use of oxygen in cellular function, increases with higher rates of metabolism 

and results in the oxidative damage of macromolecules.  Thus, caloric restriction is 

expected to delay aging through mechanisms that decrease oxidative damage incurred by 

cellular metabolism 6.  Caloric restriction is a valuable experimental tool in investigating 

the aging process.  A change in the rate of aging in a population of D. melanogaster was 

attributed to modifications to caloric intake.  Although an increase in longevity was 

observed in flies that were on low-calorie diets, the fertility and activity levels of these 

longer-lived flies were comparable between cohorts.  Feeding data indicted that all 

cohorts consumed similar amounts of food 7.  Similar effects were observed in mammals, 

such that mice restricted to 40% fewer calories demonstrated an approximately 30%-40% 



 4 

augmentation in lifespan.  However, these long-lived mice did not exhibit the age-

associated increase in skeletal muscle mitochondrial protein or lipid oxidative damage 

observed in the control (normally-fed) animals 8.  Although these findings provided 

researchers with a physiological association between caloric restriction and aging, 

additional studies have demonstrated that increases in lifespan are not consistently 

correlated with a sustained decrease in the metabolic rates of animals subject to caloric 

restriction 9.  As a result, additional hypotheses have been proposed to describe the 

potential biological basis of the “anti-aging” effects of caloric restriction, including the 

hormesis hypothesis.  This phenomenon is used to justify the beneficial effects conferred 

by potentially detrimental environmental agents at low stress intensities10.  Limited 

exposure to stressors such as heat, cold, radiation and bacteria can significantly extend 

lifespan in D. melanogaster 4,11.  According to the hormesis hypothesis, caloric 

restriction, a low-intensity stressor comparable to the aforementioned ones, provides 

organisms with the ability to endure other acute stresses that would normally be fatal 4.  

Among other things, caloric restriction increases the ability of rats to survive heat stress 

and protects against the damaging effects of toxic drugs 12.  Thus, caloric restriction may 

be extending lifespan through a variety of potentially collaborative mechanisms. 

1.2.2 Ambient Temperature 

Ambient temperatures can also influence the lifespan of an organism and, as a 

result, can be used as a condition to alter lifespan in the study of aging 10.  Many 

ectothermic animals, such as Drosophila melanogaster and Caenorhabditis elegans, live 

longer at lower temperatures.  This extension in lifespan is commonly assumed to be a 

consequence of a general deceleration in the rate of aging 13.  Lower ambient 
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temperatures are likely to alter longevity through biological mechanisms that have a 

direct effect on reducing metabolic rates 10.  In D. melanogaster an increase in lifespan is 

observed in flies reared at 18°C as compared to counterparts maintained at higher 

temperatures (30°C, 27°C and 21°C) 14.  This advantageous intervention is unique to 

invertebrates and is a more complicated manipulation of lifespan in mammalian models 

due to the fact that mammals are capable of thermoregulation 13-15.  The temporal patterns 

of expression for some genes are correlated to the rate of aging, which can be 

manipulated by altering the ambient temperature 10,16.  Thus, ambient temperature can be 

used to identify patterns of expression that scale to lifespan. 

Although other factors such as reproductive status, physical activity and ambient 

oxygen levels produce somewhat predictable effects on lifespan, the responses are not 

consistent with age-related changes and patterns observed under normal aging 10,17.  Thus, 

caloric restriction and ambient temperature modifications are typically utilized in 

determining which genes are related to physiological age in D. melanogaster. 

1.3 THE OXIDATIVE STRESS THEORY OF AGING 

 There are several hypotheses that attempt to identify the mechanisms involved in 

the aging process.  The common goal of these theories is to provide a relationship 

between aging and some universal and genetically definable aspect of all living 

organisms.  Given that it is supported by extensive experimental data, the oxidative stress 

hypothesis is presently the most prominent theory in aging research.   

Originally proposed in 1956 as the free radical theory of aging, aging and 

degenerative diseases were proposed to be the consequence of the damaging effects free 

radicals had on various cell components.  In accordance with the theory, ROS was 
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attributed to the presence of physiological metals that produce ROS as a by-product of 

natural redox reactions within the cell 18.  The theory has evolved and as a result been 

renamed as the oxidative stress theory because some ROS involved in oxidative damage, 

such as peroxides, are not free radicals.  The majority of ROS generated exist in the form 

of superoxide anions (⋅O2), hydroxyl radicals (⋅OH) and hydrogen peroxide (H2O2) 19.  

The level of oxidative stress, dictated by the imbalance between the formation and 

sequestration of ROS generated during cellular metabolism, results in the accumulation 

of oxidative damage to numerous macromolecules, including DNA, proteins and lipids.  

This damage is proposed to be one of the major determinants of the rate of aging 20.  

Subsequent experimentation continues to support the oxidative stress theory of 

aging, the validity of which of aging is contingent on three specific conditions.  These 

stipulations are that the levels of biomolecules damaged by oxidative stress should 

increase with age due to an increase in ROS production or a reduction in ROS 

scavenging/repairing of damaged molecules, manipulations that alter ROS production or 

ROS scavenging should alter lifespan and genetic or environmental manipulations that 

increase lifespan must do so by reducing oxidative damage or increasing ROS 

scavenging/repair of damaged molecules 6.   

1.3.1 Prediction One:  Oxidative Damage Increases with Age 

Many organisms that exhibit an accumulation in oxidative damage as they age do 

so with increased levels of lipid peroxidation, protein oxidation and DNA oxidation.  

Allylic hydrogens (hydrogen atoms attached to carbon atoms that are adjacent to double 

bonds), found in high concentrations in the polyunsaturated fatty acid components of 

phospholipids that compose cellular membranes, are sensitive to free radical damage.  All 
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amino acids in proteins are potential targets for oxidation by ROS 6.  Methionine and 

cysteine are particularly sensitive to oxidative damage, such that methionine is oxidized 

to sulfoxide and cysteine is oxidized to disulfides, sulfinic acid and sulfonic acid 21.  A 

typical index of protein modification is carbonyl groups, which results from the oxidation 

of lysine, arginine, proline and threonine 22.  A by-product of DNA oxidation, 8-oxo-2-

deoxyguanosine is a major oxidative mutagen that increases with age 6,23.  Glycation, a 

naturally-occurring, non-enzymatic process by which a reducing sugar molecule bonds to 

free amino groups residing on nucleic acids, proteins or lipids, results in the impairment 

of biomolecules 24.  These interactions eventually form stable products known as 

Advanced Glycation End products (AGEs) and produce oxidizing derivatives that 

increase with age in mammals 25.   

Several studies have found an age-related increase in oxidative damage to various 

cellular components in organisms ranging from invertebrates to mammals, providing 

evidence to support the first prerequisite of the theory.  In D. melanogaster, carbonyl 

modification to aconitase (an enzyme that catalyzes the isomerisation of citrate to 

isocitrate and, therefore, involved in the Kreb’s cyle) was dependent on physiological 

age, such that it increased with age and resulted in a loss of enzymatic activity 26.  Also, 

caloric restriction and lower ambient temperature extended lifespan in the fly and reduced 

the increase in 4-hydroxy-2-nonenal (HNE), a marker of oxidative damage to lipids, 

associated with aging 27.  Accumulations of protein carbonylation increased in wildtype 

and long-lived C. elegans, in a manner that correlated with maximum lifespan 28.  The 

levels of 8-oxo-2-deoxyguanosine significantly increased with age in a variety of tissues, 

including liver, heart, brain, kidney, skeletal muscle and spleen, isolated from mice and 
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rats 29.  A reduction in oxidant stress was associated with an extended lifespan in mice 

exposed to a low glycotoxin diet.  In addition to an increase in longevity, these mice, fed 

lower levels of pro-oxidant AGEs, had lower levels of systemic AGEs accumulation and 

oxidative stress indicators 30.  Clearly, the aforementioned studies confirm a correlation 

between oxidative damage to biomolecules and age in animals with altered lifespan, such 

that long- or short-lived individuals demonstrate changes in oxidative damage levels that 

are consistent with physiological age. 

1.3.2 Prediction Two:  Modification of Lifespan Alters Oxidative Stress Levels 

The second stipulation requires evidence that supports the idea that lower levels 

of oxidative stress are present in longer-lived species and long-lived mutants 31.  A 

comparison of the cellular resistance of primary skin fibroblasts from eight mammalian 

species (representing a significant range in average lifespan) confirmed that cellular 

resistance to a variety of oxidative and non-oxidative stresses are positively correlated 

with longevity.  Specifically, cell survival in longer-lived species (such as humans, cows, 

pigs and sheep) is greater following the application of a variety of acute stressors 

(including paraquat, hydrogen peroxide, sodium hydroxide, sodium arsenite and tert-

butyl hydroperoxide) as compared to the cell survival of shorter-lived species (such as 

rats, rabbits and hamsters) 32.  Moreover, there are many cases of long-lived mutants of a 

variety of model organisms that are associated with increased stress resistance.  Long-

lived Saccharomyces cerevisiae mutant strains, which exhibit a three-fold increase in 

lifespan, are more resistant to oxidation.  Interestingly, these strains possess mutations in 

adenylate cyclase and SCH9.  SCH9 is a homologue of protein kinase Akt/protein kinase 

B, which has been associated with the insulin-like signaling pathway (known to regulate 
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longevity) in mammals and C. elegans.  The extension in lifespan specific to these strains 

of S. cerevisiae require Msn2/Msn4 and protein kinase Rim15, which are stress resistance 

transcription factors 33.  Forty single-gene mutants, identified in C. elegans, demonstrated 

obvious extensions in lifespan.  In particular, mutations in age-1, clk-1 and spe-26 

extended lifespan as well as conferred resistance to a variety of stressors (including heat, 

UV and reactive oxidants) 34.  The overexpression of hsp26 and hsp27 results in a 30% 

extension of the lifespan of D. melanogaster and these long-lived flies are also resistant 

to stress 35.  A mutation in the methuselah gene increased average lifespan by 35% and 

improved the resistance to a variety of stresses, including starvation, high temperature, 

dietary paraquat and a free-radical generator in D. melanogaster 36.  The correlation 

between longevity increase and stress resistance is also found in mammalian models.  

Inactivation of the insulin-like growth factor type I receptor in heterozygous knockout 

mice results in a 26% increase in lifespan and a greater resistance to oxidative stress.  The 

reduction in this gene product does not seem to have an effect on other biologically 

consequential processes, such as growth size, nutrient uptake, energy metabolism, 

physical activity, fertility and reproduction 37.  

1.3.3 Prediction Three:  Manipulation of ROS Levels Alters Lifespan 

 Validating the final condition, which emphasizes that ROS levels and lifespan 

should be inversely correlated, would substantiate the role of ROS in aging.  

Environmental (feeding antioxidants) as well as genetic (altering the expression of 

antioxidant enzymes) manipulations have been utilized to modify the cellular amounts of 

ROS in an attempt to influence the rate of aging 6,31. 
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The presence of endogenous antioxidants or ROS scavengers, such as superoxide 

dismutase (SOD) and catalase, supports the oxidative stress theory of aging.  SOD 

catalyzes the conversion of superoxide into oxygen and hydrogen peroxide.  Hydrogen 

peroxide, possessing strong oxidizing properties, is subsequently converted to water and 

oxygen by catalase 2.  Results from studies that analyze mutants, either overexpressing or 

unable to produce SOD, verify the expectations of the theory.  Transgenic flies with 

additional copies of copper-zinc SOD and catalase exhibit a lower amount of protein 

oxidative damage, a delay in the loss of physical ability and a one-third extension in 

lifespan 38.  The overexpression of human SOD1 in the motorneurons of Drosophila 

extended normal lifespan by 40% 39. Similarly, C. elegans treated with 0.05mM of 

SOD/catalase mimetics exhibited a 54% increase in mean lifespan 40.  Mice 

overexpressing catalase in mitochondria exhibited an increase in longevity as well as a 

reduction in oxidative stress damage to DNA and mitochondrial DNA deletion 

accumulation, without any obvious physical abnormalities 41.  The level of oxidative 

stress can also be manipulated by decreasing ROS production.  Isp-1 encodes a protein 

component of the mitochondrial complex III in the electron transport chain.  A mutation 

in the iron sulfur protein (isp-1) of C. elegans results in reduced oxygen consumption, 

decreased sensitivity to ROS and increased lifespan 42.  Another long-lived C. elegans 

mutant is clk-1.  This mutation in clk-1, a gene involved in the biosynthesis of coenzyme 

Q (CoQ), results in delayed embryonic and postnatal development as well as slow 

behaviours.  CoQ, while transferring electrons from complex I to complex III or from 

complex I to complex II in the mitochondrial inner membrane, is the source of the 

majority of superoxide resulting from the mitochondrial respiratory chain.  Therefore, the 
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extension in lifespan observed in clk-1 mutants suggests that reducing ROS increases 

longevity in C. elegans 43.  Given that oxidative phosphorylation is responsible for the 

production of ROS during aerobic respiration, uncoupling agents, which eliminate the 

link between oxidation and phosphorylation, decrease the mitochondrial generation of 

ROS.   The human uncoupling protein 2 (hUCP2) targeted to the mitochondria of neurons 

in adult D. melanogaster decreases ROS production and extends lifespan without 

affecting fertility or physical activity 44.  As evident in several model organisms, 

increased protection from oxidative stress through a reduction in ROS production or 

through an increase in ROS scavenging can enhance longevity and potentially delay the 

normal rate of aging. 

Pharmacological interventions, which have no unexpected effects on other 

physiological functions, that reduce cellular ROS levels have increased the lifespan of 

model organisms 6,31.  Food supplemented with the hormone melatonin, a molecule that 

possesses antioxidant and free radical scavenging properties, extends maximum lifespan 

in D. melanogaster by 33%.  Additionally, melatonin-fed flies demonstrated an 

enhancement to paraquat resistance and an increased resistance to a higher ambient 

temperature of 36°C 45.  C. elegans were treated with two antioxidants (Euk-8 and Euk-

134), that are known to mimic the catalytic activities of both SOD and catalase.  

Wildtype worms treated with the synthetic mimetics had a 44% increase in mean lifespan 

and, furthermore, short-lived mev-1 mutants experienced a restored normal lifespan (an 

increase of 67%) 40.  In addition to the extension observed in C. elegans lifespan, Euk-8 

also reduces reactive oxygen-dependent chemiluminescent intensity in the ex vivo brain 

slices of rats 46.  Also, Euk-8 and Euk-134 rescue the short-lived phenotype observed in 



 12 

sod2 (lacking the mitochondrial form of SOD) mice, enhancing maximum lifespan three-

fold 47. 

 The toxicity of oxygen, in the form of ROS produced in living cells, was 

hypothesized to be the mechanism by which aging occurs many years ago.  Based on the 

research available, Denham Harmen speculated that the widespread phenomenon of 

aging must be regulated by common reactions that are similar in all living things.  He 

proposed the deleterious effect of free radicals as one of the plausible mechanisms of 

aging 18.  The decades of research on oxidative stress present a strong case for the 

universal influence of oxidative stress in the process of aging.  

1.4 GENETIC APPROACHES TO STUDY AGING 

Although aging may be defined and observable, measuring it within individuals is 

very complicated.  The manner in which an individual ages and the length of time 

associated with being alive is modulated by both environmental and genetic components 

1.  The same approaches used in the examination of other biological processes, such as 

development, can be utilized in the study of aging.  The identification of the molecular 

components involved in such processes entails the isolation of mutants exhibiting suitable 

phenotypes, the study of genes inferred to be active participants and the detection of gene 

profiles that are relevant to the biological process of interest.  The genetic influences on 

aging can be elucidated through a variety of similar strategies such as mutant analysis, 

candidate gene approaches and gene expression screens 48.  Mutants with alteration in 

lifespan, genes implicated in age-regulating pathways or genes possessing expression 

profiles that are age-related facilitate the study of aging.  

1.4.1 Mutational Analysis 
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 Selective breeding strategies, in which genetically determined variations in 

longevity are artificially selected, have revealed that there is a genetic aspect of longevity 

and that aging can be genetically controlled.  However, in selective breeding assays, 

many modifiers can be selected for simultaneously and consequently, it is impossible to 

isolate the specific mutation responsible for lifespan extension.  Therefore, the single 

gene approach to determine the genetic basis of aging is extremely valuable as it allows 

for the study of the effects of single genes and how they regulate the aging process 48.  

Mutations in genes that result in lifespan modification are of interest as the genes in 

question may be involved in the mechanisms that determine longevity.  

 The insulin/insulin growth factor-like signaling pathway, identified originally in 

C. elegans through the single gene approach, is closely associated with lifespan.  Two 

components of this pathway, daf-2 and daf-16, have been extensively studied and 

experiments have demonstrated that daf-2 encodes a homologue of the mammalian 

insulin/insulin growth factor (IGF) receptor and daf-16 encodes a forkhead transcription 

factor that is regulated by the insulin/IGF signaling pathway 49,50.  Mutations in daf-2 

increase lifespan by 200% and require the enzymatic activity of daf-16 and daf-18, which 

is a homologue of PTEN (phosphatase and tensin homologue deleted on chromosome 10) 

50.  Furthermore, mutations in age-1, which encodes a homologue of the mammalian 

phosphatidylinositol-3-OH kinase, also extend lifespan as long as the activities of daf-16 

and daf-18 are preserved 51.  Overexpression of daf-16, which positively regulates insulin 

signaling, extends lifespan in C. elegans.  Alternatively, a reduction in daf-18, a negative 

regulator of insulin signaling, suppresses the extension in lifespan, which is characteristic 

of age-1 and daf-2 mutants 52.  Although extensively studied in C. elegans, the 
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components of the insulin/insulin growth factor-like signaling pathway have also been 

examined in D. melanogaster.  The overexpression of dFOXO, the fly homologue of daf-

16, in the adult fat body of females increased lifespan by at least 20%.  These females 

exhibited an enhanced resistance to paraquat stress and a reduction in fecundity 53.  Null 

mutations in chico (encoding a substrate for the Drosophila insulin receptor) and 

mutations in the insulin-like receptor (encoding the insulin receptor) extend lifespan by 

48% and 85%, respectively.  Chico is a homologue of insulin receptor substrates 1-4, 

while the insulin-like receptor (InR) is homologous to both mammalian insulin receptors 

as well as daf-2 in C. elegans.  The chico mutation does not have observable effects on 

stress resistance or female oogenesis, while mutations in InR impairs neuroendocrine 

function shown by a 23% decrease in the synthesis of juvenile hormone in the corpora 

allata of 2-days-old mutant flies.  Coincidentally, lifespan extension associated with 

mutations in both genes is accompanied by dwarfism.  However, the dwarf phenotype of 

the chico mutant is not required for lifespan extension, as the heterozygous flies live 

almost 36% longer than wildtype flies and are of normal body size 54,55.  Given that the 

Drosophila insulin receptor transmits signals that positively regulate growth, it is not 

surprising that a reduction in signaling through this pathway in the aforementioned 

mutants produces smaller animals 56.  The identification of mammalian receptors, such as 

the insulin-like growth factor type 1 receptor (Igf1r) in mice, aids in substantiating the 

role of insulin/insulin-like signaling molecules in longevity.  Mice with only one 

functional copy of Igf1r live 26% more than wildtype litter cohorts.  Although 

heterozygous Igf1r mice display a greater resistance to oxidative stress, no alteration in 

body size, energy metabolism, nutrient uptake, physical activity, fertility or reproduction 
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was observed 37.  Given the similarity in findings across species, it is possible that the 

manner in which the insulin/insulin growth factor-like signaling pathway regulates 

longevity is evolutionarily conserved in the animal kingdom 55.  

 Single gene approaches have also been used to identify genes that influence aging 

in Drosophila.  A particular P-element insertion (a transposon) on the third chromosome 

generated a mutant line of flies (known as methuselah) with a 35% extension in average 

lifespan.  In addition to the extension in lifespan, methuselah flies exhibited an increased 

resistance to external stresses (including high temperature, low humidity and starvation).  

The removal of this P-element restored the wild-type phenotype.  Therefore, the 

methuselah mutation was specifically responsible for the phenotype of methuselah flies.  

Through sequencing, the mutation was determined to be located within a gene encoding a 

protein product predicted to have a leader peptide and seven hydrophobic regions.  The 

sequence of the genomic region showed homology to a GTP-binding regulatory protein 

(G-protein)-Coupled Receptor (GPCR).  G-protein-coupled receptors are involved in a 

variety of biological activities such as neurotransmission, hormone physiology, ion 

transport across membranes, drug response, morphological differentiation, embryonic 

development and signal transduction of external stimuli 36.  Two endogenous ligands 

differing by only four amino acids were subsequently identified.  Stunted A and B, splice 

variants of the gene stunted, possess amino-terminal regions that interact with 

Methuselah.  Mutations in stunted increase lifespan and resistance to oxidative stress.  

The Methuselah-Stunted system is likely to have a potential role in regulating the process 

of aging 57. 
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Silencing information regulator 2 (Sir2), an NAD-dependent histone deacetylase, 

has been also shown to influence lifespan in yeast, worms and flies through mutational 

analysis 58.  The lifespan of S. cerevisiae can be extended by 40% through the addition of 

an extra copy of Sir2 59.  The extension in lifespan seems to result from the silencing of 

chromatin in ribosomal DNA (rDNA), which results in the suppression of recombination 

that generates toxic extrachromosomal rDNA circles (ERCs).  Inactivation of Sir2 results 

in a shortened lifespan, possibly due to the failure to repress recombination and somatic 

damage, through the accumulation of deleterious ERCs 59.  In C. elegans, Sir2.1 seems to 

be involved in the insulin-like signaling pathway (signaling within this pathway limits 

longevity) as indicated by genetic analysis.  Transgenic C. elegans with additional copies 

of the gene exhibit an extension in lifespan.  Therefore, it is possible that SIR2.1 

represses components of the insulin-like signaling pathway, the activation of which limits 

lifespan 60. 

Lifespan extension has been observed in S. cerevisiae due to altering the 

expression of genes that may be affecting aging.  Of the 564 deletion strains of S. 

cerevisiae, 10 were characterized as exhibiting a 30% or more increase in replicative (a 

stage of life prior to senescence) lifespan, suggesting that the gene products of the deleted 

genes stimulate the normal process of aging.  Analysis of these ten genes indicated that 

six were encoding components of the TOR and Sch9 pathways (which are involved in 

nutrient response).  TOR proteins regulate response to nutrients through cell size, 

autophagy, ribosome biogenesis and translation, carbohydrate and amino acid 

metabolism, stress response and actin organization.  Furthermore, deletion of genes 

upregulated by TOR proteins also increased lifespan.  Protein kinase A (PKA) and Sch9, 



 17 

nutrient-responsive kinases, also regulate the expression of several downstream effectors.  

Deletion of either of these genes extends lifespan as well.  It is possible that the TOR and 

Sch6 pathways limit longevity through the excess intake of nutrients 61. 

Genes that influence aging can also be isolated by gain of function mutations.  

Mutations can be induced in adults alone, while excluding the developmental effects of 

overexpression.  One such inducible system is PdL, a P-type transposable element, which 

consists of a doxycycline-inducible promoter at the 3’ end.  Once PdL is inserted into the 

5’ end of a gene, it will lead to the overexpression of that gene in a doxycycline-

dependent manner.  Using this system, genes involved in a variety of biological process, 

including Actin-binding protein (involved in cytoskeleton organization), 

phosphatidylinositol 4-kinase (has an identified role in male meiosis) and vacuolar H+-

ATPase subunit (involved in proton pumping) were identified in Drosophila 62. 

Another system used to overexpress genes is the gene search system 63.  Gene 

search (GS), a strategy developed in Drosophila, can be used to identify genes that have 

the potential to extend longevity.  GS consists of two components, a GAL4 transgene 

driven by an hsp70 promoter and a P-element based GS vector with Upstream Activating 

Sequences (UAS).  The GS vector has two copies of UAS at the flanking ends and directs 

transcription outward (away from the core of the vector).  UAS is activated by the 

expression of GAL4 through heat induction during the adult stage.  Thus, depending on 

the unique insertional site of the GS vector, different genes are misexpressed.  Through 

GS, six genes were identified that extend lifespan.  Interestingly, these genes are related 

to stress resistance or redox balance (DmGST2, hsp26, nla and Drosophila homologues 

of mammalian TRX, GILT and POSH) 64.               
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1.4.2 Candidate Gene Analysis   

Candidate gene approaches rely on the investigation of genes that are believed to 

be involved in aging.  For instance, given that the insulin-like signaling pathway is 

involved in age regulation in C. elegans, components of this pathway are ideal candidate 

genes that may be further investigated in other organisms.  This approach led to the 

isolation of the InR gene in Drosophila, a homologue of daf-2 in C. elegans.  As 

mentioned above, the mutation in InR results in an 85% increase in lifespan through a 

deficiency in juvenile hormone.  This juvenile hormone is predicted to mediate aging 

through the retardation of growth 54.  Since it has been proposed that oxidative damage is 

one of the factors that limit Drosophila lifespan, the loss of function of catalase or Cu/Zn-

superoxide dismutase (Cu/ZnSOD) in Drosophila was expected and found to reduce 

lifespan and resistance to oxidative stress.  The significance of catalase and/or 

Cu/ZnSOD overexpression was assessed through a heat-inducible hsp70 promoter, which 

allows for expression specifically during adult stages.  Overexpression of catalase 

increased resistance to hydrogen peroxide without a significant extension in longevity.  

Overexpression of both catalase and Cu/ZnSOD did not result in lifespan extension (this 

may have been due to the fact that the SOD activity, resulting from the overexpression of 

Cu/ZnSOD, was reduced in the presence of the catalase insertions).  However, a 48% 

increase in mean lifespan was observed due to the overexpression of Cu/ZnSOD.  The 

observed extension in lifespan is due to an added efficiency in the detoxification of 

oxygen radicals, suggesting that oxidative damage limits lifespan 65. 

1.4.3 Gene Expression Analysis 
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 Gene expression screens involve the selection of genes on the basis of their 

expression patterns.  Gene expression is effectively regulated throughout the lifespan of 

an organism (including during late life).  The aging process in D. melanogaster is 

characterized by active changes in gene expression, exhibiting changes in transcript 

representation with age, and diminished biological function 66. 

The gene expression profile (generated through microarray analysis) of skeletal 

muscle in mice indicates that aging is accompanied by a pattern of gene expression 

representative of a stress response.  A decrease in the expression of metabolic and 

biosynthetic genes (based on the expression profile of 6347 genes) was also observed.  

The majority of these changes in gene expression are prevented by caloric restriction 67.  

A genome-wide expression assay found that 23% of D. melanogaster genes demonstrated 

age-related changes in response to conditions of caloric restriction.  The induction of 

stress response genes during aging is a consequence of damage to macromolecules and is 

consistent with the oxidative stress theory of aging.  In addition to the increase in 

expression of stress response genes, many immune defense genes, such as Cecropins, 

Attackins, Defensin and Relish, were also upregulated across age 66.  A similar increase in 

the expression of inflammation and immune genes was observed in the brain of mice 

during aging 68.  The analysis of 4,500 genes in paraquat-treated D. melanogaster 

revealed 42 genes that exhibited age-dependent expression patterns.  These patterns may 

be associated with oxidative stress-dependent expression and, therefore, may be relevant 

to aging 69. 

Although, microarray analysis is useful in the extensive discovery of genes that 

demonstrate expression patterns that change with age, it does not identify tissue-specific 
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changes in gene expression as a function of age (when specifically analyzing whole 

organisms).  Furthermore, the analysis of mutations affecting identified candidate genes 

is necessary and microarray analysis does not provide for the isolation of such mutations.  

Despite the fact that the enhancer trap technique is capable of analyzing a limited number 

of genes (as compared to microarray analysis) in vivo, it facilitates the rapid isolation of 

mutations in genes of interest 48.  This technique is utilized in the identification of gene 

expression patterns as a function of age through the detection of the activity of 

endogenous transcriptional regulatory elements.  The enhancer trap technique makes use 

of a transgene containing a measurable reporter gene, which is under the control of a 

minimal promoter (Figure 1.1A).  The promoter is activated only when the transgene is 

inserted into the genome in the vicinity of an endogenous enhancer, which normally 

regulates the expression of endogenous genes (Figure 1.1B, C).  Thus, the spatial and 

temporal expression of nearby genes can be inferred through the measurement of the 

reporter gene 70.  

The measurement of the expression of a reporter protein, β-galactosidase, was 

found to vary with age in the adult antennae of forty different transgene-inserted 

Drosophila lines maintained at various ambient temperatures, which allowed for the 

scaling of lifespan.  The forty lines, representing 80% of the lines examined, showed 

complex reporter gene expression patterns during adult life that reflected a dynamic 

nature of gene regulation.  In addition, many of these transgenic lines exhibited a 

reproducible and characteristic pattern of temporal expression.  Despite the variation in 

ambient temperature, the expression patterns of 13 lines were found to change in a 

distinctive manner that was dependent on the lifespan of the adult fly such that the 
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temporal pattern of expression could be scaled to lifespan.  Given that the expression 

profiles of the reporter gene scale to lifespan, they may reflect the regulation of gene 

expression that is determined by the physiological age of the adult, suggesting that 

regulatory mechanisms that generate the observed temporal patterns of gene regulation 

may be associated with lifespan 16.  Genetic mutations in D. melanogaster (such as 

Hyperkinetic and Shaker) are known to shorten longevity in association with an increase 

in physical activity and general metabolic rate 71.  Given that the temporal pattern of 

expression of the marked genes in the enhancer trap lines vary as a function of lifespan 

(even when the ambient temperature is altered to influence lifespan), the expression 

pattern of these enhancer trap lines, in the genetic background of short-lived mutants, can 

be used to confirm the existence of age-dependent mechanisms of gene regulation that 

are independent of ambient temperatures.  Expression profiles of enhancer trap lines in 

the background of Hyperkinetic and Shaker reveal changes in temporal patterns that are 

similar to those observed with modifications to ambient temperature.  Therefore, a 

substantiated connection can be made between the control of gene expression and 

lifespan 16.  Specifically, the expression of nearby genes is likely to be controlled by 

mechanisms that are linked to physiological age in constrast to chronological age 72.  

Enhancer trap strains that exhibit transcriptional upregulation have led to the 

identification of genes regulating longevity.  Enhancer trap insertions in the I’m Not Dead 

Yet (Indy) gene result in flies that exhibit a doubling of average lifespan.  Indy encodes a 

protein that shares homology with a mammalian sodium dicarboxylate cotransporter, 

which is a membrane protein that transports intermediates of the Kreb cycle.  
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Furthermore, Indy is expressed extensively in the fat body, midgut and oenocytes, which 

are regions involved in intermediary metabolism in Drosophila 73. 

1.5 RESEARCH OBJECTIVES 

 Previous studies have examined the transcriptional regulation of many genomic 

regions during aging, through the use of the enhancer trap technique 74-76.  These 

enhancer trap screens have established the dynamic role of gene regulation during aging 

in the antennae, comprised of post-mitotic cells, of the fly.  This process of regulation 

was maintained even in older flies 3,74.  These earlier studies were fundamental in 

validating the enhancer trap technique in gene expression research.  However, there is no 

reason to be restricted to studying the mechanisms involved in aging solely in the 

antennae, as this technique has the potential to be applied to the whole body.   

 Recently, a genetic screen that analyzed the expression pattern of 180 enhancer trap 

lines in D. melanogaster is of particular significance, as this was a systemic examination 

across age and body 76.  This screen, utilized lacZ, as the reporter gene fused to an 

Upstream Activating Sequences (UAS) element.  The expression of lacZ was dependent 

on the presence of a transcription factor, GAL4, which activates the UAS element by 

binding to it.  The enhancer trap lines are transgenic flies that were generated through the 

insertion of a construct, possessing GAL4 under a minimal promoter.  Therefore, the 

expression pattern of GAL4 was indirectly quantified through the expression of lacZ.  

The expression of GAL4 should reflect that of nearby genes as the expectation is that 

GAL4 expression is controlled by an endogenous enhancer that is also regulating the 

transcript levels of genes surrounding the insertion site 77.  Using this method, both 

spatial and temporal expression levels across the lifespan of the fly can be established.  
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Once the expression profiles of the 180 lines were determined, the genes were ranked and 

clustered using similar strategies to those used in microarray analysis.  Over 80% of the 

lines examined showed age-dependent changes.  Three different categories of expression 

profiles were established through cluster analysis:  lines that represented an increase with 

age (14%), lines that exhibited a decrease with age (68%) and lines that showed no 

changed through life (18%).  In some lines, such as DJ628, a steady increase was 

observed with age, while other lines, such as DJ649, were characterized by a continual 

decrease in expression.  DJ691 is an example of a line with fairly static expression across 

age, whereas the expression of DJ626 dramatically declines immediately following 

ecolsion.  The expression profiles of some of these lines scaled with age, similar to 

results from earlier enhancer trap analyses 76.  Different from previous studies, the whole-

body analysis of expression permitted the examination of tissue-specific expression 

across age.  The expression of lacZ was found to be in a variety of tissues.  These spatial 

patterns displayed changes with age.  For example, little expression was observed in 

young DJ628 males, while expression in hindgut and oenocytes appeared and persisted 

subsequent to 10 days of age.  Alternatively, the spatial expression of DJ694 was 

localized mainly to muscle tissue throughout age 76. 

 The temporal profiles indicate the presence of endogenous regulatory elements that 

change with age.  The objective is to identify the genes that are regulated by these 

enhancers in order to study potential mechanisms involved in the aging process.  

Conveniently, the construction of the insert permits the molecular characterization of the 

surrounding genomic region.  This is done through the plasmid rescue technique 

(isolating restriction digested genomic fragments that possess sections of the insertion 
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construct as well as the genomic DNA), cloning and sequence analysis.  Once the 

sequence adjacent to the insertion site is obtained, it can be compared to the fly genome 

database to determine the precise location within the genome.  Using this procedure, 

molecular analysis of four DJ lines, DJ694, DJ634, DJ646 and DJ628, revealed genes 

that may exhibit expression patterns that are identical to those observed in the enhancer 

trap lines.  This is contingent on the assumption that the same enhancer regulates the 

expression of both GAL4 and the nearby genes.  The genes identified as candidates for 

expression analysis included those that are involved in microtubule organization 

(centrosomal micotubule-associated LK6 serine/threonine protein kinase), immunity 

(PGRP-LC) and muscle function (EDTP, as it is localized to the muscle) 76.  In a similar 

manner, the genomic regions surrounding the GAL4 insertion of several upregulated lines 

(DJ695, DJ710, DJ849, DJ767, DJ761 and DJ694) were determined through the 

comparison of sequencing data with the fly genome database 78. 

1.5.1 Background on Selected Enhancer Trap Lines 

The DJ695 Enhancer Trap Line  

An overall increase in β-galactosidase expression was observed in the DJ695 fly 

line over the lifespan.  β-galactosidase expression peaked at age day 15, after which 

expression decreased until a second peak at age day 50 (Figure 1.3A).  The localization 

of β-galactosidase in DJ695 was only observed at age day 50.  The X-gal staining was 

localized in the fat tissue, brain, ventral cord, cardia and testis, as well as along the 

digestive system (Figure 1.3 B) 78. 

The DJ695 P-element insertion site was located 221 basepairs upstream from the 

transcription start site of the CG4798 gene and 613 basepairs downstream from the 
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transcription start site of the cnk gene (Figure 1.4) 78.  Given that the P-element is located 

in the region between two genes, the reporter gene may reflect the gene activity of either 

of the genes, both of which are within close proximity to the insertion site.  Therefore, 

both CG4798 and cnk were chosen for quantitative polymerase chain reaction (qPCR) 

analysis.  Cnk has been implicated in regulating the RAS-RAF-MEK-extracellular-

regulated kinase pathway and the CG4798 gene has been inferred to encode a uridine 

kinase (through sequence similarities to genes in other organisms using NCBI BlastP) 79. 

The DJ710 Enhancer Trap Line 

The DJ710 fly line demonstrates an increase of β-galactosidase expression 

throughout lifespan (Figure 1.5A).  The localization of β-galactosidase expression is 

prevalent at 0 days in the nervous system (in the brain and ventral cord), cardia and in 

parts of the digestive system.  At age day 16, staining is evident in the cardia and 

digestive system.  Staining of the cardia, digestive system, in the testis and on the 

periphery of the ventral cord is present at age day 35.  By age day 45, β-galactosidase is 

localized in the cardia, digestive system and testis.  At age day 60, there is staining in the 

cardia, digestive system and along the periphery of the testis (Figure 1.5B) 78. 

Plasmid rescue techniques have localized the insertion site of the DJ710 fly line to 

be within the CG30132 (par-1) gene, 811 basepairs downstream from the transcription 

start site, which was the gene chosen for qPCR analysis (Figure 1.6) 78.  Par-1 is a 

member of the PAR-1/MARK/KIN1 kinase gene family and has been found to be 

involved in microtubule stability and cell polarization in D. melanogaster 80.  The 

CG7744 gene, with no known fucntion was also chosen for qPCR measurements. 

The DJ849 Enhancer Trap Line 
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The expression profile of DJ849 fly line demonstrated a large increase in β-

galactosidase expression from age day 0 to a peak in expression at age day 15.  The 

expression level remained more or less stable and exhibited a slight decrease at old age 

(Figure 1.7A).  X-gal staining of fly sections revealed β-galactosidase localization in the 

DJ849 fly line over life span.  At age day 0, localization of β-galactosidase is present in 

the nervous system and the digestive system.  From age day 15 to age day 60, β-

galactosidase expression is present in the digestive system, cardia and testis (Figure 1.7B) 

78. 

The DJ849 p-element insertion site was located 200 bp downstream from the 

transcription start site of the CG2171 (tpi) gene and 500 bp upstream from the CG9753 

gene (Figure 1.8) 78.  The CG9753 gene encodes a G-protein coupled receptor that is 

essential to the adenosine-signaling pathway 81.  Tpi is required for maintaining neuronal 

viability.  Mutations in tpi, producing reduced gene activity, were responsible for 

neurodegeneration, paralysis and shortened lifespan 82.  Given this effect on lifespan, tpi 

was selected for qPCR analysis. 

The DJ767 Enhancer Trap Line 

The DJ767 fly line demonstrated an overall increase in β-galactosidase expression 

over lifespan.  Expression of β-galactosidase increases sharply from eclosion until day 5, 

after which expression plateaus until age day 45.  The expression decreases from day 45 

until day 70 (Figure 1.9A).  Localization of β-galactosidase expression at day 0 is in the 

nervous system, cardia and digestive system.  At age 15 days, staining appears in the 

cardia, oenocytes and digestive system, as well as some peripheral staining on the testis.  

By day 30, staining appears in the testis, oenocytes, digestive system and cardia.  Staining 
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at day 45 is evident in the cardia, digestive system, oenocytes and testis.  At age 60 days, 

staining is present in the oenocytes, digestive system, cardia and testis (Figure 1.9B) 78. 

The insertion site of the DJ767 fly line was found 1481 basepairs upstream from 

the transcription start site of the CG31340 gene, encodes a protein with unknown 

function, which is be developmentally regulated by a tumour suppressor, p53 (Figure 

1.10) 78,83.  This gene is located within an intron of the CG17077 gene (pointed), 49068 

bp upstream from the transcription start site.  Another GAL4 insertion in the 5’ end of the 

CG17077 gene (pointed) revealed a pattern of expression down regulated with age, 

whereas DJ767 insertion shows an overall increased reporter gene expression over 

lifespan 76.  Therefore, the reporter gene expression in the DJ767 fly line is more likely to 

reflect the CG31340 gene activity, which was chosen for qPCR analysis.  

The DJ761 Enhancer Trap Line 

 The expression profile of DJ761 line shows there is an increase in β-galactosidase 

expression from day 0 to day 15.  After peaking at day 15, there is a general decrease in 

β-galactosidase expression until the end of the fly life span at day 70 (Figure 1.11A).  X-

gal staining of DJ761 was performed at the same time, thus the localization of the β-

galactosidase can be directly compared between different life stages.  At day 0, staining is 

evident in the fat tissue, muscle, cardia, periphery of brain and testis, and along the 

digestive system.  At age 10 days staining is localized in the fat tissue, cardia, digestive 

system, epidermis and testis and on the periphery of brain. β-galactosidase localization 

and expression in the fat tissue, muscle, cardia, epidermis, periphery of brain and ventral 

cord remains constant from day 10 until day 30.  At day 50, there is higher expression of 

β-galactosidase in fat tissue, muscle, cardia, the peripheral areas of the brain and the 
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ventral cord, indicated by the darker staining (Figure 1.11B).  Spatial localization was 

almost ubiquitous, with the exception of the nervous system and the labial muscles 78.   

 The insertion site of the P-element in DJ761 was found within the CG16765 (ps) 

gene, 1462 basepairs downstream from the transcription start site (Figure 1.12) 78.  

Drosophila ps mutants are characterized by irregular morphology and apical secretion of 

salivary glands 84.  Ps, expressed in high levels in the salivary gland secretory cells, 

encodes homologues of the human Nova-1 and Nova-2 proteins, which have been 

implicated in human limb- and eye-motor control loss 84,85.  Ps was selected for qPCR 

analysis.  

The DJ694 Enhancer Trap Line 

 The expression profile of the DJ694 lines indicates that there is an increase in β-

galactosidase expression up to 30 days, followed by decreasing levels by 50 days in 

males.  A similar pattern is observed in females, with the exception of the increase in 

expression continuing to 30 days.  Rather, the increase is up to about 20 days (Figure 

1.13A).  The localization of the reporter reveals that β-galactosidase expression is in the 

muscle tissues, including abdominal wall muscles, mouth muscles, flight muscles and leg 

muscles.  This expression increases in most muscle tissues up to mid-life and decreases 

later in life.  However, the reporter expression in longitudinal flight muscles increases 

consistently across age (Figure 1.13B) 76. 

 The P-element insertion in the DJ694 line was found to be located in the first intron 

of the CG6542 (EDTP) gene (Figure 1.14) 76.  EDTP is a gene that is expressed during 

the embryonic stages of development and oogenesis.  It is also required for ovary 

development.  Furthermore, mutations in EDTP are associated with shortened lifespan, 
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reduced fertility, decline in fecundity and behavioural defects 86. 

1.5.2 Experimental Aims 

 The sequence analysis revealed adjacent genes that had the potential to be regulated 

in a similar fashion as the GAL4 insertion (which was measured in the β-galactosidase 

assays) through a common enhancer.  Genes surrounding the GAL4 insertion were 

chosen from the aforementioned DJ lines for qPCR analysis.  Typically, gene expression 

analysis using qPCR requires three basic steps:  RNA extraction, the conversion of 

mRNA to DNA and the quantification of the converted DNA.  Each step has the potential 

to produce variation that may be incorporated into determining transcript copy numbers.  

Reverse transcription, the process by which DNA is generated using a mRNA template, 

is particularly prone to error due to the processivity of the enzyme that catalyzes the 

conversion.  As a result, a diagnostic tool was developed to assess reverse transcription 

efficiency prior to gene quantification.  The expression patterns of eight candidate genes 

in male and female flies were established.  These temporal profiles revealed genes with 

expression patterns associated with age.  
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Figure 1.1  The reporter construct alone, shown in A, contains a reporter gene under the 
control of a minimal promoter.  In a normal fly (shown in B), expression of gene X is 
controlled by an endogenous enhancer.   The enhancer-trap fly (shown in C), containing 
an insert with the reporter gene, is randomly placed in the genome and is typically in 
close proximity to an endogenous enhancer.  Thus, the reporter gene has a comparable 
expression pattern as to that of gene X.  The transcriptional activity of gene X can be 
inferred by the gene product of the reporter as both may be regulated by a common 
enhancer. 
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Figure 1.2  Transcriptional activity of specific genomic regions can be monitored 
through the enhancer-trap approach based on the GAL4/UAS system.  GAL4 enhancer-
trap lines were generated through the transposition of the GAL4 construct into random 
genomic positions.  Each of these lines was crossed to a UAS-lacZ reporter and the 
progeny were used to measure lacZ.  The measurement of lacZ activity from 
homogenized whole flies directly reflects the activity of the chromosomal region 
containing the GAL4 insert.  Thus, spatial (through X-gal staining) and temporal (through 
CPRG tests) expression patterns can be assessed across lifespan.  Adapted with 
permission 74. 
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Figure 1.3  The spatial and temporal quantification of lacZ in DJ695 adult male flies 
using β-galactosidase assays.  The results from the CPRG test that quantified the amount 
of β-galactosidase present in DJ695 flies at various ages are shown in A (graphed as the 
rate of change of OD562nm per minute per fly).  An X-gal stained horizontal section of 
the DJ695 enhancer trap line, illustrating the tissue-specific localization of β-
galactosidase expression in the whole body of the fly is shown in B with the head on top 
and the tail on the bottom of the picture.  The section is of a 50-day-old fly and the arrow indicated 
regions of blue show β-galactosidase expression:  f, fat; b, brain; vc, ventral cord; c, cardia; t, testis; sg, 
salivary glands 76. 
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Figure 1.4  The location of the enhancer trap in the DJ695 fly line.  The position of the P-element insertion site is indicated by the red 
circle, exons are indicated with rectangular blocks on the black solid line, which represents the fly genome (the distance is given in 
basepairs below the black solid line).  The block arrows represent the direction of transcription of nearby genes 76. 
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Figure 1.5  The spatial and temporal quantification of lacZ in DJ710 adult male flies 
using β-galactosidase assays.  The results from the CPRG test that quantified the amount 
of β-galactosidase present in DJ710 flies at various ages are shown in A (graphed as the 
rate of change of OD562nm per minute per fly).  An X-gal stained sagittal sections of the 
DJ710 enhancer trap line, illustrating the tissue-specific localization of β-galactosidase 
expression (in blue) in the whole body of the fly is shown in B with the head on the top, 
the tail on the bottom, the dorsal side to the left and the ventral side to the right in the 
picture.  Sections across age are shown and the arrow indicated regions of blue indicating 
β-galactosidase expression:  b, brain; vc, ventral cord; c, cardia; ds, digestive system; t, 
testis 76.  
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Figure 1.6  The location of the enhancer trap in the DJ710 fly line.  The position of the P-element insertion site is indicated by the red 
circle, exons are indicated with rectangular blocks on the black solid line, which represents the fly genome (the distance is given in 
basepairs below the black solid line).  The block arrows represent the direction of transcription of nearby genes 76. 
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Figure 1.7  The spatial and temporal quantification of lacZ in DJ849 adult male flies 
using β-galactosidase assays.  The results from the CPRG test that quantified the amount 
of β-galactosidase present in DJ849 flies at various ages are shown in A (graphed as the 
rate of change of OD562nm per minute per fly).  An X-gal stained section of the DJ849 
enhancer trap line, illustrating the tissue-specific localization of β-galactosidase 
expression in the whole body of the fly is shown in B with the head on the top, the tail on 
the bottom, the dorsal side to the left and the ventral side to the right in the picture.  
Sections across age are shown and the blue regions indicate β-galactosidase expression: 
b, brain; vc, ventral cord; c, cardia; ds, digestive system; t, testis 76. 
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Figure 1.8  The location of the enhancer trap in the DJ849 fly line wa.  The position of the P-element insertion site is indicated by the 
red circle, exons are indicated with rectangular blocks on the black solid line, which represents the fly genome (the distance is given in 
basepairs below the black solid line).  The block arrows represent the direction of transcription of nearby genes 76. 
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Figure 1.9  The spatial and temporal quantification of lacZ in DJ767 adult male flies 
using β-galactosidase assays.  The results from the CPRG test that quantified the amount 
of β-galactosidase present in DJ767 flies at various ages are shown in A (graphed as the 
rate of change of OD562nm per minute per fly).  An X-gal stained section of the DJ767 
enhancer trap line, illustrating the tissue-specific localization of β-galactosidase 
expression in the whole body of the fly is shown in B with the head on the top, the tail on 
the bottom, the dorsal side to the left and the ventral side to the right in the picture.  
Sections across age are shown and the arrow indicated regions of blue indicating β-
galactosidase expression:  b, brain; vc, ventral cord; c, cardia; ds, digestive system; t, 
testis; *, oenocytes 76. 
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Figure 1.10  The location of the enhancer trap in the DJ767 fly line.  The position of the P-element insertion site is indicated by the 
red circle, exons are indicated with rectangular blocks on the black solid line, which represents the fly genome (the distance is given in 
basepairs below the black solid line).  The block arrows represent the direction of transcription of nearby genes 76. 
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Figure 1.11  The spatial and temporal quantification of lacZ in DJ761 adult male flies 
using β-galactosidase assays.  The results from the CPRG test that quantified the amount 
of β-galactosidase present in DJ761 flies at various ages are shown in A (graphed as the 
rate of change of OD562nm per minute per fly).  An X-gal stained section of the DJ761 
enhancer trap line, illustrating the tissue-specific localization of β-galactosidase 
expression in the whole body of the fly is shown in B with the head on the top, the tail on 
the bottom, the dorsal side to the left and the ventral side to the right in the picture.  
Sections across age are shown and the arrow indicated regions of blue indicating β-
galactosidase expression:  b, brain; vc, ventral cord; c, cardia; ds, digestive system; t, 
testis; f, fat 76.  
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Figure 1.12  The location of the enhancer trap in the DJ761 fly line.  The position of the P-element insertion site is indicated by the 
red circle, exons are indicated with rectangular blocks on the black solid line, which represents the fly genome (the distance is given in 
basepairs below the black solid line).  The block arrows represent the direction of transcription of nearby genes 76. 
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Figure 1.13  The spatial and temporal quantification of lacZ in DJ694 adult male (left) 
and female (right) flies using β-galactosidase assays.  The results from the CPRG test that 
quantified the amount of β-galactosidase present in DJ694 flies at various ages are shown 
in A (graphed as the rate of change of OD562nm per minute per fly).  X-gal stained 
sagittal sections of the DJ694 enhancer trap line, illustrating the tissue-specific 
localization of β-galactosidase expression in the whole body of the fly is shown in B with 
the head on the top, the tail on the bottom, the dorsal side to the left and the ventral side 
to the right in the picture.  Sections across age are shown and the blue regions indicate β-
galactosidase expression:  lm, longitudinal flight muscles; lgm, leg muscles; fm, flight 
muscles; lbm, labium muscles 74.  
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Figure 1.14  The location of the enhancer trap in the DJ694 fly.  The position of the P-element insertion site is indicated by the red 
circle, exons are indicated with rectangular blocks on the black solid line, which represents the fly genome (the distance is given in 
basepairs below the black solid line).  The block arrows represent the direction of transcription of nearby genes 74. 
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CHAPTER 2 

THE USE OF AN EXTERNAL SPIKE MOLECULE, LUCIFERASE RNA, AS A 

DIAGNOSTIC TOOL IN THE ASSESSMENT OF REVERSE TRANSCRIPTION 

Authors:  Grace T. Tharmarajah and Laurent Seroude 

2.1 ABSTRACT 

 In examining gene expression, transcript quantification is one of the approaches 

used by molecular biologists.  This concept, of late, has been adapted such that extremely 

low number of mRNA transcripts can be detected and quantified.  In order for such 

accurate quantification, the RNA molecules must be converted into DNA through a 

process known as reverse transcription.  Given that the success of this step is essential to 

the subsequent quantification stage, an external spike RNA molecule (Luciferase) was 

used to assess the effectiveness of reverse transcription reactions.  The analysis of 

Luciferase, used as an exogenous spike molecule, revealed that initial RNA copy number 

influences reverse transcription efficiency such that there is an obvious drop in efficiency 

associated with the dissociation constant.  This was also observed for an endogenous 

gene rp49, which should be re-evaluated as a reference gene.  An effect due to 

background RNA was not observed.  Finally, data suggests that individual RNA 

molecules are reverse transcribed with unique efficiencies and, as a result, Luciferase 

RNA can only be used as a diagnostic tool to determine the success of reverse 

transcription reactions. 

2.2 INTRODUCTION  

2.2.1 RNA and Methods of Expression Quantification 
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RNA is a biological molecule and is the intermediate that permits the formation of 

functional gene products that stem from genomic sequences.  Thus, the study of gene 

expression patterns, through transcript quantification, has the potential to be of interest to 

a considerable number of biological systems.  Northern blotting, an early procedure 

developed to analyze RNA, lacks accuracy in quantification of low-abundant transcripts 

than more recent techniques, such as serial analysis of gene expression (SAGE), 

microarray and quantitative PCR (qPCR) possess 1.  Northern blotting is useful in the 

study of RNA degradation and transcript size.  As a result of these limitations, RNA is 

likely to be analyzed through the more recently developed methods 2.   

2.2.2 Sources of Error in the Procedures of Expression Profiling  

Gene expression analysis, which can be performed through the use of a variety of 

techniques, requires three basic experimental stages.  The first involves the extraction of 

RNA from biological material, the second necessitates the conversion of that RNA into 

complementary DNA (cDNA) and the third demands the quantification of the cDNA.  As 

expected, each of the previously stated stages has the potential to contribute variability to 

the process of gene quantification. As a result, a variety of normalization procedures are 

utilized to correct for the error that individual stages may contribute to the overall 

procedure 2-6.  Inherent variation in the quantity and the quality of RNA isolated from 

biological samples is expected, as cells exist in a dynamic state and different mRNA 

molecules are liable to have unique extraction efficiencies 5.  Therefore, the variation in 

independent extractions can be minimized through the use of identical initial RNA 

amounts at the onset of procedures that produce cDNA and through the exclusion of 

RNA that is of poor quality 4,5.  This assumes that extraction efficiency is proportional 
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and affects all RNA molecules equally.  However, it is reasonable to imagine that a given 

RNA molecule will bind to the extraction column with a unique affinity and, therefore, 

experience altered extraction efficiencies that are not predictable or comparable to the 

altered extraction efficiency of other RNA molecules.  Differences in the efficiency of 

individual qPCR and microarray assays can be corrected through the use of standard 

curves and print-tip normalization, respectively 7.   

2.2.3 Using Reference Genes in an all-inclusive Normalization Procedure  

Reverse transcription (RT) is a process, in which RNA molecules are converted 

into cDNA templates.  Although this universal process is required in transcript 

quantification, RT efficiency has not yet been carefully examined.  The aforementioned 

normalization techniques have the potential to correct for the error incorporated into 

transcript quantification that originates from extraction and microarray/qPCR, however 

the contribution of variation from the RT reaction is completely ignored.  Therefore, 

artifacts introduced during the entire experimental process, including extraction, RT and 

qPCR or microarray hybridization, are presently corrected through the normalization of 

quantified transcripts to reference genes.  A reference gene, which tends to be a 

housekeeping gene, used in normalization is presumed to remain constant throughout 

experimental conditions.  Unfortunately, this presumption is inaccurate, as a given 

reference gene may be valid for normalization in some experimental conditions, but not 

others 3.  Given that glyceraldehyde-3-phosphate dehydrogenase (GAPDH) has been used 

as a reference in Northern blot analysis for many years, it is a commonly used as a 

reference gene in qPCR and microarray analysis 5.  GAPDH was used in the 

normalization of quantified metalloproteinase-13 mRNA during dermal wound healing in 
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mice 8.  GAPDH expression varied extensively between freshly isolated, resting 

peripheral blood mononuclear cells (PBMCs) and PBMCs stimulated for 96 hours with 

the mitogenic anti-CD3 monoclonal antibody OKT3.  This variation in expression was 

observed in spite of taking into consideration the number of cells used in RNA 

extractions and, as a result, GAPDH should not be used as a normalization gene in the 

expression profiling of human lymphocytes 9.  Furthermore, the steadiness in expression 

of reference genes may be an artifact of experimental processes and, thus, not reflective 

of constitutive expression within the living cell.  Proposed alternate approaches to 

minimize the impact of procedure effects have included the normalization of target genes 

to the mean expression of a large set of housekeeping genes 10.  Finding an ideal 

reference gene or using an average of multiple reference genes is time-consuming and 

expensive, as both require validation of reference gene(s) suitability for unique 

experimental settings.  Given that normalization strategies currently exist for RNA 

extraction and microarray/qPCR, it is most logical to correct for the variation in transcript 

quantification contributed solely by RT. 

2.2.4 Attempts to Standardize Reverse Transcription Variation  

The efficiency of reverse transcriptase, the enzyme that uses RNA templates to 

generate cDNA molecules, has the potential to be the source of variability in 

transcriptional profiling.  In using endogenous reference genes during normalization 

procedures, the RT efficiencies of all RNA targets are assumed to be identical and 

proportional to RNA input.  This is not accurate given that a doubling in the initial 

amount of total RNA, where the range included commonly used initial RNA amounts 

from 0.25µg to 2µg, resulted in only a 10% increase in the cDNA of the heavily abundant 



 51 

28S rRNA 11.  This indicates that all 28S rRNA molecules in the RT reaction are not 

converted to cDNA and suggests that RT efficiency of a single transcript may vary 

depending on the amount of input RNA.   

In an attempt to confirm that variation in RT contributes to inaccurate transcript 

quantification, the RT efficiency of tichlorethene reductive dehalogenase (tceA) mRNA 

was measured and found to be approximately 88% 12.  Although this study claims to 

measure the efficiency of reverse transcriptase, it only really measures the RT of one 

gene using a specific enzyme.  Individual reverse transcriptases have been shown to 

generate different gene expression results 13,14.  For example, SuperScript II was more 

efficient at reverse transcribing low copy numbers of the enhanced green fluorescent 

gene (EGFP), while PowerScript barely reverse transcribed detectable amounts measured 

by qPCR.  However, EGFP was reverse transcribed with approximately similar 

efficiencies by PowerScript and SuperScript II when transcripts were abundant 14.  In 

addition, using a correction strategy that simply measures the amount of cDNA product 

may not be valid as individual RNA molecules may be differentially influenced by RT 

due to the influence of copy number.  Another normalization approach utilizes synthetic 

RNA standards (serially diluted) that are identical to the target gene, with detectable 

differences in the length of the region amplified or reverse transcribed.  Therefore, the 

target and the standard can be separated by size 15.  The generation of these RNA 

standards can be time-consuming and expensive.    

The artificial incorporation of RNA molecules prior to the RT process has the 

potential to be used as a diagnostic tool to measure drastic reductions in RT performance.  

Luciferase (Luc) RNA was tested as an exogenous spike to be used in the measurement 
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of RT efficiency.  Since the RT efficiency of Luc RNA can be quantified, it can be 

successfully utilized in assessing the effectiveness of RT reactions.  Specifically, a 

reaction that experiences an extreme drop in RT efficiency can be easily identified.  In 

such a case, the RT reaction must be repeated in order to obtain appropriate 

quantifications of gene expression.   

2.3 RESULTS 

2.3.1 Luciferase RNA as a Spike Molecule 

Luc RNA, a synthetically-derived molecule, must be functional as a RNA spike in 

many different organisms in order to be used as a diagnostic tool in the assessment of RT 

performance.  Luciferase, a relatively rare enzyme, has been used as a reporter of gene 

expression for many years 16.  The Luciferase primers are sufficiently specific in the 

presence of cDNA from organisms of a variety of evolutionary backgrounds, such that 

the only amplification observed was that of the expected band (Figure 2.1).  Polymerase 

chain reaction (PCR) and quantitative PCR (qPCR) were used to verify the amplification 

of the targeted 199bp-band.  Upon spiking with Luc RNA, the expected band size of 

199bp was observed by gel electrophoresis, while no bands were observed when total 

RNA samples were spiked with water (Figure 2.1A).  Also, the dissociation curves 

indicate the presence of a single amplified product in each sample.  There is one peak at 

approximately 78°C in the spiked samples representing the expected 199bp-band, while 

there is a peak at a lower temperature (at approximately 71°C) in the samples spiked with 

water that is indicative of the presence of primer dimers (Figure 2.1B).  Although Luc 

RNA is a universal molecule that can be used as a spike in a variety of model organisms, 
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the inconvenience is that the probe cannot be used in organisms possessing endogenous 

Luciferase.   

2.3.2 Measuring Changes in RT Efficiency through Luc RNA 

Although Luc RNA can be measured following the RT procedure, it must be 

validated as a functional measure that can be utilized for the technique in which RT 

efficiency is quantified.  Given that qPCR allows for the quantitative analysis of the 

initial amount of a targeted DNA template through the accumulation of a fluorescent 

signal, it can be used to determine the number of Luc RNA molecules that were reverse 

transcribed.  As it is expected that the amplification efficiency of DNA and cDNA 

molecules is identical, the initial copy number in reverse transcribed samples can be 

measured by qPCR.  A standard curve (generated by using the relationship between cycle 

threshold and copy number) is used to normalize for qPCR variation across independent 

experiments.  The standard curve for Luc is composed of serially diluted samples of a 

plasmid with the Luc gene (known as pCMV-Luc).  The copy numbers of the plasmids in 

these samples are known and are used to generate the standard curve.  The Ct (the cycle 

at which the fluorescence level of the samples crosses the threshold fluorescence, known 

as the cycle threshold) of each of these samples is a value obtained through qPCR 

analysis.  For the plasmid used in the standard curve and samples containing cDNA 

molecules of reverse transcribed Luc RNA, the copy number is inversely proportional to 

the Ct.  To confirm that the presence of cDNA (increasing complexity) or RNA (residual 

components from RT) does not alter PCR amplification, plasmid samples were 

supplemented with cDNA and RNA.  There was no effect observed on the PCR 

amplification of these cDNA and RNA supplemented plasmid samples.  Once the 
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standard curve is used to determine the initial copy numbers of Luc cDNA, RT efficiency 

percentages can be calculated as RT samples are spiked with known copy numbers of Luc 

RNA. 

Enzyme kinetics predicts the formation of an enzyme-substrate complex in an 

overall enzymatic reaction that is composed of two basic reactions.  The first of these two 

reactions is assumed to be in equilibrium, where free enzyme and substrate molecules 

form enzyme-substrate complexes.  The enzyme-substrate complexes are required in the 

formation of products and in the liberation of enzyme molecules, which is assumed to be 

the second, unidirectional reaction.  Thus, the formation rate of the enzyme-substrate 

complex and, ultimately, the product will eventually become insensitive to additional 

increases in substrate concentrations at already high concentrations.  Conversely, the 

formation of the product is affected at lower substrate concentrations, which are below 

the dissociation constant 17.  The substrate for reverse transcriptase consists of a primer 

(either oligo(dT) or random hexamers) hybridized to a unique RNA molecule.  In order to 

introduce changes in efficiency, a range of spiking amounts of Luc RNA was used in RT 

reactions.  As lowering the number of Luc RNA molecules results in a reduction in the 

concentration of the substrate, it is expected that the RT efficiency of Luc RNA at 

concentrations that are below the dissociation constant should negatively affect Luc 

cDNA formation.  RT reactions spiked with Luc RNA, ranging from 1.4⋅1010 to 1.4⋅105 

copies, were done in water.  As a result, there was only one potential substrate to be 

utilized by reverse transcriptase during the reaction.  A significant effect due to copy 

numbers was observed (Four-way ANOVA, x2=1.642027.8315, n=225, df=5, p<0.001).  

There is an obvious decline between the RT efficiency of samples spiked with ≥1.4⋅108 
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and ≤1.4⋅107 copies, which likely represents a change in Luc RNA concentrations that are 

on different sides of the dissociation constant threshold (Figure 2.2).  Interestingly, the 

concentration of substrate (based on the amount of Luc RNA), in the RT reaction spiked 

with 1.4⋅108 copies is approximately 0.23nM and this amount happens to coincide with 

the range of dissociation constants previously found for various primer-template 

substrates (Kd values were from 0.1nM to 7.8nM) 18.  An expected change in the RT 

efficiency of Luc RNA, through the lowering of substrate amounts, can be observed using 

qPCR.  It is anticipated that endogenous genes will also experience a drop in RT 

efficiency during times of low abundance.  The independent experiments (denoted as RT 

1, RT 2, RT 3 and RT4 in Figure 2.2) confirm that our approach can be used to quantify 

RT efficiency.  In addition, these experiments also indicate the existence of natural 

variation in the RT of Luc RNA between independent reactions (Figure 2.2).  However, 

this observed natural variation is not significant (Four-way ANOVA, x2=1.6420, n=225, 

df=2, p=0.4400).  A similar pattern of RT efficiency observed with qPCR is also found 

with the quantification of radioactive bands through gel electrophoresis (Supplemental 

Figure 2.1). 

2.3.3 The Effect of Background RNA on RT Efficiency 

 The influence of background RNA remains unclear.  While measuring the RT 

efficiency of a leukemia fusion gene, AML1-MTG8, it was found that the addition of 1µg 

of background RNA negatively influenced the RT efficiency of the target gene at low 

amounts.  RT efficiency of the in vitro transcribed AML1-MTG8 transcripts dropped from 

19.7% to 6% due to an increase in RNA population complexity achieved through the 

addition of background RNA.  However, this negative effect observed with background 



 56 

RNA is not as apparent when measuring the RT efficiency of AML1-MTG8 transcripts at 

higher abundances, such that the RT efficiency of AML1-MTG8 is 19.3% and 12.7% 

without and with background RNA, respectively 19.  In contrast, there was an 

improvement in the RT efficiency of the Enhanced Green Fluorescent Protein (EGFP) 

mRNA, at both high and low abundances, upon the addition of varying amounts of 

background RNA 14.  As a result of these contradictory findings, the effect of RNA 

population complexity on RT efficiency was examined by supplementing various 

amounts of Luc RNA with different amounts of background total RNA isolated from D. 

melanogaster.  A variety of total RNA concentrations (0.3µg, 1.0µg and 3.0µg) were 

added to a range of Luc RNA copy numbers (1.4⋅1010 to 1.4⋅105copies) and the effect of 

background RNA on low and high copy numbers of Luc RNA was examined (Figure 

2.3).  The influence on RT variation associated with background RNA is not significant 

in the four independent RT reactions (Four-way ANOVA, x2=8.1289, n= 225, df=3, 

p=0.9011) (Supplemental Figure 2.2). 

2.3.4 Luc RNA as a Diagnostic Tool to Measure RT Performance 

Unsuccessful RT reactions can result in the incorrect quantification of transcripts 

during gene expression analysis.  In order to test the ability of Luc RNA to measure RT 

performance, RT experiments were carried out at 42°C (the optimal elongation 

temperature) or at 68.4°C to test whether an imposed reduction can be observed in the RT 

of Luc RNA as well as endogenous genes.  Similar to previous experimental conditions, 

3.0ug of total RNA from adult D. melanogaster was reverse transcribed with 1.4⋅108 or 

1.4⋅107 copies of Luc RNA.  Two spiking amounts (1.4⋅108 and 1.4⋅107 copies) of Luc 

RNA were used, as it is difficult to predict the level of RT efficiency of the reactions 
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done at 68.4°C.  With both spiking amounts, there are obvious reductions in the RT 

efficiencies of Luc RNA.  This reduction in Luc cDNA production is reflected by a 

lowered calculated copy number of the three target mRNA molecules, rp49, DIAP and 

EDTP (Table 2.1 and Supplemental Table 2.1).  The three D. melanogaster transcripts 

that were chosen are different in size and endogenous expression levels.  Notably, a 

comparison of the magnitudes of the reduction in RT efficiency of the three genes and 

Luc RNA indicates that there are no similarities among the four.  The differences in 

magnitude may have been due to the severe decline in RT efficiency imposed by the 

extremely high temperature (68.4°C) used during elongation.  Therefore, endogenous 

transcripts of independent RT reactions were measured and compared to Luc RNA spiked 

into samples in order to determine whether natural variation in RT efficiency can be 

normalized.  However, copy numbers obtained for the three endogenous transcripts could 

not be corrected with the RT efficiency values determined for each independent sample 

using Luc RNA.  This implies that each gene is reverse transcribed with a unique 

efficiency.  As a result, the natural variation measured in independent RT reactions using 

Luc RNA cannot be used to correct for differences in the RT efficiency of endogenous 

genes (Supplemental Figure 2.3). 

2.4 DISCUSSION 

2.4.1 Sources of Error in RT due to mRNA Properties   

The efficiency of reverse transcriptase has the potential to be the source of 

variability in transcriptional profiling.  In using endogenous reference genes during 

normalization procedures, the RT efficiencies of all RNA targets are assumed to be 

identical and proportional to RNA input.  This is not accurate given that a doubling in the 
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initial amount of total RNA, where the range included commonly used initial RNA 

amounts from 0.25µg to 2µg, resulted in only a 10% increase in the cDNA of the heavily 

abundant 28S rRNA 11.  As previously mentioned, this indicates that all 28S rRNA 

molecules in the RT reaction are not converted to cDNA and suggests that RT efficiency 

of a single transcript may vary depending on the amount of input RNA.   

It is reasonable to imagine that copy number and the nature of transcripts, 

including sequence and length, influence RT and contribute to variation.  The efficiency 

at which AML1-MTG8, a leukemic fusion gene, is reverse transcribed was found to be 

drastically reduced from approximately 20% to 6% with and without background RNA, 

respectively 19.  Transcript abundance affects RT, such that rare transcripts are reverse 

transcribed with a lower efficiency and inconsistently among replicates 20.  Although the 

secondary structure of mRNA molecules can be difficult to predict, algorithms have 

effectively predicted folding patterns by considering the complementary association 

between nucleotides through the sequence, establishing the lowest possible free energy 

state and using known secondary structures of phylogenetically related RNA molecules 

21.  The presence of secondary structures has the potential to influence the processivity of 

reverse transcriptase, as double-stranded RNA regions are unable to serve as templates.  

Secondary structures, also known as pause sites, impede the formation of full-length 

cDNA products by forcing the enzyme to stop short, dissociate during RT or skip looped 

regions.  Inconsistencies in the quantification of the human tumor necrosis factor 

receptor-I (TNFR-I) mRNA were observed as a result of the use of different primers.  

Gene-specific primers, designed for predicted regions of high and low secondary 

structures, conferred dissimilar quantities following RT-qPCR analysis.  Specifically, 
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quantification of TNFR-I mRNA with primers designed to reverse transcribe a region 

characterized by low secondary structure was 100-fold greater than that of primers 

designed for areas of high secondary structure 22.  Increased temperatures and 

supplementing RT reactions with additives, such as dimethyl sulphate, have been shown 

to reduce secondary structure 23,24.  In particular, the processivity of reverse transcriptase 

was enhanced by a temperature increase from 37˚C to 55˚C, demonstrated by the 

disappearance of many of the pause sites within the heterogeneous RNA template 24.  

Reverse transcriptases vary in processivity, such that some are able to associate with a 

template for longer periods of time and add more nucleotides than others 25.  

Furthermore, the processivity involved in reverse transcribing a homogenous RNA 

molecule, composed solely of adenine and lacking secondary structure, is enhanced at 

comparatively low temperatures and ionic strength.  Specifically, longer cDNA 

molecules are produced due to the stabilization of a complex that includes the template, 

primer and enzyme 26.  Such stabilization provides the enzyme with additional time to 

catalyze the reaction.  Thus, it is conceivable that the length of a transcript may affect RT 

since the full-length cDNA production from longer RNA molecules would require a 

higher level of processivity.  Clearly, RNA attributes can vary from transcript to 

transcript and contribute to RT variation.  Therefore, it is important to measure the 

efficiency of RNA conversion to cDNA in gene expression analysis 4.  

In quantifying genes, researchers continue to propose methods to normalize 

measurements to account for the variation contributed by the various experimental 

procedures.  Experimental results suggest that error in quantification can be contributed 

by a variety of steps utilized during the RT-qPCR process 12,27.  As a result, several 
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normalization methods are employed to circumvent the problems associated with 

incorrect quantification.  One such objective was to determine the efficiency of RT 

reactions in order to present an additional normalization technique.  Unfortunately, many 

of these normalization practices assume that all RNA molecules are not sufficiently 

unique to be extracted and reverse transcribed in a distinct manner.  There is no common 

variation in RT that affects all RNA molecules equally; rather each unique molecule has a 

distinct variation in RT associated with it (Supplemental Figure 2.3).  This is likely due to 

the fact that RNA molecules are distinctive due to length and sequence composition and 

this may affect their association with reverse transcriptase.  Despite the inability to 

predict RT efficiency using Luc RNA, this universal molecule still possesses the potential 

to be used in indicating whether a RT reaction was successful or fell short. 

2.4.2 Influence of Total RNA on RT Efficiency  

 Previous experiments found that the RT efficiency of low abundant transcripts are 

negatively influenced by the presence of background RNA as compared to high abundant 

transcripts 19.  This observation was based on the measurement of only 700 copies that 

were reversed transcribed.  Such an effect was not observed with Luc RNA and may have 

been a result of the fact that Luc RNA was reverse transcribed in much larger quantities 

(of about 150, 000 copies at least).  The RT efficiency of Luc RNA, above or below the 

drop in efficiency associated with the change in initial copy number, was not affected by 

the presence of background RNA at various concentrations (Figure 2.3 and Supplemental 

Figure 2.2).  This implies that, although, the initial copy number of a given RNA 

molecule directly influences RT efficiency, a change in the complexity of the RNA 

population does not alter RT efficiency. 
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2.4.3 Rp49 as a Reference Gene 

A universal spiking molecule, such as Luc RNA, can be used as a quality control 

during RT as major experimental errors that alter RT efficiency have the potential to be 

discovered.  In such a case, the RT reaction must be repeated.  Given that a molecule 

cannot be used to normalize for a common variation in RT, it seems that the use of 

reference genes may be the most practical normalization method to utilize at the present 

time.  Thus, it is imperative to distinguish whether target mRNA molecules and reference 

genes are before or after the obvious drop in efficiency that is a consequence of low 

transcript abundance.  A drop in RT efficiency, similar to Luc RNA, can also be observed 

in endogenous genes, such as rp49, when copy numbers are sufficiently low 

(Supplemental Figure 2.4).  Furthermore, results suggest that rp49 is robust and is the 

least affected by imposed reductions in RT efficiency (Table 2.1 and Supplemental Table 

2.1).  Therefore, rp49 may not be suitable as a reference gene for normalizing the 

experimental artifacts of RT-qPCR procedures. 

2.5 MATERIALS AND METHODS 

2.5.1 RNA Extraction  

RNA was extracted from 60mg of D. melanogaster and 70mg of C. elegans using 

the RNAqueous Kit from Ambion (Cat. No. AM1912), according to kit specifications.  

RNA was eluted with 40ul and 20ul of Elution Solution for a total final volume of 

approximately 60ul.  Residual genomic DNA contamination was removed with the DNA-

free kit from Ambion (Cat. No. AM1906), according to manual specifications for a final 

volume of approximately 65ul.  RNA was extracted from 80mg Homo sapiens brain cells 

using the RNeasy Mini Kit from Qiagen (Cat. No. 74904), according to kit specifications.  
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RNA was eluted with 40ul and 20ul of RNase-free water from Ambion (Cat. No. 9935) 

for a total final volume of approximately 60ul.  RNA was extracted from the 100mg of 

Arabidopsis thaliana leaves using the RNeasy Plant Mini Kit from Qiagen (Cat. No. 

74104), according to kit specifications.  RNA was eluted with 40ul and 20ul of RNase-

free water from Ambion (Cat. No. 9935) for a total final volume of approximately 60ul.  

RNA was extracted from 80mg of Mus musculus embryo cells using the TRIzol Reagent 

from Invitrogen (Cat. No. 15596-026), according to specifications found on the manual 

supplied with the reagent.  The RNA pellet was redissolved in 15ul of RNase-free water 

from Ambion (Cat. No. 9935).  RNA extracted from Carassius auratus was obtained 

from Christopher Moyes 28.  RNA was extracted from 8.1g of Arabidopsis thaliana cell 

suspension culture using the protocol described by Britic and Kranner 29.  The pellet was 

dissolved in 100µl of RNase-free water from Ambion (Cat. No. 9935) and further cleaned 

using the RNeasy Plant Mini Kit from Qiagen (Cat. No. 74104), according to kit 

specifications.  RNA was eluted with 40ul and 20ul of RNase-free water from Ambion 

(Cat. No. 9935) for a total final volume of approximately 60ul.  Luc RNA was obtained 

from Promega (Cat. No. L4561) at a concentration of 1.051⋅1012 and all required 

dilutions were done using RNase-free water from Ambion (Cat. No. 9935).  RNA 

extracted from all organisms and Luc RNA was quantified using a standard 260/280nm 

spectrophotometer and RNA integrity was confirmed visually by 0.7% TAE agarose gel 

electrophoresis.  In the case when RNA concentration was not sufficient for RT 

experiments, samples were placed in a vacuum centrifuge to quickly evaporate excess 

liquid.  All samples were stored at -80°C. 

2.5.2 Reverse Transcription of mRNA and Luc RNA 
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For each RT reaction, a maximum volume of 7.94µl of isolated total RNA and 

Luc RNA were added at appropriate initial concentrations, as well as 376ng of oligo d(T), 

833uM of dNTPs, 3µl of 5x RT-buffer, 10.53mM of DTT, 40U of RNaseOUT (a 

recombinant ribonuclease inhibitor) from Invitrogen (Cat. No. 10777-019) and 150U of 

SuperScript II Reverse Transcriptase from Invitrogen (Cat. No. 18064-022) into a final 

reaction volume of 15µl. All reactions used the following procedures and conditions: a 

mix of oligo d(T) and dNTPs was added to the RNA, incubated at 65°C for 5 minutes, 

chilled on ice for 3 minutes and a mix of 5x RT-buffer, DTT and RNaseOUT was added.  

The mixture was then incubated at 42°C for 2 minutes and the SuperScript II reverse 

transcriptase was added.  Subsequently, an incubation session at 42°C for 50 minutes was 

carried out for elongation. The incubation temperature for the reactions in which RT was 

purposely reduced was 68.4°C.  Following elongation, the reaction was heat inactivated 

at 70°C for 15 minutes and chilled on ice for 3 minutes. Following the incubation on ice, 

65µl of autoclaved water was added to each tube, resulting in a 5-fold dilution of all 

cDNA samples.  As mentioned above, a primer mix consisting of oligo d(T) and dNTPs 

as well as a master mix consisting of 5x RT-buffer, DTT and RNaseOUT were prepared 

and dispensed in equal volumes into individual reaction tubes with a given experiment.  

Thus, independent RTs imply the use of separately prepared primer and master mixes. 

All radioactive RT reactions were supplemented with 50µCi of α-dCTP. 

2.5.3 Quantitative PCR   

For each qPCR experiment, the concentration of primers was set at 700nM and 

5µl of the desired cDNA preparation (all at a 5-fold dilution) or plasmid DNA was added, 

along with a 1x volume of 2x qPCR MasterMix Plus for SYBR Green I Low ROX from 
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Eurogentec (Cat. No. RT-SN2X-03+WOULR) and RNase-free water from Ambion (Cat. 

No. 9935) to bring the final reaction volume to 25µl.  To minimize variation, a mix 

consisting of SYBR Green, primers and water was prepared.  The mixture was distributed 

at equal volumes into each well. All reactions were performed in an Applied Biosystems 

7500 Real Time PCR System (Foster City, USA), using the following conditions: a single 

pre-PCR denaturation and HotGoldStar DNA polymerase activation step at 95°C for 15 

minutes, followed by 45 cycles of a 15-second denaturation at step 95°C, a 1-minute 

hybridization step at variable temperatures, and a 36-second elongation step at 72°C.  To 

control for pipetting errors, three independent reactions were performed for all cDNA and 

plasmid samples, in which the three reactions were prepared individually by adding the 

cDNA sample into the reaction mix three separate times.  In order to verify the 

amplification of a single PCR product, 5ul of the PCR was visualized by 1.7% TAE 

agarose gel electrophoresis and by dissociation curve analyses.  The dissociation curve 

analyses were all preformed at the of the aforementioned qPCR cycles, using the 7500 

Real Time PCR System, under the following conditions:  a 15-second denaturation step at 

95°C, followed by 1 minute at 60°C and 15 seconds at 95°C.  The forward Luciferase 

primer (5’-GGATTCTAAAACGGATTACCAGGG-3’) and the reverse primer (5’-

TCTGACGCAGGCAGTTCTATGC-3’) were used at a hybridization temperature of 

53.9°C. The forward and reverse sequences for the Rp49 primers were  5’-

GACGCTTCAAGGGACAGTATCTG-3’ and 5’-AAACGCGGTTCTGCATGAG-3’, 

respectively and the hybridization temperature used in qPCR was 56.8°C.  The forward 

and reverse sequences for DIAP primers (5’-TGCCTGCCGCATTTACTGC-3’ and 5’- 

ATGGTCGCCCAACTGTCCAC-3’, respectively) were used at a hybridization 
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temperature of 60°C. The hybridization temperature used for the forward and reverse 

sequences for EDTP primers (5’-TTTGAGGAAGGGACGGCGGAGTACG-3’ and 5’- 

CCGAGGAGCCTCCACCTCCCACTCC-3’, respectively) was 66.7°C. 

2.5.4 Plasmids for Standard Curves 

As previously mentioned, the genes analyzed using qPCR require a plasmid for 

the generation of standard curves.  The plasmid for DIAP (pBS-DIAP) was obtained from 

Bruce Hay 30.  The plasmid for Luc (pCMV-Luc) was obtained from Martin Petkovich.  

The plasmid, pCMV-Luc, was generated using two plasmids obtained from Promega, the 

pGL2-Basic Vector (Cat. No. E1641) and the pRL-CMV Vector (Cat. No. E2261).  Both 

pGL2-Basic and pRL-CMV vectors were digested with BamHI and NheI.  The digested 

fragment containing the Luc gene from pGL2-Basic and the digested fragment possessing 

the region with the Amp gene from pRL-CMV were ligated together in order to generate 

pCMV-Luc.  The plasmid for rp49, RH03940, was a clone obtained from the Drosophila 

Genomics Resource Center.  Finally, the plasmid for EDTP, pDJ134, was generated 

using a clone, LD39930, obtained from the Drosophila Genomics Resource Center.  

LD39930 and pBluescript SK+ were digested with EcoRI and XhoI.  The approximately 

3kb fragment from LD39930 was ligated into the digested pBluescript SK+. 

2.5.5 Statistical Analysis 

Statistical analyses were done using JMP Software (Cary, NC, USA) and 

Graphpad Prism (San Diego, CA, USA).   
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Figure 2.1  Gel electrophoresis of PCR done on RT experiments of RNA isolated from 
six organisms spiked with 0.0002µg of Luc RNA (+ Luc RNA) or equal volumes of water 
(-Luc RNA) is shown in A.  The dissociation curves of the samples that were spiked with 
Luc RNA are shown in B. 



 69 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 2.2  The influence of individual RT reactions on RT efficiency is shown with the 
various shaped points representing RT reactions that were done with independent mixes 
of reaction components.  Each independent RT reactions, RT 1 (triangle), RT 2 
(diamond), RT 3 (circle) and RT 4 (square), were done with six different copy numbers 
of Luc RNA in water (specifically, without the presence of background RNA).  The 
vertical bars represent ±1SD associated with qPCR, as each RT sample was separately 
measured three times.   
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Figure 2.3  The influence of background RNA concentration on RT efficiency is shown 
with various shaped points representing different concentrations of background RNA.  
Six (from 1.4⋅1010 to 1.4⋅105) different copy numbers of Luc RNA were spiked into 0µg, 
0.3µg, 1.0µg or 3.0µg of total RNA isolated from D. melanogaster.  The vertical bars 
represent ±1SD associated with qPCR, as each RT sample was separately measured three 
times.  Three additional independent RT reactions were done identical to the one shown 
here (Supplemental Figure 2).  
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Supplemental Figure 2.1  Radioactive gel and gel electrophoresis of PCR done on RT 
reactions of serially diluted samples of Luc RNA (ranging from 1.4⋅1010 to 1.4⋅106 
copies).  These reactions were supplemented with 50µCi of α-dCTP.  The band on the 
radioactive gel (on top) is 1800 nucleotides, representing the full-length Luc cDNA.  The 
PCR product on the lower gel is 199bp.  Quantitative analyses of the radioactive product 
and of the qPCR product are provided under each respective well.  The signal values and 
the copy numbers are correct for the dilution factor between the samples.  Radioactive 
quantification could not be determined for 1.4⋅107 and 1.4⋅106 samples as there is no 
visible band, however low amounts of Luc cDNA was present as shown by the 
appropriate PCR product.  Negative and positive controls included an RT reaction done 
without reverse transcriptase (-SSII) and a PCR done with a plasmid containing Luc 
(pCMV-Luc), respectively. 
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Supplemental Figure 2.2 The influence of background RNA concentration on RT 
efficiency is shown with the various shaped points representing different concentrations 
of background RNA.  Each independent RT reaction, RT 1 (shown in A), RT 2 (shown in 
B) and RT 3 (shown in C) was done with six (from 1.4⋅1010 to 1.4⋅105) different copy 
numbers of Luc RNA in 0µg, 0.3µg, 1.0µg or 3.0µg of total RNA isolated from D. 
melanogaster.  The y-axes represent RT efficiency of Luc RNA (in percent).  The vertical 
bars represent ±1SD associated with qPCR, as each RT sample was separately measured 
three times 
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Supplemental Figure 2.3  The pattern of RT efficiency for Luc RNA shown with the 
copy number calculated for each of the target genes:  rp49 (top panels), DIAP (middle 
panels) and EDTP (bottom panels).  Each of the independently prepared RT reactions 
(RT 1, RT 2, RT 3 and RT 4) was spiked with different amounts of Luc RNA: 1.4⋅108 
(left panels) or 1.4⋅107 (right panels).  The left and right y-axes are the copy number of 
the specific target gene (in millions) and the RT efficiency of Luc RNA (in percent), 
respectively.  The vertical bars represent ±1SD associated with qPCR, as each RT sample 
was separately measured three times. 

Luciferase Endogenous Gene 
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Supplemental Figure 2.4  Total RNA isolated from D. melanogaster larvae (L3) was 
serially diluted with A. thaliana RNA, so as to maintain an identical total RNA 
concentration.  Each sample was also spiked with 0.002µg of Luc RNA.  The copy 
number of rp49 was determined using the standard curve of the gene and corrected for 
the dilution factor (the undiluted sample was reverse transcribed with 3.0µg of total RNA 
from D. melanogaster only, while the other samples were reverse transcribed with 3.0µg 
of RNA from D. melanogaster and A. thaliana).  These corrected copy numbers are 
shown with the RT efficiency of Luc.  The vertical bars represent standard deviation 
associated with qPCR, as each RT sample was separately measured three times. 
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Table 2.1  The average transcript numbers of the target genes (rp49, DIAP and EDTP) 
and Luc RNA (RT reactions were spiked with 1.4⋅108 copies of Luc RNA) calculated 
using qPCR.  The standard deviation values represent error from qPCR, as each RT 
sample was separately measured three times.  The decline in copy numbers between the 
optimal (carried out at 42˚C) and the drastically reduced (carried out at 68.4˚C) reactions 
are calculated as the fold change.  RT reactions spiked with 1.4⋅107 copies of Luc RNA 
were also done (Supplemental Table 1). 
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Supplemental Table 2.1  The average transcript numbers of the target genes (rp49, 
DIAP and EDTP) and Luc RNA calculated using qPCR.  RT reactions, spiked with 
1.4⋅107 copies of Luc RNA, were done on 3.0µg of total RNA isolated from D. 
melanogaster.  The standard deviation values represent error from qPCR, as each RT 
sample was separately measured three times.  The decline in copy numbers between the 
optimal (carried out at 42˚C) and the drastically reduced (carried out at 68.4˚C) reactions 
are calculated as the fold change. 
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CHAPTER 3 

GENE EXPRESSION ANALYSIS OF AGE-RELATED CANDIDATE GENES 

IDENTIFIED THROUGH THE ENHANCER TRAP TECHNIQUE 

Authors:  Grace T. Tharmarajah and Laurent Seroude 

3.1 ABSTRACT 

A well-regulated and orderly progression of gene expression occurs during aging.  

Previous studies provide evidence for program changes in transcription that are regulated 

throughout adulthood and present in aged individuals.  It is possible that the unique 

expression profiles of each gene may influence the aging process.  The genomic region 

surrounding six upregulated Drosophila melanogaster GAL4 insertion lines were 

sequenced and the expression patterns of eight genes, CG6556 (connector enhancer of 

ksr), CG7744, CG2171 (triosephosphate isomerase), CG31340, CG30132 (par-1), 

CG4798, CG16765 (pasilla) and CG6542 (egg-derived tyrosine phosphatase), were 

determined using quantitative PCR.  Many of the genes analyzed demonstrated an age-

related expression pattern and the majority of the profiles were different between 

quantitative PCR measurements and β-galactosidase temporal expression assays.  

However, identical patterns of expression were observed in three instances.  

3.2 INTRODUCTION 

3.2.1 Gene Expression in Biological Processes 

A precise regulation of gene expression has been implicated in countless 

biological processes, ranging from the organization of cellular components to the cause 

of debilitating diseases that plague human beings.  The regulation of complex biological 
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processes, such as development and reproduction, has been associated with precisely 

regulated gene expression patterns. 

 Two approaches used to identify genes involved in specific biological processes are 

the generation of mutations and the analysis of the resulting phenotypes and the 

identification of genes possessing specific expression profiles with the expectation that 

genes influencing events of interest should be expressed during those events.  Obviously, 

the identification of genes based on expression pattern requires that candidate genes must 

be mutated in order to assess which mechanisms of biological events are in fact 

influenced. 

3.2.2 Gene Expression Changes during Aging 

 Aging is extensively studied in order to reveal the molecular components associated 

with age-related decline and deterioration.  Genetic selection experiments demonstrate 

that lifespan is genetically determined and is highly plastic 1.  Microarray analyses in flies 

have identified candidate genes that can be pursued in aging studies.  Given that free 

radicals accumulate with age, the changes in transcript levels between young and old flies 

were compared to transcript level modifications caused by paraquat stress (which is 

known to generate free radicals).  Of more than 4,500 genes, transcript levels of 127 

genes were shown to either increase or decrease with age.  Decline in reproductive 

capacity is a known age-related phenotype and, as expected, a decline was observed for 

the expression of many reproductive genes.  These included genes in male flies that 

stimulate the laying of eggs in females and facilitate storage of sperm in the female 

genital tract, as well as a gene that is involved in gametogenesis 2.  The downregulation 

of genes functioning as chaperones and detoxification agents, as well as those involved in 



 79 

various metabolic pathways was also observed in old flies 2.  However, transcript levels 

that are modified in a similar manner in older and paraquat-stressed flies are of particular 

interest.  About 40 such genes, involved in protein turnover, energy production, 

detoxification and chaperone function were found 2.  Additional microarray analysis 

examined gene expression associated with caloric restriction, an intervention that extends 

lifespan.  Almost 23% (approximately 14,100 genes) of the genome tested exhibited 

changes in transcriptional representation with age.  Many reproductively involved genes, 

pathogen response genes, genes influencing protein metabolism/modification and genes 

specifically localized to the mitochondria showed modifications in expression that 

signified senescence.  The examination of gene expression changes between control and 

calorically restricted flies indicated that caloric restriction could possibly extend lifespan 

by ameliorating many of the normal transcriptional changes that occur with age 3.  The 

analysis of about 13,500 Drosophila genes in aging and oxygen-stress flies revealed 161 

genes that exhibited similar trends of up- or downregulation in transcript levels between 

the two conditions.  This transcripts identified genes involved in immunity, protein 

protection, electron transport, the purine pathway, antioxidant function, protein 

degradation and lipid metabolism.  A strong link between gene expression and lifespan 

duration was observed as 50% of the genes affected during normal aging were also 

affected by caloric restriction 4.  The identification of the many genes from the 

aforementioned microarray studies is the primary step in analyzing genes influential 

during aging.  Mutants of these genes must be made to examine their function, if any, 

during aging.  

 The enhancer trap technique in gene expression analysis simultaneously generates 
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mutant lines that have the potential to be used in establishing gene function.  The 

enhancer trap technique involves the insertion of a reporter gene into the genome.  This 

reporter gene is under the control of a minimal promoter and the activation of the reporter 

gene requires an enhancer, which is endogenously found in the genome.  In this manner, 

the activity of the enhancer can be trapped and measured.  The expectation is that the 

enhancer is also regulating the expression of nearby genes in a similar fashion.  Using 

this method, genomic regions that are controlled in an age-related manner can be 

identified.  The enhancer trap technique was first validated for aging studies in the 

antennae, composed solely of post-mitotic cells.  Gene expression was found to be 

regulated through age and, more importantly, preserved in older flies.  This was 

influential in dispelling the idea that aging is a consequence of the global dysregulation in 

expression 5.   

3.2.3 Whole-body Enhancer Trap Analysis Through Age 

 It is conceivable that the characteristic patterns of aging observed in the antennae 

are unlikely to identify most of the genes influencing aging.  Therefore, this analysis was 

extended to the entire fly using 180 enhancer traps lines.  These transgenic lines were 

generated through the mobilization of a P-element integrated into random genomic 

locations.  This investigation was different from the previously mentioned, such that the 

enhancer trap transgene used in this analysis contained a gene encoding for the 

transcription factor, GAL4, rather than the reporter gene lacZ 6.  GAL4 expression was 

indirectly measured in the 180 lines across age with a UAS-lacZ reporter.  In some lines, 

tissue-specific expression of GAL4 was established through the analysis of fly sections.  

Many lines exhibited tissue-dependent expression profiles across age.  As an aside, these 



 81 

tissue-specific GAL4 lines also have the potential to act as drivers that express a gene of 

interest (fused to the UAS element) in a tissue-dependent manner in order to aid in 

establishing gene function.  The temporal expression patterns were statistically clustered 

to identify insertion lines that increased, decreased or remained unchanged with age.  Of 

the lines that increased with age, the exact location of the insertion in four lines was 

determined through plasmid rescue.  Interestingly, the genes surrounding the insertion 

have been implicated in chromosomal organization, immunity and muscle function 6.  

Genes involved in similar biological processes have been identified through independent 

methods profiling transcript levels through age 3,4.  One of the GAL4 enhancer trap lines, 

DJ694, was initially characterized and shown to have behavioural defects and a shortened 

lifespan 7.  Given the effect on lifespan observed, the gene near the GAL4 insertion in the 

DJ694 line is one of the several chosen for quantitative PCR (qPCR) analysis.  Additional 

GAL4 insertion lines were molecularly characterized using the plasmid rescue technique 

with subsequent alignment to the fly genome database 8. 

3.2.4 The Selection of Candidate Genes 

Of the 180 whole-body expression profiles analyzed, six lines, showing an 

increase in expression with age, were selected for further molecular characterization.  The 

precise genomic region of D. melanogaster possessing the GAL4 insertion was 

determined.  Subsequently, adjacent genes of interest with known or unknown molecular 

functions were chosen for qPCR analysis of gene expression across age in both genders.  

The eight genes selected for transcript quantification were CG6556 (connector enhancer 

of ksr – cnk), CG7744, CG2171 (triosephosphate isomerase – tpi), CG31340, CG30132 

(par-1), CG4798, CG16765 (pasilla – ps) and CG6542 (egg-derived tyrosine 



 82 

phosphatase – EDTP).  The insertion in DJ695 is between CG6556 (cnk) and CG4798, so 

both were chosen for qPCR analysis (Figure 1.4).  The insertion in DJ710 is within the 

leading intronic region of CG30132 (par-1) (Figure 1.6).  Both par-1 and CG7744, a 

nearby gene, were analyzed by qPCR.  The insertion in the DJ849 line is between tpi and 

CG9753 (a G-protein coupled receptor) (Figure 1.8).  The insertion is before the 

transcriptional start site for tpi and, as a result, it was chosen for quantification.  The 

CG31340 gene possesses the insertion in the DJ767 line (Figure 1.10).  This gene, 

composed of a single exon, is within the CG17077 (pointed) gene.  Another DJ line 

possessing an insertion in pointed was previously analyzed and exhibited a pattern of 

expression that seemed to be down regulated with age.  Therefore, only CG31340 was 

chosen for qPCR analysis.  In the line DJ761, the CG16765 (ps) contained the insertion 

in the leading intronic region and, logically ps was selected for quantification (Figure 

1.12).  The line DJ694 included the insertion in the first intron of EDTP, which was 

chosen for transcript quantification (Figure 1.14). 

3.3 RESULTS 

3.3.1 Verification of RNA Extraction Integrity 

The DJ lines, for which expression was previously measured, were generated 

through the insertion of the GAL4 construct into w1118 (a wildtype strain in a white-eye 

background) flies.  Therefore, RNA was extracted from w1118 flies of various ages for 

gene quantification.  The concentration of extracted RNA ranged 176.4 to 2443.2 µg/ml.  

The extraction procedure may have resulted in RNA degradation, as visualization of 

RNA indicated that the expected 2:1 ratio of large:small ribosomal subunit was not 

present in the samples.  In many cases, the band representing the smaller subunit was 
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much brighter than that of the larger one.  This level of degradation may influence the 

expression profiles of the genes if the target transcripts are degraded as well.  An equal 

amount of RNA (1.0µg) was used in each of the reverse transcription reactions. 

3.3.2 Assessment of RNA Extraction Purity 

In determining transcript copy numbers, reverse transcribed samples were 

analyzed using qPCR.  This method calculates copy number using the experimentally 

derived value of cycle threshold (Ct), the cycle at which the detected fluorescence 

surpasses that of background.  The calculation of copy number in unknown reverse 

transcribed molecules is based on the relationship between Ct and copy numbers of 

known molecules (plasmids or purified PCR fragments).  Prior to qPCR analysis, the 

purity of the RNA extraction step was assessed.  The presence of genomic DNA would 

result in the erroneous quantification of transcript copy numbers, as genomic copies 

would be present in reverse transcribed samples and contribute to the fluorescence 

determining the Ct.  Therefore, primers designed for a gene dcp-1 were used to evaluate 

genomic contamination 9.  Each member of this primer pair hybridized to adjacent exons 

and, as a result, the amplification of a genomic template produced a larger product 

containing an intronic region (1314bp).  The amplification of a reverse transcribed 

template (cDNA) produced a smaller fragment (828bp), as the intron was not present in 

the original mRNA.  The RNA extractions were not contaminated with genomic material 

based on this procedure.  A representation of a single male and female RT reaction are 

shown (Figure 3.1 and Figure 3.2).  

3.3.3 Diagnosis of Reverse Transcription Reactions 
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Luciferase (Luc) RNA was spiked prior to the RT process as a method in RT 

diagnostics.  Previous findings have suggested that RT efficiency of Luc RNA is 

obviously reduced in less effective RT reactions.  These failed reactions are characterized 

by lower, than expected, copy numbers of Luc cDNA upon qPCR analysis.  All RT 

efficiency percentages ranged from 60% to 80%.  Therefore, consistent triplicate Ct 

readings that indicated a RT efficiency of less than 25% were considered to be failed 

reactions.  The RT reactions of the samples of interest did not show such noticeably low 

copy numbers (or low RT efficiency), indicating that all reactions were successful and 

can be used in gene expression quantification (Figure 3.3).  

3.3.4 Quantitative PCR Analysis 

 All candidate genes were measured across age and copy numbers were corrected 

for rp49.  Rp49, a ribosomal protein, is commonly used as an endogenous control for 

gene expression 10.  The intent is that any artificial alterations to quantification resulting 

from experimental procedures should affect both the target gene and rp49 in a similar 

manner and, therefore, normalization with an endogenous control will correct for 

experimental effects.  The expression levels of rp49 appear to be consistent across age 

(Figure 3.4). 

DJ695:  CG6556 (cnk) and CG4798 

 From DJ695 the enhancer trap line, two genes were chosen for qPCR analysis in 

wildtype flies.  The expression patterns of CG6556 (cnk) were almost identical between 

males and females, peaking at 20 days.  Although males experienced a decline, following 

the peak, in late life, females show an increase at 50 days (Figure 3.5).  CG4798 patterns 

of expression between males and females were not similar to one another.  In fact, males 



 85 

experience a peak at 20 days (showing a profile similar to CG6556 (cnk) observed in 

males) and decline in later life.  However, young females of 3 days have a high level of 

CG4798 transcript numbers, which decreases to a somewhat static level throughout the 

remainder of adulthood (Figure 3.6).  Both seemed to have similar maximum expression, 

such that the absolute copy numbers are comparable.  Both genes possess obvious 

patterns of expression that are likely age-dependent. 

The qPCR results of both genes are comparable to the results of the β-

galactosidase temporal assay performed in DJ695 male flies (Figure 1.3A).  The qPCR 

expression patterns of both genes in males are similar to each other and also comparable 

to the pattern of β-galactosidase expression with peak at expression between 15 and 20 

days. 

DJ710:  CG7744 and CG30132 (par-1) 

 The genes chosen from the DJ710 enhancer trap line were CG7744 and CG30132 

(par-1).  The expression pattern of CG7744 increased up to day 30 in the males and day 

20 in the females, followed by a sharp decrease (especially in the males).  Late life 

expression was reduced in the males and increased abruptly in the females (Figure 3.7).  

The expression of CG30132 (par-1) was extremely different between the two genders, 

such that the males demonstrated an increase in expression that peaked at 20 days and 

subsequently declined in older flies, while females showed a static expression throughout 

life that peaked drastically in old flies (Figure 3.8).  There was also a difference between 

the absolute transcript levels of CG30132 (par-1) between males and females.  Males 

expressed almost twice as many transcripts.  Such a difference in transcript numbers was 

not found between males and females for CG7744.  CG7744 levels were similar to males 
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expressing of CG30132 (par-1).  The expression pattern of CG7744 is obviously age-

dependent and the same can be thought for the expression pattern of CG30132 (par-1) in 

males.  The late life increase in transcript levels tends to suggest that CG30132 (par-1) 

expression is associated with age in the females as well. 

 The qPCR analysis for the male expression of CG7744 and CG30132 (par-1) do 

not relate to the pattern of β-galactosidase expression in DJ710males, which increased 

throughout life and peaked at old age (Figure 1.5A).  

DJ849:  CG2171 (tpi) 

 CG2171 (tpi) was the candidate gene selected from the sequencing analysis of the 

DJ849 line.  The expression of this gene was identical across both genders, such that it 

was expressed in high levels upon eclosion (less than 1 day old flies) and reduced quickly 

in young flies.  It remained at low levels throughout the remainder of adulthood (Figure 

3.9).  This pattern of expression may be associated with age.  However, it appears to be a 

gene that may be influential early in life, as the highest expression is observed 

immediately following ecolsion.   

 The aforementioned pattern of expression observed in both genders was different 

to the profile found through the β-galactosidase expression assays in males.  The 

temporal pattern of β-galactosidase increased in young flies due to low levels upon 

elcosion.  This increase in expression peaked at day 15 and remained somewhat static 

pending a decrease in later life (Figure 1.7A). 

DJ767:  CG31340 

 A single gene, CG31340, was settled on as a candidate for qPCR measurement.  

The early expression of CG31340 was similar and elevated between the two genders.  
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These high levels declined immediately following eclosion and remained static 

throughout the remainder of adulthood.  Interestingly, the slight increase in male 

expression at day 30 is not observed in females (Figure 3.10).  The lack of an obvious 

regulation pattern in females and the unclear profile in males imply that this gene may 

not be age-related. 

 This pattern is for the most part different from that observed through β-

galactosidase assays, which show a sharp increase in early life, followed by a plateau to 

day 45 and a decrease in late life (Figure 1.9A).  There is a plateau in the expression of 

CG31340 in males observed with qPCR results during midlife, followed by a decline in 

older males.  However, the sharp increase in early life is not present. 

DJ761:  CG16765 (ps) 

 CG16765 (ps) was the candidate gene chosen from the DJ761 line.  The 

expression patterns between the males and females were quite different, with the level of 

expression in males being generally higher than in females.  The pattern of transcript 

expression in males increased until midlife, peaking at 20 days.  This peak was 

immediately followed by a decline in expression at 30 days and invariable expression in 

late life.  Elevated level of expression were observed in newly eclosed females at 0 days.  

Levels decreased in young flies and a slight increase was seen at midlife.  A general 

pattern of increase was also observed in older females (Figure 3.11).  Although the 

profile observed in the males indicate that the gene may be involved in aging, the females 

lack an obvious age-dependent profile.   

 The CG16765 (ps) pattern of expression in males found though qPCR analysis is 

similar to the expression of β-galactosidase in the DJ761 line (Figure 1.11A).  β-
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galactosidase increased peaking at midlife and decreased in late life.  Therefore, the 

temporal pattern of β-galactosidase reflects that of CG16765 (ps). 

DJ694:  CG6542 (EDTP) 

 Given that the GAL4 insertion was within the intron of the CG6542 (EDTP) gene 

in the DJ694 line, CG6542 (EDTP) was selected for qPCR analysis.  The expression 

levels of CG6542 (EDTP) was similar between the two genders, however, the profile 

were different.  Males experienced a constant expression at younger ages, with an 

increase to a peak at 30 days, followed by a decrease in older flies.  Females, 

alternatively, had a sudden peak in expression at 10 days and decline by approximately 

30 days.  Static expression was observed in later life, subsequent to the decline.  

However, at 50 days, a sudden increase in expression was evident (Figure 3.12).  EDTP 

depicts an age-dependent expression pattern. 

 This expression pattern of CG6542 (EDTP) is almost identical to temporal profile 

of β-galactosidase observed in DJ694 males and females (Figure 1.13A).  With the 

exception of the late life peak evident in females, the other sections of the patterns are 

almost identical.  Thus, the expression of β-galactosidase in DJ694 mirrors that of 

CG6542 (EDTP) 

3.4 DISCUSSION 

The identification of genes with expression levels that change with age is 

fundamental in elucidating the molecular mechanisms that regulate aging.  Presently, a 

common method utilized is microarray analysis, which examines many candidate genes 

resulting from a genome-wide analysis of gene expression at various ages.  Upon the 

identification of these candidate genes, transgenic mutants must be generated specific to 
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each candidate gene in order to examine gene function.  The generation of mutants is an 

extremely difficult task that awaits researchers.  An alternative screening method to 

microarray is presented.  The enhancer-trap technique allows for the quantification of 

age-regulated expression patterns (similar to microarray analysis) and also provides the 

means by which to measure the localization of gene expression in a tissue-dependent 

manner.  In addition, the enhancer-trap strains generated through the identification of 

candidate genes have the potential to be used in analyzing the effects of gene mutation.  

The alteration of candidate genes is expected to reveal attributes associated with mutants 

and aid in the characterization of the gene function.   

3.4.1 Similarities and Discrepancies in Quantitative PCR and β-galactosidase Assays 

 Of the 180 enhancer trap lines previously screened, eight candidate genes were 

selected from six lines that demonstrated an increase in β-galactosidase expression with 

age.  The expression patterns of all the genes examined seem to be age-dependent and 

many of the genes exhibited varying profiles between males and females.  Only some of 

the genes analyzed by qPCR (cnk, CG4798, ps and EDTP) displayed comparable profiles 

to that of β-galactosidase expression observed in the males of the counterpart enhancer 

trap line.  These genes, likely to be regulated by the same enhancer controlling the 

expression of GAL4, validate this technique in the identification of age-related genes. 

 However, some candidate genes did not reflect patterns observed in the relevant DJ 

lines.  These discrepancies could be due to three reasons.  Firstly, the wrong gene may 

have been measured.  The annotation of gene sequences available through the fly genome 

database is simply a prediction.  Thus, genes that are believed to be genes may not be in 

reality.  Secondly, the enhancer being measured in each of the DJ lines may not be the 
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same regulatory element controlling the expression of the candidate gene(s) chosen from 

that particular line.  Extending this idea, the expression of β-galactosidase (which is 

dependent on the production of GAL4 within the insertion) may be controlled by a single 

regulatory element, while the expression of endogenous genes is determined by multiple 

elements.  The collaborative function of these elements may be essential in establishing 

temporal profiles as well as absolute copy numbers.  Finally, the pattern observed with 

qPCR may be one reflecting regulation at the level of the mRNA.  Specifically, the 

mRNA of a given gene may be mechanistically controlled subsequent to transcription 

(likely through the mRNA sequence), while this form of regulation would not be able to 

act on the transcript producing GAL4.  Given that qPCR is a direct measurement of gene 

expression, with specific primers solely amplifying a given gene, the expression 

determined through qPCR is likely to be the actual profile of the gene across age.  

However, previous findings suggest that the three-dimensional conformation of mRNA 

(determined by the sequence) affects the processivity of reverse transcriptase 11.  

Therefore, it is important to make several primer sets and amplify various regions in 

order to validate expression profiles across age.  The verification of qPCR expression 

profiles that can be scaled to age may aid in confirming whether candidate genes are 

involved in aging mechanisms. 

 Many profiles of expression were dissimilar between genders.  For example, 

EDTP transcript levels measured in males exhibited a peak in expression at 30 days, 

while females peak at 10 days.  The different times of expression maximum is also 

observed in the β-galactosidase expression of DJ694 flies with females peaking prior to 

males.  These discrepancies between males and females imply that a given gene may be 
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age-regulated by different mechanisms between the genders and, therefore, may play 

different roles in aging that are gender-dependent. 

3.4.2 Known Functions of the Candidate Genes 

 Many of the genes quantified are components of complex cellular processes that 

are essential to survival in D. melanogaster as well as other organisms.  The known 

functions of the target genes are discussed below. 

DJ695:  CG6556 (cnk) and CG4798 

 Although the CG4798 gene has no known function, sequence similarity 

investigation has revealed that it may function as a uridine kinase.  The sequence of 

CG4798 predicts an ATP-binding domain, phosphotransferase activity and, therefore, the 

potential involvement in nucleotide metabolism in the cytosol.  It is presumed to be a 

homologue of the uridine-cytidine kinase 1 holoenzyme found in humans.  This enzyme 

is known to catalyze the reaction by which ATP is added to cytidine or uridine in 

pyrimidine salvaging reactions and in the phosphorylation of cytosolic nucleosides.  

Homologues of uridine-cytidine kinases have been identified in many organisms, 

including Mus musculus (uridine monophosphate kinase), C. elegans (F19B6.1 – 

possessing uridine kinase and phosphoribulokinase domains), S. cerevisiae 

(uridine/cytidine kinase-1) and Homo sapiens (uridine-cytidine kinase-1) 12.  

Interestingly, this enzyme also catalyzes the phosphorylation of cytotoxic ribonucleoside 

analogs that have been investigated for possible use as chemotherapeutic agents in 

treating cancer.  Upon phosphorylation, these agents inhibit enzymes that synthesize 

nucleotides, thus deterring the synthesis of DNA or RNA 13.  It is possible that nucleotide 

metabolism, an essential cellular process, may affect the aging process.  Considering the 
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dissimilarities in profiles between the genders, the role this enzyme has on the normal 

process of aging may be different in males and females. 

 Unlike CG4798, the pattern of expression of CG6556 (cnk) is almost identical in 

males and females, with the exception of a late life increase observed only in the females.  

Cnk has been implicated in the mitogen-activated protein kinase (MAPK) pathways, 

which are comprised of modules of three kinases conserved from yeast to humans.  These 

essential pathways transmit incoming signals, associated with cytokines, growth factors, 

neurotransmitters, hormones, cellular stress, and cell adherence, to specific intracellular 

destinations through an internal phosphorylation cascade.  Although the mammalian 

MAPK can be subdivided into five families, the basic assembly of MAPK pathways is an 

evolutionarily conserved, three-component module.  This MAPK module includes three 

kinases that establish a sequential activation pathway consisting of a MAPK kinase 

kinase (MAPKKK), a MAPK kinase (MAPKK), and a MAPK 14-16.  Of the five family of 

modules identified, the extracellular-regulated kinase (ERK) pathway is the most 

characterized.  This pathway, belonging to the Raf subfamily, is comprised of specific 

isoforms of RAF (MAPKKK), MEK (MAPKK) and ERK (MAPK) and communicates 

signals affecting cell proliferation, differentiation and survival 15.  Upon activation, the 

serine/threonine kinase RAF phosphorylates MEK, which in turn phosphorylates ERK.  

ERK is a group of effectors that are involved in processes that influence cell physiology 

and gene expression.  The interaction between RAF and a small GTP-binding protein, 

known as RAS, activates RAF 17.  In addition to the activation of RAF being dependent 

on RAS, it is also regulated by the kinase suppressor of RAS (KSR) and the connector 

enhancer of KSR (CNK) 15.  D. melanogaster possesses a single ksr gene and it is 
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required for viability, as loss-of-function mutants (kinase domain is commonly affected) 

exhibit cell proliferation and/or survival defects that resemble mutant phenotypes 

observed in the positively required components of the RAS/ERK module 18.  RNAi 

analyses in D. melanogaster and protein extracts from ksr-1 and ksr-2 C. elegans mutants 

revealed that KSR biochemically contributes to RAS-mediated ERK activation 19. KSR 

can associate with RAF, MEK and ERK, promoting the formation of large molecular 

weight complexes 15.  Through the ability to associate independently with either protein, 

KSR acts as a scaffold that bridges RAF and MEK in Drosophila S2 cells.  This 

scaffolding property is predicted to increase the signaling efficiency within the ERK 

module 20.  A dominant rough eye phenotype produced in adult flies expressing the 

isolated kinase domain of KSR was used in a modifier screen to identify functional 

partners of KSR.  Using the method, mutations in cnk were found to suppress the RAS 

gain-of-function activity and had no effect on constitutively active RAF.  This implied 

that cnk was also required upstream of RAF 14,21.  The Drosophila CNK has been shown 

to associate with RAF and mammalian CNK regulates the induction of RAS/ERK signal 

transduction 22.  Specifically, CNK is predicted to serve as a molecular platform for KSR-

mediated RAF activation and in the absence of receptor tyrosine signals, CNK maintains 

RAF, and potentially KSR, in an inhibited state.  The predicted domains of CNK support 

this hypothesis 15.  The implication of CNK in an extremely important and evolutionarily 

conserved signaling pathway involved in cell survival alludes to the fact that it may be 

influential during organismal aging. 

DJ710:  CG7744 and CG30132 (par-1) 
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CG7744 is a gene of unknown function, identified through D. melanogaster 

sequencing projects 23.  However, the similarity in expression pattern between the 

genders and the obvious levels of increase and decrease through life may be decisive in 

persuading researchers to investigate the role CG7744 may have during the aging 

process. 

CG30132 (par-1) was chosen as a candidate as well from the DJ710 enhancer trap 

line.  In many organisms, the localization of cytoplasmic determinants to specific regions 

of the cell defines the primary body axis in a fertilized egg.  In C. elegans, the maternal-

effect gene par-1 was originally shown to be involved in the establishment of anterior-

posterior polarity, such that mutations in par-1 block the segregation of determinants 

along the anterior-posterior axis and result in daughter cells of similar size following the 

first division (the first cleavage of the embryo is normally asymmetric with certain 

cytoplasmic components being distributed unequally between daughter cells).  Par-1, 

encoding a serine/threonine kinase, is asymmetrically localized to the posterior periphery 

of the single-celled C. elegans embryo and is segregated into P1 (where P granules are 

localized) after the first division in a manner dependent on other par gene products 24.  

Homologues of par-1 have been implicated in cell polarization in other systems as well.  

In particular, disruptions in the par-1 homologue of Schizosaccharomyces pombe, kin-1, 

cause cells to lose the ability to grow in normal rod shapes (growing as spheres) 25.  In D. 

melanogaster, oocyte determination involves a complex process which requires the 

asymmetric accumulation of mRNAs and proteins, as well as the proper organization of 

the microtubule cytoskeleton 26.  The anterior-posterior axis, which becomes polarized 

fairly early in oogenesis, is characterized by the movement of the oocyte to the posterior 
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end of the germline cycst 27.  A polarized microtubule network establishes anterior-

posterior polarity through the directing of bicoid and oskar mRNAs to opposite poles of 

the oocyte 28.  As observed in C. elegans, par-1 is required for the establishment anterior-

posterior polarity within the egg chamber and also within the embryo in flies 29.  

Furthermore, the phenotypic defects of par-1 mutants are a result of a disorganization of 

the oocyte microtubule cytoskeleton 30.  As expected, par-1 is required for the 

asymmetric accumulation of oocyte-specific factors and the proper organization of the 

microtubule cytoskeleton, as well as microtubule stabilization in follicle cells 26.  The 

physiological functions of Par-1 kinases have also been determined in mice.  There are 

four members of the mammalian Par-1 family, which have been implicated in a variety of 

physiological processes, including fertility, immune system homeostasis, learning, 

memory, growth and metabolism 31.  The asymmetrical localization of mammalian par-1 

to the lateral domain in canine polarized epithelial cells indicates that par-1 may be 

involved in the establishment and maintenance of polarity in epithelial cells, through a 

similar mechanism to that of C. elegans.  The distribution of par-1 was similar to that of 

F-actin and E-cadherin, a transmembrane protein involved in cell adhesion 32.  In the 

analysis of age-related genomic regions and differently regulated genes during aging, 

components of microtubule organization have been commonly identified 3,33.  Therefore, 

it may be valuable to examine the effect of aging on the organization of these structures 

that determine structural support, cellular transport and cellular polarity. 

DJ849:  CG2171 (tpi) 

 CG2171 encodes the triosephosphate isomerase (tpi), a glycolytic enzyme involved 

in carbohydrate metabolism 34.  The human familial disease triosephosphate isomerase 
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(TPI) deficiency is a severe multisystemic disease of autosomal recessive inheritance.  It 

is characterized by hemolytic anemia, diaphragm paralysis, cardiomyopathy, an increased 

susceptibility to infections, severe neurological dysfunction and childhood death 35.  The 

sugarkill fly mutant, producing phenotypes (such as reduced longevity, locomotor defects 

and progressive neural degeneration) analogous to those observed in triosephosphate 

isomerase deficient humans, was found to possess a missense mutation in tpi 36.  

Progressive motor impairment, vacuolar neuropathology, and severely reduced lifespan 

were observed in wasted away, another tpi mutant 37.  To be deficient in Tpi is thought to 

result in a lack of ATP production through the anaerobic metabolism of glucose.  Thus, 

mutations in Tpi reduce glycolytic flux and are expected to impair the ability of an 

organism to function under conditions when oxygen is needed.  The analyses of fly 

mutants and humans deficient in Tpi indicate that bioenergetic impairment was not 

responsible for the observed phenotypes, as there was no reduction in ATP levels, 

increase in lactic acid (is oxidized to pyruvate in well-oxygenated muscle cells) or 

depletion of phosphocreatine (used to anaerobically generated ATP from ADP in skeletal 

muscles) levels 36,37.  Thus, the phenotypes associated with Tpi mutants are presumed to 

be a consequence of the biological effects of methylglyoxal.  During glycolysis, fructose 

1,6-bisphosphate is broken down into glyceraldehyde 3-phosphate (GADP) and 

dihydroxyacetone phosphate (DHAP).  The glycolytic pathway can further metabolize 

only GADP.  Tpi catalyzes the interconversion of DHAP and GADP, enabling DHAP to 

be metabolically used.  Loss of Tpi activity should therefore result in excess 

accumulation of DHAP 37.  TPI deficient patients exhibit a greater than 20-fold increase 

in the cellular concentration of DHAP 35.  Of relevance is the fact that DHAP can 
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naturally, without enzymatic catalysis, decompose to methylglyoxal, which is highly 

reactive and can modify proteins and DNA to form Advanced Glycation End products 

(AGEs) 38.  The accumulation of AGEs has many deleterious consequences including 

protein inactivation, altered gene expression, DNA damage, increased oxidative stress 

and apoptosis 39.  Methylglyoxal has been shown to be toxic to neurons 37,40.  Given these 

aforementioned findings, it is extremely plausible that the tpi may play a remarkable role 

in the normal process of aging as well as metabolism and should be further investigated.  

DJ767:  CG31340 

 CG31340 was the candidate gene selected from the DJ767 line.  Although this 

gene has no known function, it seems to possess expression that is dependent on p53 41.  

Members of the p53 family are encoded by the genomes of flies, worms and mammals.  

This family of proteins has a common role across these species, in that it limits the 

proliferative expansion of damaged cells in response to a variety of cellular stresses and 

promotes cell death in numerous pathological models through the initiation of a program 

of gene expression 42.  In most human cancers, p53 is an important tumour suppressor 

gene that is found mutated 43.  In D. melanogaster embryos, radiation exposure resulted 

in a decrease in CG31340 transcript levels.  Alternatively, p53 mutants exhibited an 

increase in CG31340 expression upon exposure to ionizing radiation.  Given that 

CG31340 may be regulated by the presence of p53, it may be involved in the processes 

that integrate stress signals and elicit apoptotic responses that maintain genomic stability. 

DJ761:  CG16765 (ps)  

 CG16765 (ps), originally predicted to encode a RNA-binding protein based on 

sequence homology, was implicated in a neurological disorder, and therefore, selected as 
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a candidate gene in the DJ761 line 44.  In an attempt to identify the manner in which 

Drosophila salivary gland precursor cells acquire final form and function, ps was a gene 

isolated.  Ps was determined to encode several alternatively spliced RNA molecules that 

are likely to regulate gene expression.  Given that the open reading frames of the four ps 

splice variants have significant similarities to human RNA-binding proteins, the 

localization of Ps was determined.  Ps is nuclear with a speckled distribution pattern, 

which is consistent with the localization of splicing machinery and, therefore, may 

function to regulate splicing.  Ps possesses conserved motifs, which include an RNA 

binding domain and a nuclear localization signal predicted to be near the N terminus, to 

the human Nova-1 and Nova-2.  Therefore, ps is likely to encode the Drosophila 

homologue of the human Nova-1 and Nova-2 based on sequence similarity, the 

conservation of critical motifs and subcellular distribution 45.  Nova proteins are 

implicated in paraneoplastic opsoclonus-myoclonus ataxia (POMA), which is a human 

autoimmune neurological disorder associated with dementia and the loss of motor control 

in eyes and limbs.  POMA patients express Nova proteins in tumours growing outside the 

protected environment of the central nervous system.  Normally, these proteins are found 

in the central nervous system 46,47.  The growth of these tumours may be responsible for 

the eliciting of an immune response that produces antibodies against the Nova proteins.  

It is hypothesized that the antibodies interfere with the function of Nova proteins by 

preventing the interactions between Nova proteins and RNA molecules 46.  The knockout 

of Nova-1 in mice results in premature death, within 7-10 days.  Prior to death, 

homozygous Nova-1 mutant mice exhibit obvious motor failure, action-induced tremors, 

and overt motor weakness.  Despite these symptoms, which are similar to the 
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neurological problems POMA patients experience, these mice are still able to respond to 

sensory stimuli.  These mice are characterized by a four-fold increase in the apoptotic 

death of motor neurons in the spinal cord and brain stem 48.  Interestingly, these Nova-1 

homozygous mice exhibited a decrease in the CNS-specific splicing of two RNA 

molecules that contain multiple copies of the consensus RNA binding site for the Nova 

proteins.  These transcripts encode for the glycine receptor 2 (an inhibitory receptor for 

the amino acid neurotransmitter glycine that is widely distributed in the central nervous 

system) and the GABAA receptor (an ion channel that mediates the effects of gamma-

aminobutyric acid, which is a major inhibitory neurotransmitter) 45,48.  Given that ps is 

predominantly expressed in the salivary glands, it is possible that it has additional roles in 

flies, which should be investigated.  

DJ694:  CG6542 (EDTP)  

 The GAL4 insertion in the DJ694 enhancer trap line was located to be within an 

intron of the egg-derived tyrosine phosphatase (EDTP) gene and, naturally, EDTP was 

selected for qPCR analysis.  EDTP has been shown to be essential during embryogenesis 

in Scarophaga peregrina (flesh fly).  EDTP accumulates in eggs during oogenesis.  

However, as the embryo develops, EDTP seems to be rapidly digested by cathepsin L (a 

cysteine protease).  Furthermore, deletion of EDTP in D. melanogaster results in 

homozygous lethality during embryogenesis 49.  Germline clones containing a null allele 

of EDTP exhibit obvious defects in ovarian development.  This is to be expected as 

EDTP is expressed at high levels during oogenesis and early embryogenesis 49,50. 

Expression of EDTP (according to microarrray data) is highest during the early stages of 

embryogenesis and late pupation 51.  EDTP is a member of the myotubularin (MTM) 
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family of proteins encoding lipid phosphatases, of which the founding member, MTM1, is 

implicated in myotubular myopathy, an autosomally inherited human disorder 

characterized by severe muscle weakness 52.  In addition, another member of the MTM 

family, MTMR2 has also been linked to Charcot-Marie-Tooth neuropathy 53.  Therefore, 

evidence suggests that the MTM family of genes is often related to human disorders.  

Given that muscle function declines with age, EDTP may be involved in the mechanisms 

of aging 54. 

 A variety of genes have been identified that have the potential to be involved in 

aging.  The next experimental step is to perform mutational analysis that establishes a 

gene function that is related to aging.   

3.5 MATERIALS AND METHODS 

3.5.1 Fly Aging 

Fly stocks were maintained on standard fly food consisting of cornmeal, 

molasses, yeast and agar at 18ºC and were transferred to new food bottles or vials 

regularly 55.  Newly emerged males and females from all lines used were collected 

through the use of nitrogen anaesthetisation (to which flies where exposed to for less than 

two minutes).  The eclosed flies were separated according to gender and maintained at 

25ºC in food vials up to the age of interest.  Individuals in each vial, containing 25-30 

flies, were transferred every two days during adulthood in order to age them. 

The lines (DJ695, DJ710, DJ849, DJ767, DJ761, DJ694) used for β-galactosidase 

assays were generated by transposing a X-linked GAL4 to random autosomal positions 6.  

The wild-type strain used in RNA extraction was the w1118 strain, a white-based line. 

3.5.2 RNA Extraction 
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RNA was extracted from 60 D. melanogaster individuals using the RNAqueous 

Kit from Ambion (Cat. No. AM1912), according to kit specifications.  RNA was eluted 

with 40ul and 20ul of Elution Solution for a total final volume of approximately 60ul.  

Residual genomic DNA contamination was removed with the DNA-free kit from Ambion 

(Cat. No. AM1906), according to manual specifications for a final volume of 

approximately 65ul. 

Extracted RNA was quantified using a standard 260/280nm spectrophotometer 

and RNA integrity was confirmed visually by 0.7% TAE agarose gel electrophoresis.  All 

samples were stored at -80°C.  Four independent RNA samples were collected for each 

gender at various ages, specifically 0, 3, 10, 20, 30, 40 and 50 day(s) old flies. 

In order to test for genomic contamination, primers designed to hybridize to 

adjacent exons were used.  The primer set that was used was specific to dcp-1, where the 

forward primer used was 5’-TGACCGACGAGTGCGTAACC-3’ and the reverse primer 

used had a sequence 5’-TAACGAATGTAAGCAGGGTGAGC-3’.  Amplification of 

dcp-1 was useful in determining the presence of genomic contamination as amplification 

of dcp-1 directly from the genome (1314bp) would generate a fragment size that is much 

larger than the amplification of the reverse transcribed mRNA transcript of dcp-1 

(828bp).  The expected fragment sizes were visualized by way of TAE 0.7% agarose gel 

electrophoresis.  The PCR consisted of a pre-PCR step at 95ºC, 35 cycles in which there 

were 30 seconds of denaturation at 95ºC, one minute of hybridization at varying 

temperatures, and one minute for elongation at 72ºC, and, finally, a single post-PCR step 

at 72ºC (for ten minutes). 

3.5.3 Reverse Transcription 
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All RT reactions were done with 1.0µg of total RNA from flies and 0.002µg of 

Luciferase RNA.  For each RT reaction, a maximum volume of 7.94µl of isolated total 

RNA and Luciferase RNA were added at appropriate initial concentrations, as well as 

376ng of oligo d(T), 833uM of dNTPs, 3µl of 5x RT-buffer, 10.53mM of DTT, 40U of 

RNaseOUT (a recombinant ribonuclease inhibitor) from Invitrogen (Cat. No. 10777-019) 

and 150U of SuperScript II Reverse Transcriptase from Invitrogen (Cat. No. 18064-022) 

into a final reaction volume of 15µl. All reactions used the following procedures and 

conditions: a mix of oligo d(T) and dNTPs was added to the RNA, incubated at 65°C for 

5 minutes, chilled on ice for 3 minutes and a mix of 5x RT-buffer, DTT and RNaseOUT 

was added.  The mixture was then incubated at 42°C for 2 minutes and the SuperScript II 

reverse transcriptase was added.  Subsequently, an incubation session at 42°C for 50 

minutes was carried out for elongation. The incubation temperature for the reactions in 

which RT was purposely reduced was 68.4°C.  Following elongation, the reaction was 

heat inactivated at 70°C for 15 minutes and chilled on ice for 3 minutes. Following the 

incubation on ice, 65µl of autoclaved water was added to each tube, resulting in a 5-fold 

dilution of all cDNA samples.  As mentioned above, a primer mix consisting of oligo 

d(T) and dNTPs as well as a master mix consisting of 5x RT-buffer, DTT and 

RNaseOUT were prepared and dispensed in equal volumes into individual reaction tubes 

with a given experiment.  Thus, independent RT reactions imply the use of separately 

prepared primer and master mixes.  Two independent RT reactions were done for the 

analysis of each gene across age in both genders. 

The addition of Luciferase RNA (1.4⋅108 copies) to each RT reaction functions as 

a diagnostic tool to determine the effectiveness of the experimental process.  Luciferase 
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cDNA (following RT) was analyzed using quantitative PCR (qPCR) according to the 

process below.  The forward Luciferase primer (5’-

GGATTCTAAAACGGATTACCAGGG-3’) and the reverse primer (5’-

TCTGACGCAGGCAGTTCTATGC-3’) were used at a hybridization temperature of 

53.9°C.  Given that all samples were spiked with a known copy number of Luciferase 

RNA, deviations from an expected RT efficiency were easy to spot.  In such cases, the 

RT reactions were repeated. 

3.5.4 Quantitative PCR 

For each qPCR experiment, the concentration of primers was set at 700nM and 

5µl of the desired cDNA preparation (all at a 5-fold dilution) or plasmid DNA was added, 

along with a 1x volume of 2x qPCR MasterMix Plus for SYBR Green I Low ROX from 

Eurogentec (Cat. No. RT-SN2X-03+WOULR) and RNase-free water from Ambion (Cat. 

No. 9935) to bring the final reaction volume to 25µl.  To minimize variation, a mix 

consisting of SYBR Green, primers and water was prepared.  The mixture was distributed 

at equal volumes into each well. All reactions were performed in an Applied Biosystems 

7500 Real Time PCR System (Foster City, USA), using the following conditions: a single 

pre-PCR denaturation and HotGoldStar DNA polymerase activation step at 95°C for 15 

minutes, followed by 45 cycles of a 15-second denaturation at step 95°C, a 1-minute 

hybridization step at variable temperatures, and a 36-second elongation step at 72°C.  To 

control for pipetting errors, three independent reactions were performed for all cDNA and 

plasmid samples, in which the three reactions were prepared individually by adding the 

cDNA sample into the reaction mix three separate times.  In order to verify the 

amplification of a single PCR product, 5ul of the PCR was visualized by 1.7% TAE 
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agarose gel electrophoresis and by dissociation curve analyses.  The dissociation curve 

analyses were all preformed at the of the aforementioned qPCR cycles, using the 7500 

Real Time PCR System, under the following conditions:  a 15-second denaturation step at 

95°C, followed by 1 minute at 60°C and 15 seconds at 95°C.  The sequences of the 

various primers and hybridization temperatures used for qPCR are provided below: 

a)  Rp49 – Forward Primer:  5’-GACGCTTCAAGGGACAGTATCTG-3’ 

     Reverse Primer:  5’-AAACGCGGTTCTGCATGAG-3’ 

     Hybridization Temperature: 56.8°C 

b)  Cnk – Forward Primer:  5’-TTCCTGTTCCTCCTGTTGCCAGTTGCTC-3’ 

   Reverse Primer:  5’-ATGTGGTGCTGACGGTGAAGAAACGG-3’ 

   Hybridization Temperature:  61.0 °C 

c)  CG7744 – Forward Primer:  5’-TCTGTTGAGCCAAGTGAATCGG-3’ 

          Reverse Primer:  5’-ATTGTTCGCTGGGAAATCGTTG-3’ 

          Hybridization Temperature:  61.0°C 

d)  Tpi – Forward Primer:  5’-GTGAGTAGCATTCTCGCAAGGTAAC-3’ 

  Reverse Primer:  5’-TTGGTGGACATCATCAACGCCC-3’ 

  Hybridization Temperature:  60.0°C 

e) CG31340 – Forward Primer:  5’-GGGCATTTTTTCCGCTGTCC-3’ 

           Reverse Primer:  5’-GCACCTCACCTATGGCTTCTTTATG-3’ 

           Hybridization Temperature:  58.8°C 

f)  Par-1 – Forward Primer:  5’-CCGATTGTGGCTCCTATTCCTC-3’ 

     Reverse Primer:  5’-ATCTTGATGGCGACCTCCTTG-3’ 

     Hybridization Temperature:  58.3°C 
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g)  l(2)k01209 – Forward Primer:  5’-AACCAGACCACCACAGCGAATC-3’ 

  Reverse Primer:  5’-GTGTTTACCTATGACGAAGGGCTC-3’ 

  Hybridization Temperature:  60.0°C 

h)  Ps – Forward Primer:  5’-ATGAGTGGCAGCATCAGTAGCG-3’ 

 Reverse Primer:  5’-TGGTAATGAGGCGTCTGTTTAGC-3’ 

 Hybridization Temperature:  58.3°C 

i)  EDTP – Forward Primer:  5’-TTTGAGGAAGGGACGGCGGAGTACG-3’ 

      Reverse Primer:  5’-CCGAGGAGCCTCCACCTCCCACTCC-3’ 

      Hybridization Temperature: 66.7°C 

3.5.5 Plasmid and PCR Products for Standard Curves 

The genes analyzed using qPCR require a plasmid for the generation of standard 

curves to which experimental cycle thresholds are compared in order to obtain a value for 

transcript copy number from unknown cDNA samples. 

The plasmid for Luc (pCMV-Luc) was obtained from Martin Petkovich.  The 

plasmid, pCMV-Luc, was generated using two plasmids obtained from Promega, the 

pGL2-Basic Vector (Cat. No. E1641) and the pRL-CMV Vector (Cat. No. E2261).  Both 

pGL2-Basic and pRL-CMV vectors were digested with BamHI and NheI.  The digested 

fragment containing the Luc gene from pGL2-Basic and the digested fragment possessing 

the region with the Amp gene from pRL-CMV were ligated together in order to generate 

pCMV-Luc.  The plasmid for EDTP, pDJ134, was generated using a clone, LD39930, 

obtained from the Drosophila Genomics Resource Center.  LD39930 and pBluescript 

SK+ were digested with EcoRI and XhoI.  The approximately 3kb fragment from 

LD39930 was ligated into the digested pBluescript SK+.  The plasmid for tpi (DJ849P1) 



 106 

was generated during the experiments that were involved in the sequencing of the DJ849 

enhancer trap line according to sequencing methods described above 8. 

Several clones, obtained from the Drosophila Genomics Resource Center, served 

as plasmids for the standard curve.  These clones included GH01890 (for par-1), 

LD03595 (for l(2)k01209), RE47781 (for ps) and RH03940 (for rp49).  The plasmids 

were transformed into XL1 Blue E.Coli cells and purified using the QIAprep Spin 

Miniprep Kit from Qiagen (Cat. No. 27106). 

The remaining standard curves were generated through the amplification of 

fragments (using genomic DNA as a template) possessing the hybridization sites of the 

primers used in qPCR analysis.  PCR was used to amplify fragments that would be 

purified from gels.  The mixes used in the reactions were set up with 0.4 µM of each 

primer, 2.5µl of 10x PCR buffer (NEB, Cat. No. M02671), 200µM of dNTPs (BioShop, 

Cat. No. NUC002), 1U of ThermoPol Reaction Buffer (NEB, Cat. No. B9004S) and 

appropriate amounts of RT-PCR Grade Water (Ambion, Cat. No. 9935).  Each reaction 

contained 24µl of the mix and 1.0µl of template (isolated genomic DNA from w1118 male 

flies).  The various primers and hybridization temperatures used to generate the PCR 

fragments are described below: 

a)  Cnk – Forward Primer:  5’-TAGATTCTCGCCCAGTAAGTCACTC-3’ 

   Reverse Primer:  5’-ATGTGGTGCTGACGGTGAAGAAACGG-3’ 

   Hybridization Temperature:  60.0 °C 

b)  CG7744 – Forward Primer:  5’-TCAAGCAGCCGCACTTCAAC-3’ 

          Reverse Primer:  5’-ATTGTTCGCTGGGAAATCGTTG-3’ 

          Hybridization Temperature:  60.0°C 
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c) CG31340 – Forward Primer:  5’-TCTCACACGCTCTCGCTCAATC-3’ 

           Reverse Primer:  5’-GCACCTCACCTATGGCTTCTTTATG-3’ 

           Hybridization Temperature:  54.2°C 

All PCRs consisted of a pre-PCR step at 95ºC, 35 cycles in which there were 30 seconds 

of denaturation at 95ºC, one minute of hybridization at varying temperatures, and one 

minute for elongation at 72ºC, and, finally, a single post-PCR step at 72ºC (for ten 

minutes).  The amplified fragments were verified by 1.0% TAE agarose gel 

electrophoresis, using Preparative Gel SaeKem® GTG® agarose (Lonza, Cat, No. 

50071).  The expected bands were excised and isolated the QIAquick Gel Extraction Kit 

from Qiagen (Cat. No. 28704). 

All purified plasmid samples or PCR fragments were quantified using a standard 

260/280nm spectrophotometer and digests confirmed size.  Subsequently, the samples 

were serially diluted and copy numbers ranging from approximately 108 to 102 were 

analyzed by qPCR. 
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Figure 3.1  Visualization of extracted male RNA from various ages of D. melanogaster through gel electrophoresis.  As shown, four 
individual extractions were done for each age and between 0.36 and 4.8µg of RNA were loaded in each well.  The bright bands 
represent ribosomal RNA molecules, which are the majority of RNA in a given cellular population of RNA.  A ladder (of double-
stranded DNA molecules) is provided to size comparisons. 
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Figure 3.2  Visualization of extracted female RNA from various ages of D. melanogaster through gel electrophoresis.  As shown, four 
individual extractions were done for each age and between 0.36 and 4.8µg of RNA were loaded in each well.  The bright bands 
represent ribosomal RNA molecules, which are the majority of RNA in a given cellular population of RNA.  A ladder (of double-
stranded DNA molecules) is provided to size comparisons. 
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Figure 3.3  The reverse transcription efficiency of spiked Luciferase RNA across age in D. 
melanogaster with the various shaped points representing individual RNA extractions is 
shown.  Each RNA extraction, 1 (black), 2 (dark gray), 3 (light gray) and 4 (white), was 
reverse transcribed in two independent RT reactions, which were spiked with 0.002µg of 
Luciferase RNA.  RT 1 is shown on the left panels and RT 2 is on the right panels.  The RT 
reactions of male RNA are shown on the top panels, while the female profiles are on the 
bottom panels.  The y-axes represent reverse transcription efficiency of Luc cDNA and the x-
axes are the age (in days) of the flies from which RNA was extracted.  The vertical bars 
represent ±1SD associated with qPCR, as each RT sample was separately measured three 
times. 
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Figure 3.4  The expression pattern of rp49 (control gene) RNA across age in D. 
melanogaster with the various shaped points representing individual RNA extractions is 
shown.  Each RNA extraction, 1 (circle), 2 (square), 3 (triangle) and 4 (diamond), was 
reverse transcribed in two separate RT reactions.  RT 1 is shown on the left panels and RT 2 
is on the right panels.  The RT reactions of male RNA are shown on the top panels, while the 
female profiles are on the bottom panels.  The y-axes represents the copy numbers (in 
millions) of rp49 cDNA and the x-axes are the age (in days) of the flies from which RNA 
was extracted.  The red curve represents an average of all the individual RNA extractions.  
The vertical bars represent ±1SD associated with qPCR, as each RT sample was separately 
measured three times. 
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Figure 3.5  The expression pattern of CG6556 (cnk) across age in D. melanogaster with 
the various shaped points representing individual RNA extractions is shown.  Each RNA 
extraction, 1 (circle), 2 (square), 3 (triangle) and 4 (diamond), was done with 60mg of fly 
tissue.  RNA was reverse transcribed in two separate RT reactions, where RT 1 is on the 
left panels and RT 2 is on the right panels.  The male profiles are shown on the top 
panels, while the female profiles are represented on the bottom panels.  The y-axes are 
the copy numbers corrected with the normalizing gene rp49 and the x-axes are the age (in 
days) of the flies from which RNA was extracted.  The red curve represents an average of 
all the individual RNA extractions.  The vertical bars represent ±1SD associated with 
qPCR, as each RT sample was separately measured three times. 
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Figure 3.6  The expression pattern of CG4798 across age in D. melanogaster with the 
various shaped points representing individual RNA extractions is shown.  Each RNA 
extraction, 1 (circle), 2 (square), 3 (triangle) and 4 (diamond), was done with 60mg of fly 
tissue.  RNA was reverse transcribed in two separate RT reactions, where RT 1 is on the 
left panels and RT 2 is on the right panels.  The male profiles are shown on the top 
panels, while the female profiles are represented on the bottom panels.  The y-axes are 
the copy numbers corrected with the normalizing gene rp49 and the x-axes are the age (in 
days) of the flies from which RNA was extracted.  The red curve represents an average of 
all the individual RNA extractions.  The vertical bars represent ±1SD associated with 
qPCR, as each RT sample was separately measured three times. 
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Figure 3.7  The expression pattern of CG7744 across age in D. melanogaster with the 
various shaped points representing individual RNA extractions is shown.  Each RNA 
extraction, 1 (circle), 2 (square), 3 (triangle) and 4 (diamond), was done with 60mg of fly 
tissue.  RNA was reverse transcribed in two separate RT reactions, where RT 1 is on the 
left panels and RT 2 is on the right panels.  The male profiles are shown on the top 
panels, while the female profiles are represented on the bottom panels.  The y-axes are 
the copy numbers corrected with the normalizing gene rp49 and the x-axes are the age (in 
days) of the flies from which RNA was extracted.  The red curve represents an average of 
all the individual RNA extractions.  The vertical bars represent ±1SD associated with 
qPCR, as each RT sample was separately measured three times. 
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Figure 3.8  The expression pattern of CG30132 (par-1) across age in D. melanogaster 
with the various shaped points representing individual RNA extractions is shown.  Each 
RNA extraction, 1 (circle), 2 (square), 3 (triangle) and 4 (diamond), was done with 60mg 
of fly tissue.  RNA was reverse transcribed in two separate RT reactions, where RT 1 is 
on the left panels and RT 2 is on the right panels.  The expression patterns from the 
separate RT reactions are shown on the top panels, while the female profiles are on the 
bottom panels.  The y-axes are the copy numbers corrected with the normalizing gene 
rp49 and the x-axes are the age (in days) of the flies from which RNA was extracted.  
The red curve represents an average of all the individual RNA extractions.  The vertical 
bars represent ±1SD associated with qPCR, as each RT sample was separately measured 
three times. 
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Figure 3.9  The expression pattern of CG2171 (tpi) across age in D. melanogaster with 
the various shaped points representing individual RNA extractions is shown.  Each RNA 
extraction, 1 (circle), 2 (square), 3 (triangle) and 4 (diamond), was done with 60mg of fly 
tissue.  RNA was reverse transcribed in two separate RT reactions, where RT 1 is on the 
left panels and RT 2 is on the right panels.  The male profiles are shown on the top 
panels, while the female profiles are represented on the bottom panels.  The y-axes are 
the copy numbers corrected with the normalizing gene rp49 and the x-axes are the age (in 
days) of the flies from which RNA was extracted.  The red curve represents an average of 
all the individual RNA extractions.  The vertical bars represent ±1SD associated with 
qPCR, as each RT sample was separately measured three times. 
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Figure 3.10  The expression pattern of CG31340 across age in D. melanogaster with the 
various shaped points representing individual RNA extractions is shown.  Each RNA 
extraction, 1 (circle), 2 (square), 3 (triangle) and 4 (diamond), was done with 60mg of fly 
tissue.  RNA was reverse transcribed in two separate RT reactions, where RT 1 is on the 
left panels and RT 2 is on the right panels.  The male profiles are shown on the top 
panels, while the female profiles are represented on the bottom panels.  The y-axes are 
the copy numbers corrected with the normalizing gene rp49 and the x-axes are the age (in 
days) of the flies from which RNA was extracted.  The red curve represents an average of 
all the individual RNA extractions.  The vertical bars represent ±1SD associated with 
qPCR, as each RT sample was separately measured three times. 
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Figure 3.11  The expression pattern of CG16765 (ps) across age in D. melanogaster with 
the various shaped points representing individual RNA extractions is shown.  Each RNA 
extraction, 1 (circle), 2 (square), 3 (triangle) and 4 (diamond), was done with 60mg of fly 
tissue.  RNA was reverse transcribed in two separate RT reactions, where RT 1 is on the 
left panels and RT 2 is on the right panels.  The male profiles are shown on the top 
panels, while the female profiles are represented on the bottom panels.  The y-axes are 
the copy numbers corrected with the normalizing gene rp49 and the x-axes are the age (in 
days) of the flies from which RNA was extracted.  The red curve represents an average of 
all the individual RNA extractions.  The vertical bars represent ±1SD associated with 
qPCR, as each RT sample was separately measured three times. 
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Figure 3.12  The expression pattern of CG6542 (EDTP) across age in D. melanogaster 
with the various shaped points representing individual RNA extractions is shown.  Each 
RNA extraction, 1 (circle), 2 (square), 3 (triangle) and 4 (diamond), was done with 60mg 
of fly tissue.  RNA was reverse transcribed in two separate RT reactions, where RT 1 is 
on the left panels and RT 2 is on the right panels.  The male profiles are shown on the top 
panels, while the female profiles are represented on the bottom panels.  The y-axes are 
the copy numbers corrected with the normalizing gene rp49 and the x-axes are the age (in 
days) of the flies from which RNA was extracted.  The red curve represents an average of 
all the individual RNA extractions.  The vertical bars represent ±1SD associated with 
qPCR, as each RT sample was separately measured three times. 
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CHAPTER 4 

GENERAL DISCUSSION 

4.1 GENE EXPRESSION PROFILES AND AGING 

 Specific research objectives involved the expression quantification of candidate 

genes selected from previously characterized enhancer trap lines 1.  The analysis of 

enhancer trap lines has the potential to identify genes that may be age-regulated, in a 

manner that was shown in the previous chapter.  Some genes exhibited a pattern in 

expression almost identical to that of β-galactosidase measured in the comparable line.  

Although some gene profiles were not similar to β-galactosidase expression, all genes 

display patterns of expression that vary with age.  Age-related patterns of expression do 

not necessarily prove that the genes in question are controlling aging.  Many biological 

processes are required throughout adulthood for survival, such as those involved in 

energy production, metabolism, protein transport and extracellular signaling, while others 

are needed during early life or in the old individual.  These events may be modulated by 

determinants that appear to change with age, however, these genes may simply be 

maintaining cellular processes essential to life.  For example, tpi, a gene encoding an 

enzyme in the glycolytic pathway, was one of the genes analyzed and it possesses an 

expression pattern that changes with age.  Given that the generation of cellular energy is 

required all through life, the age-related pattern of tpi does not necessarily imply that tpi 

directly regulates the aging process.  The relationship between gene expression and age is 

likely not to be as simple as all genes that are age-regulated control aging.  Conversely, 

all genes that control aging may not be age-regulated, as the specific mechanisms by 

which regulation is achieved will determine the expression pattern across age. 
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 As a reasonable starting point, the enhancer trap lines designated as exhibiting 

expression patterns increasing with age were chosen for transcript quantification in this 

study.  Logic dictates the examination of lines with expression patterns that increase with 

age, as individuals progressing through adulthood get older.  Studies support the idea that 

genes that are downregulated with age are more likely to influence biological processes, 

such as reproduction, that decline in older organisms 2.  However, genes with transcript 

levels that decrease with age or are static across life should not be dismissed as 

potentially age-related genes, as it is also conceivable that the expression of the 

functioning protein may be age-regulated upon translation, following transcription.  

Given that the majority of lines (68%), in the original screen, displayed a decrease with 

age, it may be important to examine the genes affected in these enhancer trap lines as 

well 1.  

4.2 MUTATIONAL ANALYSIS TO DETERMINE GENE FUNCTION 

 Upon the identification of age-associated genes, the subsequent procedure 

involves the mutational analysis of these molecularly characterized genes in order to 

establish gene function and elucidate the potential age-associated mechanisms controlled 

through gene expression.  Such mutational studies require investigating the consequences 

of both loss-of-function and gain-of-function phenotypes.  Conveniently, the GAL4 

insertion lines have the potential to aid in both forms of analysis.  Gain-of-function 

typically refers to expression of the gene of interest in a spatial or temporal manner that is 

different from the naturally observed patterns.  For example, the expression of EDTP, the 

gene containing the GAL4 insertion in the DJ694 line, is likely to be restricted to the 

muscle (determined by the tissue-specific localization of β-galactosidase).  The 
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consequences of expressing this gene in other tissues can be examined using the 

GAL4/UAS system, where the gene of interest is fused to the UAS element 3.  Countless 

GAL4 insertion lines (enhancer trap lines) are available, many of which have been 

characterized for tissue specificity using reporter gene assays.  These can be used to 

manipulate gene expression in an age-dependent and/or tissue-dependent manner.  In this 

manner, EDTP can be expressed in the nervous system or fat tissue.  The irregular 

expression of EDTP across life in different tissues may yield phenotypes that aid in 

establishing gene function.  Loss-of-function mutations are also typically informative, 

however, difficult to isolate.  The GAL4 enhancer trap lines may be used as mutant lines, 

as the insertion has the potential to disrupt gene function.  This is, therefore, an additional 

advantage to using the enhancer trap technique in gene expression analysis, as potential 

mutants are simultaneously generated.   

4.2.1 Interpreting Loss-of-Function Phenotypes 

 Although there are many phenotypic attributes to examine, modifications to 

lifespan is the obvious one in terms of targeting age-associated genes.  Interpreting the 

results of mutational analysis can often be difficult.  An extension in lifespan due to a 

loss-of-function mutation (that reduces gene activity) is easier to explain, as the presence 

of the gene is likely to be involved in limiting lifespan.  Specifically, the more than two-

fold increase in longevity observed with daf-2 mutations was initially attributed to a 

lifespan extension mechanism that is independent from aspects of dauer formation 4.  

Later, daf-2 was identified as a homologue of the insulin-like growth factor type 1 

receptor involved in the activation of the insulin-like signaling pathway which regulates 

lifespan in a variety of organisms 5.   
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A reduction in lifespan is somewhat ambiguous and the mechanisms involved 

may be more problematic to resolve.  Reductions in lifespan due to a loss of function may 

not simply be the result of mutating a gene that allows organisms to live to naturally 

observed ages; rather it may be due to altering life-sustaining biological processes that 

are completely unrelated to components that regulate aging, causing a potentially 

“disease” phenotype of which one facet is reduction in longevity.  

4.2.2 Interpreting Gain-of-Function Phenotypes 

The overexpression of candidate genes in a temporal and spatial manner may also 

aid in isolating the interacting components of regulatory pathways affecting longevity.  

An extension in lifespan observed with genes or mutations that are upregulated with age 

may indicate that the increase in gene activity is important to living longer.  If this 

synthetic increase in expression, which is lower in normal individuals, extends lifespan, it 

is possible that the gene in question is involved in the regulation of age.  A reduction in 

longevity due to the overexpression of upregulated genes is slightly more difficult to 

work out.  In such a case, the gene may play a role in maintaining normal longevity at 

lower levels and increased gene activity is detrimental.  It is also likely that the gene is 

involved in independent biological processes that are precisely managed in a tissue- and 

time-dependent manner.   

Overexpression of genes that are downregulated with age, although not always 

eagerly pursued, are also important to the study of aging.  The inference is that these 

downregulated genes are more likely to be involved in processes that transpire early in 

life, such as reproduction or development.  However, it is still possible that the reduction 

in the expression of downregulated genes, over adulthood, minimizes the maximum age 
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of an individual.  A reduction in lifespan due to the overexpression of genes that decline 

in activity with age suggests that the lethality of these genes is dependent on time and, 

possibly, tissue.  Although the expression may be necessary for life (assuming that the 

loss-of-function is lethal), elevated or inappropriate tissue-specific levels may be toxic.  

For example, the expression of Nova proteins, as previously discussed, in patients with 

paraneoplastic opsoclonus-myoclonus ataxia is found outside of the central nervous 

system and results in this neurological disorder.  The normal expression of Nova proteins 

is restricted to the central nervous system 6.  The synthetic expression of genes in tissues, 

other than those that normally display expression, may be fatal through a mechanism 

independent of age-related ones.  The overexpression of downregulated genes that extend 

lifespan are also interesting.  In such a case, this extension may be the result of increasing 

the activity of genes that positively regulate longevity, however, normal expression 

maintains reduced activity.   

 In all of the aforementioned scenarios, genes that do not influence the process of 

aging directly may result in phenotypes that alter lifespan.  Therefore, additional 

experimentation must be performed in order to better understand the exact mechanism by 

which candidate genes function in the cell. 

4.3 THE DJ694 ENHANCER TRAP LINE 

As previously mentioned, the enhancer trap technique is extremely useful in that 

it generates potential mutant lines, which is difficult to do, for genes surrounding the 

GAL4 insertion site.  One such example is the DJ694 line, which displayed a short-lived 

phenotype with an accelerated decline in locomotor skills and reduced fertility upon 

preliminary analysis 7.   
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4.3.1 Phenotypical Analysis of DJ694 

In depth analysis revealed that DJ694 display erratic responses upon interaction 

with other flies in addition to excessive wing-buzzing and the inability to right 

themselves when turned on their backs.  These flies also displayed slow, shaky 

movements at older ages.  These qualitative observations are commonly seen in older 

wildtype flies 7.  Homozygous DJ694 females lay fewer eggs than wild-type females 

when analyzed on day 25 (yet, DJ694 females lay more eggs than wild-types between 

days 10 and 20).  Consequently, DJ694 females are characterized by a rapid decline in 

fecundity.  DJ694 males are unable to fertilize females, likely resulting from sperm-

related deficiencies 8.  These short-lived flies also exhibited a reduction in stress 

resistance (paraquat or starvation treatments) 7.  The enhancer trap analysis of DJ694 

displays an increase in expression up to midlife (30 days), followed by a decline in 

expression later in life (50 days).  This temporal pattern of expression was shown to scale 

to physiological age.  The spatial expression is restricted to muscle tissue.  These results 

suggest that the identified regulatory element is muscle-specific and varies with age 1.  

Examining various sections of DJ694 flies indicated that there were observable 

differences in thoracic muscles as compared to wild-type flies.  Despite the fact that the 

muscle fibers themselves were not obviously defective, the M-lines of the sacromere 

were lighter when compared to wild-type flies.  Therefore, it is probable that the 

abnormal characteristic behaviour of DJ694 flies is a result of muscle-related defects 7.  

4.3.2 Rescue of Phenotypical Defects Associated with DJ694 

An analysis of the DNA sequence surrounding the GAL4 insertion in the DJ694 

line indicated that it inserted within the CG6542 gene, which encodes a putative tyrosine 
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phosphatase named egg-derived tyrosine phosphatase (EDTP) 9.  Given that the original 

isolation of EDTP revealed that it had a role in flesh fly oogenesis and early 

embryogenesis, the reproductive defects associated with DJ694 can be expected 9,10.  The 

excision of the GAL4 insertion results in the reversion to wildtype phenotype, indicating 

that the observed DJ694 phenotype is a consequence of the insertion 8.  The expression 

pattern of EDTP is also affected in DJ694 flies, such that lower levels of EDTP mRNA 

(unpublished data) are expressed.  Finally, using DJ694 as a driver line, EDTP fused to 

the UAS element can be expressed in a GAL4 dependent manner.  Specifically, 

functional EDTP is expressed in the mutant background and is regulated in a spatial and 

temporal manner that is predicted to mirror that of the wildtype expression pattern of 

EDTP.  Functional EDTP restores the defective phenotypes associated with DJ694 8. 

4.3.3 Predicting the Involvement of EDTP in Aging and Disease 

 The mutation in DJ694 flies results in a short-lived phenotype, erratic behaviour, 

and an accelerated decline in muscle control, which may be due to a reduction in the 

expression levels of EDTP.  Since the phenotypes observed in young DJ694 flies 

resemble characteristics of older wildtype flies, it can be hypothesized that the mutation 

in this gene may correspond to an acceleration of the normal aging process, thus resulting 

in a decreased lifespan.  Given that muscle function declines with age and DJ694 mutants 

are characterized by muscle defects, EDTP may be influential in aging 11.  Also, β-

galactosidase assays strongly suggest muscle localization and taken with the previous 

ideas, this supports the involvement of EDTP in aging.  However, it is possible that the 

short-lived phenotype is simply a coincidence of some other biological process that was 

altered in DJ694 flies and is unrelated to muscle function. 
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 EDTP is a member of the myotubularin myopathy (MTM) family of proteins 

encoding lipid phosphatases, of which the founding member, MTM1, is implicated in 

myotubular myopathy 12.  This family of proteins has been implicated in human diseases, 

including Charcot-Marie-Tooth neuropathy (MTMR2) 13.  Given that the MTM family of 

proteins seems to be associated with human pathologies, the mutation in EDTP 

associated with DJ694 can be a disease condition.  During the search for additional 

MTMs, a putative human homologue to EDTP was identified.  MTMR4, also referred to 

as human Jumpy (hJumpy), is highly conserved among metazoans.  The expression of 

hJumpy mRNA was localized to the neuroendocrine, reproductive tissues and muscles, 

suggesting that hJumpy has similar tissue distribution of expression levels in humans as 

compared to flies. Furthermore, biochemical analysis have shown that both of these 

human and Drosophila proteins (EDTP and hJumpy) use inositol lipids as substrates, 

such that phosphatidylinositol 3-phosphate is dephosphorylated to phosphatidylinositol 8.  

Inositol is the structural basis for several second messengers in eukaryotic cells.  

Phosphatidylinositol, a class of phospholipids, is composed of gycerol, fatty acid and an 

inositol ring.  This inositol ring has the potential to be phosphorylated on hydroxyl 

groups at positions 3, 4, and 5 14.  As a result, it is a substrate for many kinases.  The 

reverse reactions are catalyzed by phosphatases (such as EDTP).  Inositol lipids are 

signaling molecules that have roles in a variety of processes, including aging.  

Phosphatidylinositol 3,4,5-trisphosphate (PIP3), an inositol lipid, is the key component 

that regulates signaling through the insulin-like signaling pathway in C. elegans.  AGE-1, 

a kinase, generates PIP3 through phosphorylation, while DAF-18 dephosphorylates PIP3.  

The mutation of daf-18 results in the accumulation of PIP3 and signaling through the 
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insulin-like signaling pathway 15.  Inositol lipids are involved in regulating the aging 

process, as mutations in daf-18 decrease lifespan and mutations in age-1 increase lifespan 

16.  The biochemical function of EDTP suggests that it may in fact be involved in aging. 

 The analysis of hJumpy in the Drosophila model will be valuable in the 

elucidation of the mechanisms involving hJumpy.  Whether those mechanisms are 

influential in disease or aging remains to be determined.  Furthermore, the phenotypes 

observed in DJ694 enhancer trap line also prompt to explore the possibility that hJumpy 

may be involved in human disorders of unexplained origins.  Evidently, enhancer trap 

analysis has the potential to uncover genes involved in aging mechanisms and disease 

phenotypes, as well as isolate genes influencing cellular mechanisms that are presently a 

mystery and identify diseases of unknown etiology. 
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