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ABSTRACT 

The cell cycle generates all cells in an individual from a single egg and regulates 

development and maintenance in the human body. Atypical gene expression in cell cycle 

genes can lead to pathology such as developmental disorders and degenerative diseases, and 

more specifically Alzheimer’s disease and primary microcephaly. The goal of this research 

was to look at the expression profiles of cell cycle genes in Drosophila models of 

Alzheimer’s disease. Primers were developed to allow gene expression to be studied for 

neurological diseases such as microcephaly and Alzheimer’s disease. Expression levels of 

cell cycle genes Asp, Mcph1, and Cdk4, were measured using qualitative and quantitative 

RT-PCR. Aberrant expression of these genes was observed in the Alzheimer’s disease 

models compared to the wild type strain. Characterizing the role of these genes may serve as 

the basis for future therapeutics and regenerative medicine for Alzheimer’s disease. 
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INTRODUCTION 

All of the cells in the human body arise from a single cell through numerous cell 

divisions for growth, healing, and replacement. The driving force for cell divisions is the cell 

cycle. Understanding the genetics of the crucial cell cycle, in which a cell duplicates its DNA 

and divides into two daughter cells, is important for studying normal development and 

physiology as it guides development, function, and maintenance in the human 

body.1Deficient or decreased gene expression in cell cycle genes, like microcephalin gene 

(MCPH1) and abnormal spindle gene (ASPM), which encode for the proteins of the cell cycle 

can lead to abnormal growth or growth inhibition and is seen in diseases such as cancer, 

developmental disorders, and neurological diseases like microcephaly (Faheem et al., 2015). 

On the other hand, expression of cell cycle genes, like cyclin-dependent kinase 4 gene 

(CDK4), is a regulator for neurodegenerative diseases, like Alzheimer’s disease (Arsenijevic, 

2015). It is intriguing that down-regulation of MCPH1 and ASPM expression and 

upregulation of CDK4 expression in both fly and mouse models allow researchers to 

understand how different gene expression levels are important for the progression of these 

diseases (Faheem et al., 2015; Tsutsui et al., 1999). Examples of neurological diseases that 

will be examined in this research are microcephaly, a neurodevelopment disease, and 

Alzheimer’s disease, a neurodegenerative disease. These diseases are a significant burden on 

healthcare, economies, and society. While studying these genes in humans is important to 

gain the best understanding for the role these genes play in diseases, it can also be inefficient 

to study and can come with ethical issues. As a result, model organisms, like flies and mice, 
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are used to study genetics. In particular, fruit flies, such as Drosophila melanogaster, serve as 

an efficient model for genetic manipulation to study human diseases. 

The Cell Cycle 

 Understanding how the cell cycle works can provide better insight into how 

dysregulation of the cell cycle can result in disease. The cell cycle regulates cell division for 

growth, development, and maintenance through repair of tissues. The stages of the cell cycle 

include the Gap 0 (G0) phase, Gap 1 (G1) phase, Synthesis (S) phase, Gap 2 (G2) phase, and 

Mitosis (M) phase (Harashima et al., 2013; Khurana and Feany, 2007) (Fig. 1.).  

 

 

Fig. 1. Schematic illustration of the phases of the cell cycle: G0 phase, G1 phase, S phase, G2 

phase, and M phase. The genes of interest in this research are marked at the phase in which 

they occur in the cell cycle. Size of the phases are not proportionate to actual duration in the 

cell cycle. 
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The interphase consists of all of G1 phase, S phase, and the G2 phase together. The G0 

phase is when cells are paused from continuing in the cell cycle and are prevented from 

preparing to divide. The G1 phase is when the cell grows in size and prepares for DNA 

synthesis that will occur in the S phase, the next stage of the cycle. The S phase is when the 

DNA of the cell replicates itself. The G2 phase is when the cell prepares itself for mitosis and 

grows. The M phase occurs after the G2 phase and is when mitosis occurs. The cell 

undergoes division to produce two identical daughter cells.  

Mitosis consists of several phases: prophase, prometaphase, metaphase, anaphase, 

and telophase (Harashima et al., 2013; Arroyo et al., 2017). During prophase, the cell 

condenses the chromosomes, the nuclear envelope begins to dissipate, and the centrosomes 

begin organizing the microtubule spindle fibers. Then, during prometaphase, the nuclear 

envelope dissipates and the microtubules attach to the centromere of the chromosomes by the 

kinetochores. After prometaphase is metaphase, during which the condensed chromosomes 

are aligned along the metaphase plate. The next stage of mitosis is anaphase, in which the 

microtubule spindle fibers are shortened so that the chromosomes are pulled to opposite ends 

of the cell, and the cell also elongates. During telophase, the final stage of mitosis, the cell 

continues to elongate due to lengthening microtubules, the nuclear envelopes form for both 

sets of daughter chromosomes, and the chromosomes decondense. Finally, cytokinesis occurs 

when the cleavage furrow with a contractile ring forms around the center of the elongated 

cell and divides the cell into two fully formed daughter cells (Satterwhite and Pollard, 1992).  

There are numerous molecules and pathways involved with the cell cycle that are 

required for the cell cycle to function normally. For example, proteins, including cyclins and 
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cyclin-dependent kinase proteins, are involved in the cell cycle that regulate how the cell 

progresses through the checkpoints between phases. There are also other proteins that are 

involved within each stage of the cell cycle. Dysregulation of the cell cycle occurs when 

various genes encoding these proteins are mutated, resulting in uncontrolled cell division or 

inhibited cell division. These defects in the cell cycle can result in a variety of diseases 

including developmental and degenerative diseases, which will be discussed in further detail 

for Alzheimer’s disease and primary microcephaly.  

CDK4 is a cell cycle gene that will be studied in this research. This gene encodes for 

a protein called cyclin-dependent kinase 4 that interacts with cyclin. The complex regulates 

growth of the cell and progression in the G1 phase of the cell cycle (Datar et al., 2000). 

Abnormal expression of CDK4 has been extensively studied in cancer biology and treatment 

(Roskoski, 2019) and has been associated with neurological diseases such as Alzheimer’s 

disease and neuronal degeneration (Busser et al., 1998). As the role of CDK4 in 

neurodegenerative diseases has not been extensively delineated, this study focused on this 

gene among two other cell cycle genes, MCPH1 and ASP.  

Alzheimer’s Disease 

Alzheimer’s disease is a neurodegenerative disease that has been partially 

characterized by dysregulation of the cell cycle. It is the most common cause of dementia in 

older adults, leading to decrease in cognitive function and behavior that negatively affects a 

person’s daily life (McKhann et al., 2011). A diagnosis of dementia is made when an 

individual has impaired behavior and cognition that interferes with their daily life, including 
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impaired ability to remember new information, inability to handle complex tasks, and 

impaired visuospatial and language functions (McKhann et al., 2011).  

The two major hallmark histopathologic characterizations of Alzheimer’s disease are 

β-amyloid plaque deposition and hyperphosphorylated tau neurofibrillary tangles in the brain 

(Zhang et al., 2011). Research has found that the genetic mutations associated with 

Alzheimer’s disease in humans are found in APP, PSEN1, PSEN2, and APOE genes (Haines, 

2018). Amyloid precursor protein, also known as APP, is a protein that can aggregate into the 

amyloid plaques that are commonly found in individuals with Alzheimer’s disease.  The 

main function of APP is still unknown, but studies in the field have shown that APP is 

involved in neuronal migration and synaptic pruning (O’Brien and Wong, 2011). Amyloid 

beta (Aβ), peptides that are derived from APP, form the amyloid plaques found in individuals 

with Alzheimer’s disease. This results in neurotoxicity, impaired synaptic function, and 

fibrillary tangles (Zhang et al., 2011). 

Other phenotypic changes that occur in the brain of an individual with Alzheimer’s 

disease include a reduction in the proliferation of neural stem cells and changes to the 

immune system. One of the reasons Alzheimer’s disease progresses is because of neuronal 

death and the failure of new neurons to develop that would replace the old neurons. Studies 

have found that there is a reduction in the number of new neurons that are generated in 

patients with Alzheimer’s disease (Tincer et al., 2016). Neural stem cells are cells in the brain 

that are unspecialized and have the ability to differentiate into a variety of different cells such 

as neurons and astrocytes. Because of this, they are a potential avenue to consider for 

regeneration of neurons in the brains of individuals with Alzheimer’s disease. There has been 
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a stronger focus on researching neural stem cells and their potential use in regenerative 

medicine. Studies on neurodegeneration, neuronal death, and neural stem cell proliferation in 

zebrafish have found evidence that increasing neurogenesis rescues phenotypes of 

Alzheimer’s disease (Kizil and Bhattarai, 2018). This suggests that the research done in 

animal models can be translated to human neural stem cells, to induce proliferation and 

differentiation to use in treating patients with Alzheimer’s disease.  

Primary Microcephaly  

While Alzheimer’s disease is a late-stage, neurodegenerative disease, microcephaly is 

a neurodevelopmental disorder that is affected by the cell cycle as the fetus develops. Infants 

born with microcephaly have a significantly reduced head circumference greater than two or 

three standard deviations below the mean (Zaqout et al., 2017). There are two categories in 

microcephaly: primary microcephaly, which is congenital, and secondary microcephaly, 

which is postnatal. This research will be focused on primary microcephaly. Patients with 

primary microcephaly have been reported to present with various features. In the brains of 

individuals with primary microcephaly, patients have been found to have reduced brain 

volume, simplified gyration, corpus callosum agenesis or hypoplasia, periventricular 

neuronal heterotopias, and enlarged lateral ventricles (Zaqout et al., 2017). This can result in 

outward phenotypes such as a narrow sloping forehead. Individuals with primary 

microcephaly often develop impairments in cognition and motor functions, resulting in 

intellectual disability, hyperactivity and attention deficit, and speech delay (DeSilva et al., 

2017).  
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A number of studies have informed our understanding of the factors that influence the 

development of microcephaly. These factors are both environmental and genetic. 

Environmental factors include infections passed to the fetus during pregnancy, exposure of 

the fetus to teratogens in the womb, and maternal disease (DeSilva et al., 2017). These can 

disrupt cell proliferation and differentiation in the developing fetus, resulting in brain 

damage. The genetic factors that can result in primary microcephaly involve mutations of the 

genes ASPM, CDK5RAP2, CENPJ, STIL, WDR62, and CEP152. These genes encode 

proteins that are involved with the cell cycle, including centrosome and centrosome-related 

activities such as cell migration, primary cilia formation, and DNA repair. This research 

focuses on MCPH1 and ASPM. Abnormal spindle-like microcephaly-associated protein, 

encoded by the ASPM gene, is recruited to the centrosome, and the normal function of this 

protein is involved in centriole biogenesis and duplication (Jayaraman et al., 2018). A study 

using mouse and cell models, Jayaraman et al. (2018) found that ASPM and WDR62 proteins 

form a complex near the mother centriole during interphase, and these proteins regulate brain 

size through centriole biogenesis. The MCPH1 gene encodes for microcephalin, a protein 

found to be involved with DNA repair in the cells, in addition to having functions involved 

with chromosome alignment during mitosis (Jayaraman, 2018). In a study by Arroyo et al. 

(2017) focusing on tracking the dynamics of chromosome condensation and cell cycle 

progression in MCPH1-depleted cells found that MCPH1-deficient cells have premature 

chromosome condensation and delayed chromosome decondensation. In addition, they found 

that CDK1 protein is mandatory for the premature chromosome condensation in MCPH1-
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depleted cells. These studies indicate that the genes ASPM and MCPH1 play roles in the 

development of primary microcephaly.  

One of the major hypotheses about how primary microcephaly develops is through 

the premature development of neural progenitor cells during the development of the brain in 

the embryo (Jayaraman et al., 2018). This occurs by a premature shift from symmetric to 

asymmetric cell divisions in the neural progenitor cells. Symmetric division is when a 

progenitor cell divides into two identical daughter cells, specifically two progenitor cells if 

referring to primary microcephaly (Esfarndiari and Tang, 2011). Asymmetric division is 

when a progenitor cell divides into daughter cells that are not identical; that is, one progenitor 

cell that will continue to divide and one cell that will undergo differentiation to become a 

mature neuron. Due to a premature shift from symmetric neural progenitor cell division to 

asymmetric division, there will be premature neurogenesis (Jayaraman et al., 2018). This 

results in a smaller neural progenitor cell pool due to the reduced proliferation of additional 

neural progenitor cells. This means there will be fewer neurons that will develop to maturity, 

leading to a reduced brain size and smaller head circumference.  

The question of what causes the premature development of the neural progenitor cells 

is still being researched. Some studies have shown that spindle orientation and centrioles, and 

their associated proteins such as ASPM, may play a significant role (Jayaraman et al., 2018). 

If microcephaly proteins such as ASPM and MCPH1 play a role in determining whether 

neural progenitor cells continue to proliferate or whether they differentiate, then there could 

be significant repercussions on neurological stem cell research. Characterizing the role of 

these microcephaly genes may provide insight into the potential use of these genes in 
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inducing adult neural stem cells to proliferate and could be used in future therapeutic 

treatments and regenerative medicine for Alzheimer’s disease. The role of these genes can be 

better understood by examining their expression in normal and diseased tissues. Developing 

functional quantitative reverse transcription primers and assays will serve as a tool to aid in 

expression analysis. Understanding and studying genes relating to the cell cycle, 

neurodevelopment, and neurodegeneration can give us deeper insight into how to treat 

diseases.  

Beyond only considering the effects that Alzheimer’s disease and microcephaly have 

on health, these neurological diseases have widespread consequences, indicating the 

importance of studying these diseases.  

Drosophila as a Model Organism 

It would be ideal to study the cell cycle and associated diseases in humans, but there 

are ethical and feasibility constraints. Model organisms are often used in research to study 

various aspects of biology and human diseases. They are used because scientific experiments 

can often be impractical and expensive to do in humans, and there are various ethical issues 

that also come along with using humans as experimental subjects. Models have been used to 

study Alzheimer’s disease and primary microcephaly to characterize the roles of genes 

through correlation, gain-of-function, and loss-of-function studies.  

Drosophila melanogaster, the fruit fly, is often used as a model organism for studies 

of embryology, genetics, behavior, and aging. Drosophila was first reported to be used in 

1901 by William Castle (Jennings, 2011). Since then, Drosophila has been used for studies in 

chromosome inheritance by Thomas Hunt Morgan, mutations by Hermann Muller, and 



10 

 

embryonic development by Christiane Nüsslein-Volhard, Eric Wieschaus, and Ed Lewis 

(Jennings, 2011). The Drosophila genome was fully sequenced in 2000, and comparisons 

between the Drosophila and human genomes have shown 75% similarity, indicating a strong 

use as a model organism (Jennings, 2011). The life cycle of Drosophila involves four stages: 

egg, larva, pupa, and adult fly.  Some of the benefits of using Drosohpila include being 

inexpensive, easy to maintain, having short generation cycles, and having few ethical or 

safety issues. 

This thesis explores how the genes of the cell cycle are related to neurodevelopmental and 

neurodegenerative diseases. The goal of this research is to answer the question of whether the 

expression of cell cycle genes Asp, Mcph1, and Cdk4 are altered in Drosophila models of 

Alzheimer’s disease. In this study, tools were developed to allow neurodevelopmental gene 

expression to be studied both qualitatively and quantitatively in Drosophila models of 

neurological diseases such as microcephaly and Alzheimer’s models. I hypothesize that these 

neurodevelopmental genes will differ in expression level between normal and disease states. 

The specific methods of this study to test this hypothesis are the following.  First, primers 

were designed for genes in Drosophila melanogaster relating to neural development, 

microcephaly, or the cell cycle. Next, the efficacy of these primers were tested qualitatively 

using reverse transcription polymerase chain reaction (RT-PCR). Once the qualitative 

efficacy of the primers was determined, the primers were further tested for quantitative gene 

expression levels using quantitative RT-PCR (qRT-PCR). Using RT-PCR and qRT-PCR, the 

expression levels of these genes were analyzed in normal and disease models in D. 

melanogaster.   
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MATERIALS AND METHODS 

Purchasing and maintaining fly stocks 

 Drosophila stocks #3605 (w[1118]), #38405 (Df(1)yT7-518/Dp(1;Y)y[+]m[64]), and 

#43632 (Appl[d]w[*]) were purchased from Bloomington Drosophila Stock Center. The 

wild-type, Oregon R strain of Drosophila stock (Item #172100) was purchased from Carolina 

Biological Supply Company. 

 Fly stocks were transferred into new vials every two weeks. A new vial was filled 

one-fifth of the total volume with Formula 4-24 Blue Instant Drosophila Medium from 

Carolina Biological Supply Company that was prepared with 5-7 ml of water. Each vial 

would have 3-5 pieces of yeast added on top of the fly food. Flies were kept in a 20°C 

environment. 

Literature search for published primers of genes of interest and control genes 

 A literature review was conducted to determine prominent genes involved in 

microcephaly, cell proliferation, or neural development. The NCBI PubMed database was 

queried in October 2016 to look up genes relating to microcephaly and the cell cycle. In 

April 2017, the database was queried to find Drosophila RT-PCR primers of the genes of 

interest (https://www.ncbi.nlm.nih.gov/pubmed/). 

Designing primers for genes of interest 

 Primer sets for four genes, ribosomal protein L32 gene (Rp49/Rpl32), actin beta gene 

(Actin), glycerol-3-phosphate dehydrogenase 1 (Gapdh), and Mcph1, were found in previous 

studies (Brunk et al., 2007; Ling et al., 2011; Ling et al., 2009; Staley et al., 2010). These 

genes were found for normalization and control purposes. For the other genes (Asp, Mcph1, 
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Cdk4) without published primers, primers for reverse transcription were newly designed. 

Separate sets of primers were designed using the National Center for Biotechnology 

Information’s Primer-BLAST tool by using the mRNA sequence of the cell cycle genes 

(https://www.ncbi.nlm.nih.gov/tools/primer-blast/). Primers were only selected if there was 

at least one intron flanked by the pair of primers; this was observed by aligning the primer 

sequences to the gene of interest on the University of California Santa Cruz Genome Browser 

(https://genome.ucsc.edu/). Four primers were selected for each gene, if possible, for 

different combinations of primers for a higher rate of success. Primers were ordered from 

Alpha DNA from Montreal, Quebec in Canada. Once the primers were delivered to the 

laboratory, the forward and reverse primers were each resuspended in Qiagen nuclease-free 

water at 100 µM concentration for each primer set. The resuspended forward and reverse 

primers were then combined in a new labeled Eppendorf tube and diluted to a 10 µM 

working stock concentration using Qiagen nuclease-free water.  

Validation of primers using RT-PCR  

Collection, disruption, and homogenization of samples 

Flies were anesthetized at -20°C for 8 minutes. Three adult flies for each sample were 

taken out of a Drosophila wild-type vial and placed into Qiagen RNAlater in 1.5 ml 

Eppendorf tubes. The chosen flies were euthanized in 100% ethanol in a petri dish. Flies 

were then placed on a dry paper towel for 10 seconds to absorb any residual ethanol. 

Afterward, flies were submerged in RNAlater in the corresponding labeled Eppendorf tubes, 

with three flies in each tube, and placed in -20°C for long-term storage.  
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For tissue disruption and homogenization, flies were removed from RNAlater and 

placed into lysis buffer in new Eppendorf tubes for each sample. The samples were pipetted 

up and down multiple times in the lysis buffer to disrupt the fly tissue and release the fly 

RNA. To homogenize the samples, the lysate was then pipetted directly into a QIAshredder 

spin column (Qiagen) and centrifuged for 2 minutes at full speed. The supernatant was 

removed and placed in a new Eppendorf tube for each sample, to be used for RNA 

extraction. 

RNA Extraction  

The Qiagen RNeasy Mini Kit was used to isolate RNA for each of the samples. 

Ethanol was added to the samples and mixed thoroughly. The samples were then transferred 

to spin columns, centrifuged, and the flow-through was discarded. The spin column 

membrane was washed several times with buffer solution. The RNA was then eluted into 

new tubes with Qiagen nuclease-free water.  

Reverse-Transcriptase Polymerase Chain Reaction (RT-PCR) 

Reverse transcription was performed on samples using the Qiagen OneStep RT-PCR 

Kit. According to the protocol for the kit, a master mix was prepared, and 8 µl of extracted, 

undiluted RNA was added to the RT-PCR reactions. RT-PCR was performed on the samples 

using the Applied Biosystems 2720 Thermal Cycler. 

The thermal cycler was programmed according to the following conditions: Step 1 at 

50°C for 30 minutes, 95°C for 15 minutes, Step 2 (for 40 cycles) at 94°C for 30 seconds, 

60°C for 30 seconds, 72°C for 30 seconds, and Step 3 at 72°C for 10 minutes, and long-term 

storage at 4°C. 
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Gel Electrophoresis 

 After RT-PCR, 2 µl of loading dye was added to 10 µl of PCR product, to be used for 

agarose gel electrophoresis. Samples were loaded onto an Invitrogen 2% with SYBR Safe 

E-Gel along with DNA ladder. The gel was run using the E-Gel iBase Power System for 30 

minutes. Upon completion of the gel electrophoresis run, the results were visualized using 

ultraviolet light.  

Validation of primers using quantitative RT-PCR (qRT-PCR) 

Collection, disruption, and homogenization of samples 

Flies were anesthetized at -20°C for 8 minutes. Three adult flies were taken out of the 

vials for each fly line (wild-type, w1118, Appld, and Stock#38405) and placed into Qiagen 

RNAlater in 1.5 ml Eppendorf tubes. The chosen flies were frozen for 10 minutes in dry ice. 

RNAlater was removed from the tubes with a 200 µl pipet tip set to 100 µl. 300 ul TriZOL 

was then placed into the Eppendorf tube. To disrupt the fly tissue, the samples were pipetted 

up and down multiple times. Both needles and syringes (using the 20-gauge) and pipetting 

were used to homogenize the samples. The samples were vortexed for 1 minute, then were 

spun down. The samples were then placed in -80°C storage. 

RNA Extraction  

The ZYMO Research Direct-zol RNA MiniPrep Kit was used to isolate RNA. The 

samples were taken from -80°C storage and defrosted at room temperature on ice. The 

samples were vortexed lightly. The samples were centrifuged for 3 minutes at full speed. The 

supernatant was removed and placed into new Eppendorf tubes. Ethanol was added to the 

sample and mixed thoroughly. The samples were then transferred to spin columns, treated 
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with DNase I, and washed several times. The RNA was eluted into new tubes. Using the 

Thermo Fisher Scientific NanoDrop 2000/2000c Spectrophotometer, the RNA concentration 

was measured for each sample.  

Reverse transcription 

Reverse transcription was performed on samples using the Applied Biosystems High-

Capacity cDNA Reverse Transcription Kit. According to the protocol for the kit, a 2X 

reverse transcription master mix was prepared, and 8 µl of extracted, undiluted RNA was 

added to the reverse transcription reactions. Reverse transcription was performed on the 

samples using Agilent Technologies SureCycler 8800. 

The thermal cycler was programmed according to the following conditions: Step 1 at 

25°C for 10 minutes, Step 2 at 37°C for 120 minutes, Step 3 at 85°C for 5 minutes, and long-

term storage at 4°C.  

Quantitative PCR 

After reverse transcription, the cDNA was diluted ten-fold in nuclease-free water for 

each sample. Quantitative PCR was performed in triplicates using the Thermo Fisher Power 

SYBR Green Kit and the Thermo Fisher Scientific 7900HT Fast Real-Time PCR System for 

wild-type, w1118, Stock#38405, and Appld pooled adult fly samples. Annealing temperature of 

primers was 60°C. The quantitative PCR system was programmed according to the following 

conditions: Step 1 at 50°C for 2 minutes; Step 2 at 95°C for 10 minutes; Step 3 (for 40 

cycles) at 95°C for 15 seconds, then 60°C for 1 minute. For melting curve measurements, the 

following was set up for Step 4: 95°C for 15 seconds, 60°C for 15 seconds, and 95°C for 15 

seconds. 
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Gel Electrophoresis 

 After RT-PCR, 2 µl of loading dye was added to 10 µl of PCR product, to be used for 

agarose gel electrophoresis. Samples were loaded onto a 2% agarose gel with ethidium 

bromide along with DNA ladder. The gel was run in buffer for 30 minutes. Upon completion 

of the gel electrophoresis run, the results were visualized using ultraviolet light to confirm 

that the qPCR amplified the correct targets.   

Analysis 

To compare the cell cycle gene expression levels between Drosophila mutant strains, 

the following data analysis was completed. The threshold for the qPCR was set at 0.3. Ct. 

Triplicates for internal control genes, Gapdh and Rpl32, were averaged. These Ct averages of 

the internal control genes were subtracted from the Ct value of every replicate of the other 

genes of the corresponding fly strain to calculate the Ct values normalized to an internal 

control gene. Normalized Ct values were compared between each other within genes to find 

the highest Ct for each gene. This value was then subtracted from all the Ct values within 

each gene to find the Ct for each replicate. These values were then converted to a positive 

value by multiplying by -1. The averages and standard deviations of the -Ct values were 

calculated for each fly strain within each gene and used to make a bar graph. 

 Statistical analysis was performed using R version 3.3.1. Data from Microsoft Excel 

was imported into R for analysis. A Brown-Forsyth test was used on the gene expression data 

of each fly strain to determine the homoscedasticity of the data sets. To determine if there 

were significant differences between the means of the fly strains, a one-way analysis of 

variance (ANOVA) was performed for each gene (Asp, Mcph1 and Cdk4). If a statistically 
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significant difference (p<0.05) was detected, then the Dunnett’s post-hoc test was performed 

to determine if expression levels in mutant fly strains differ from the wild-type. Another 

Dunnett’s post-hoc test was also performed to determine if expression levels in w1118 and 

Stock#38405 differ from Appld. 

Literature search for interdisciplinary articles 

The literature search was conducted in February, 2019. Gale Business, Economics, 

and Theory Collection was used to find articles relating to economic impact, using 

“Alzheimer’s disease” as the key words in the search. The Religion & Philosophy collection 

on Angelo State’s Porter Henderson Library U Search was used to find articles, using 

“Alzheimer’s disease stress” and “Alzheimer’s disease economics” as the key words in the 

search. The Humanities International Complete database was used to find articles using the 

words “Alzheimer’s disease” and “Zika virus”. 

  

  



18 

 

RESULTS 

 The first step to perform molecular profiling of the cell cycle genes in Drosophila 

was to find or develop primers that may yield the correct and specific amplicons through 

regular RT-PCR. Seven published primer sets for four genes (Rpl32, Gapdh, Actin, Mcph1) 

were found in previous studies (Table 1). These primer sets have been shown to work in 

previous studies, so they would be appropriate positive controls for RT-PCR. Additionally, 

some of these genes (Actin, Rpl32/Rp49, and Gapdh) are considered to be constitutively 

active, acting as “housekeeping” genes that could serve as positive controls for qRT-PCR. 

With the assistance of the UT Health San Antonio BASiC core, six primer sets were designed 

using the public NCBI Primer-BLAST website for cell cycle genes, Mcph1, Cdk4, and Asp, 

each with two pairs of primers to be used in different combinations in case a pair failed. The 

method has been validated in several hundreds of gene primer designs yielding a 96-99% 

success rate in producing a single specific amplicon for a primer pair. The designed primer 

sets flanked at least one intron (Fig. 2). Therefore, the amplification of DNA genomic copies 

could be avoided and improve the specificity to target mRNA of genes alone.  
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Gene and 

Species 

Expected 

Amplicon 

Size 

Sequence Previously 

Published  

Reference 

Rp49 (D. 

melanogaster) 

132 bp Forward 5’-TGTCCTTCCAGCTTCAAGATGACCATC-3’ 

Reverse 5’-CTTGGGCTTGCGCCATTTGTG-3’  

Yes Brunk et al. 

(2007) 

Rpl32 (D. 

melanogaster) 

133 bp Forward 5’-AAGCGGCGACGCACTCTGTT-3’ 

Reverse 5’-GCCCAGCATACAGGCCCAAG-3’ 

Yes Ling et al. 

(2011) 

Gapdh (D. 

melanogaster) 

143 bp Forward 5’-CCACTGCCGAGGAGGTCAACTAC-3’ 

Reverse 5’-ATGCTCAGGGTGATTGCGTATGC-3’ 

Yes Ling et al. 

(2009) 

Actin (D. 

melanogaster) 

683 bp Forward 5’-ATGGTCGGYATGGGNCAGAAGNGACTC-3’ 

Reverse 5’-TCGCACTTCATNGATSGAGTTGTA-3’ 

Yes Staley et al. 

 (2010) 

Asp (D. 

melanogaster) 

174 bp Forward 5’-CCATCGCGCCTAAAGCAAAA-3’ 

Reverse 5’-TACCTTGACCTCGATGTCGTC-3’ 

No N/A 

Asp (D. 

melanogaster) 

182 bp Forward 5’-GACGACATCGAGGTCAAGGTA-3’ 

Reverse 5’-TCCTTTCGGAAGTTGCGGTT-3’ 

No N/A 

Mcph1 (D. 

melanogaster) 

653 bp Forward 5’-GCAATAAGGAGCGCCAGAGTG-3’ 

Reverse 5’-ACGCCCTCAGAGCGATTGTC-3’ 

Yes Brunk et al. 

(2007) 

Mcph1 (D. 

melanogaster) 

187 bp Forward 5’-CAATCCCACGTGGAAGACGA-3’ 

Reverse 5’-GGCCGCCTGGTCATCTG-3’ 

No N/A 

Cdk4 (D. 

melanogaster) 

117 bp Forward 5’-CTCAACTCTTACGAATATTGCTGGT-3’ 

Reverse 5’-CGCTTCAGCTGGCGTACATA-3’ 

No N/A  

Cdk4 (D. 

melanogaster) 

166 bp Forward 5’-CTCTTACGAATATTGCTGGTGC-3’ 

Reverse 5’-TGGTAGTTGAACGGATCGCC-3’ 

No N/A 

 

Table 1. Table displaying the gene names, species, amplicon sizes in base pairs (bp), primer 

sequences, and references.  

 

 

 

 

Fig. 2. Schematic illustration of two pairs of the Rpl32 primers (short black bars) aligned to 

the Rpl32 gene variants with exons (blue bars) and introns (thin blue lines) for Drosophila. 

There is at least one intron flanked by each pair of primers. 
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Following primer design, RNA was extracted from wild-type flies and primer 

efficacy in RT-PCR was tested using the positive control primers and the newly designed 

primers. The positive control primers for Rp49/Rpl32, Actin, and Gapdh were found in 

literature and generated 132, 683, and 143 base pair products, respectively, confirming RT-

PCR efficacy (Fig. 3A).  Within this run, a no template (NT), negative control, which 

included the Rpl32 primers and the same reagents as the other samples except for RNA 

which was instead replaced with nuclease-free water, was performed simultaneously to detect 

the possibility of false positive amplifications. The NT controls gave rise to no bands, 

indicating a clean background without nonspecific amplification (Fig. 3A, NTC lane).  

Finally, the efficacy of the newly designed pairs of RT-PCR primers (for Asp, Cdk4, 

and Mcph1) was tested and confirmed on an agarose gel using gel electrophoresis following 

RT-PCR (Fig. 3B). Again, a negative (NT) control, using the Rpl32 primers with RNA 

template replaced with nuclease-free water, was performed simultaneously. A positive 

control for RT-PCR was also performed simultaneously, using wild-type fly cDNA and the 

Rpl32 primers, which was previously confirmed to work (Fig. 3A).  The NT control gave rise 

to a very weak band, possibly due to carryover or weak amplification (Fig. 3B, NTC lane). 

The PCR positive control, which used the Rpl32 primers, showed clear bands at 133 base 

pairs (bp), indicating that the RT-PCR technique is valid. The products of the RT-PCR for 

the newly designed primers matched the expected amplicon size for each primer set, 

indicating that the primers that were designed were able to work (Fig. 3B and Table 1). 

Primers for Mcph1, Gapdh, and Rpl32 produced a distinct dominant band (of the expected 

size) and additional, larger, weak bands in the gel electrophoresis results (Fig. 3A and B).   



21 

 

    

    

Fig. 3. RT-PCR primer validation. (A) Visualization of RT-PCR products for Actin, Gapdh, 

and Rpl32 of wild-type Drosophila using gel electrophoresis. (B) Visualization of RT-PCR 

products for Asp, Cdk4, Mcph1, and Rp49 using gel electrophoresis for Drosophila.  

A 

B 
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The next step was to validate if the primers designed for the cell cycle genes were 

effective using qRT-PCR.  RNA was extracted from new adult Drosophila samples of wild-

type, w1118, Appld, and Stock#38405 strains and RNA concentration was measured for each 

sample using the Thermo Fisher Scientific NanoDrop 2000/2000c Spectrophotometer: 69.8 

ng/µl for wild-type, 87.8 ng/µl for w1118, 25.2 ng/µl for Stock#38405, and 73.2 ng/µl for 

Appld strains. Next, qRT-PCR was performed on the extracted RNA. The melting curves and  

the amplification curves were used to validate the specificity of each of the primer sets from 

the qRT-PCR. The melting curves and amplification curves of Asp are shown in Fig. 4, and 

the curves for Cdk4 and Mcph1 were also similar to the graphs generated for Asp. Amplicon 

size was confirmed using gel electrophoresis after qRT-PCR. The qRT-PCR products 

matched the expected amplicon size for Asp, Cdk4, Gapdh, Mcph1, Rp49, and Rpl32 (Fig. 5). 

The products of the RT-PCR for Actin were not apparent for its expected amplicon size.  

 

   

Fig. 4. The melting curve (left) and amplification plot (right) of Asp after 40 cycles of qRT-

PCR. Both show that the primers effectively and specifically amplify a single amplicon after 

40 thermal cycles.  

Asp 
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Fig. 5. The products of the qRT-PCR were visualized using gel electrophoresis for Actin, 

Asp, Cdk4, Gapdh, Mcph1, Rp49, and Rpl32 for the wild-type, w1118, Appld, and Stock#38405 

Drosophila strains. 
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Analysis of the qRT-PCR results revealed significant upregulation of Asp, Cdk4, and 

Mcph1 for the fly mutants when compared to the expression of those genes in the wild-type 

(Fig. 6A and 7A). The gene expression was obtained through -Ct calculations and shown 

in relative units as described in the materials and methods using normalization to Gapdh and 

to Rpl32 expression levels. Statistical analysis was performed between the expression levels 

of the wild-type strain and each Drosophila mutant strain for each gene.  

A variety of statistical methods were used to analyze the data to determine whether 

there was a difference in gene expression of the cell cycle genes of interest in the four fly 

strains. The Brown-Forsyth test for homoscedasticity of the data normalized to Rpl32 

indicated that the data were homoscedastic for Asp, Cdk4, and Mcph1 expression across the 

fly strains (Brown-Forsyth Test: F3,8=0.95, P=0.46; F3,8=1.15, P=0.30; F3,7=2.22, P=0.17). A 

one-way analysis of variance (ANOVA) was performed for each gene to determine if 

average gene expression of Asp, Cdk4, and Mcph1 differed between the four fly strains (wild 

type, w1118, Appld, and Stock#38405). Each of the three one-way ANOVA tests showed a 

significant difference : Asp (P=0.006), Cdk4 (P<0.0001), and Mcph1 (P<0.0001) expression.  

A Dunnett’s post-hoc test was performed (for data normalized to Rpl32) to compare 

the differences of gene expression of the mutant fly strains with the wild-type fly strain (Fig. 

6 A and B). For Cdk4 expression, the wild-type group varied from w1118 group (P<0.001), 

Stock#38405 group (P=0.001), and Appl group (P<0.001). For Mcph1 expression, the wild-

type group varied from w1118 group (P<0.0001), Stock#38405 group (P<0.0001), and Appl 

group (P<0.0001). For Asp expression, the wild-type group varied from the Appl group 

(P<0.05), although there was no significant difference from the w1118 group or Stock#38405 
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group. The differences of gene expression were also compared within the mutant fly strains. 

For Cdk4 expression, the Appl group varied from w1118 group (P=0.001) and Stock#38405 

group (P<0.0001). For Mcph1 expression, the Appl group varied from w1118 group 

(P<0.0001) and Stock#38405 group (P<0.0001). For Asp expression, the Appl group varied 

from Stock#38405 group (P=0.009) although there was no significant difference from w1118 

group (P=0.23). 

Statistical analysis was then repeated using data normalized to Gapdh (Fig. 7A and B)  

The Brown-Forsyth test for homoscedasticity indicated that the data were homoscedastic for 

Asp, Cdk4, and Mcph1 expression across the fly strains (Brown-Forsyth Test: F3,8=0.95, 

P=0.46; F3,8=1.15, P=0.30; F3,7=2.22, P=0.17). A one-way analysis of variance (ANOVA) 

was performed to determine if average gene expression of Asp, Cdk4, and Mcph1 normalized 

to Gapdh differed between the fly strains. A significant difference was found between the fly 

strains w1118, Appld, and Stock#38405 for Asp (P=0.0003), Cdk4 (P<0.0001), and Mcph1 

(P<0.0001) expression.  

Dunnett’s post-hoc test was again performed (now with Gapdh normalization data) to 

compare the differences of gene expression of the mutant fly strains with the wild-type fly 

strain (Fig. 7A and B). For Cdk4 expression, the wild-type group varied from w1118 group 

(P<0.0001), Stock#38405 group (P<0.0001), and Appl group (P<0.0001). For Mcph1 

expression, the wild-type group varied from w1118 group (P<0.0001), Stock#38405 group 

(P<0.0001), and Appl group (P<0.0001). For Asp expression, the wild-type group varied from 

the Appl group (P<0.001) and w1118 group (P<0.0001), although there was no significant 

difference from the Stock#38405 group. The differences of gene expression were also 
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compared within the mutant fly strains. For Cdk4 expression, the Appl group varied from 

Stock#38405 group (P=0.0001) although there was no significant difference from w1118 group 

(P=0.91). For Mcph1 expression, the Appl group varied from w1118 group (P=0.0001) and 

Stock#38405 group (P<0.0001). For Asp expression, the Appl group varied from 

Stock#38405 group (P=0.01) although there was no significant difference from w1118 group 

(P=0.66). 
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 Mean Dunnett’s Test P 
(to wild-type) 

Dunnett’s Test P 
(to Appld) 

Asp     
wild-type 1.50  0.02 
w1118 1.97 0.42 0.23 
Stock#38405 0.96 0.32 0.0093 
Appld 2.64 0.02  

Cdk4    
wild-type 0.0080  <0.001 
w1118 0.54 <0.001 0.0012 
Stock#38405 0.30 =0.0013 7.7 x 10-5 

Appld 0.92 <0.001  

Mcph1    
wild-type 0.01  <0.0001 
w1118 0.70 <0.0001 8.62 x 10-6 

Stock#38405 0.62 <0.0001 3.15 x 10-6 

Appld 1.59 <0.0001  

 

Fig. 6. (A) Level of gene expression of Asp, Cdk4, and Mcph1 in wild-type and Alzheimer’s 

disease fly mutants normalized to Rpl32, an internal control. (‘ns’ indicates no significance 

compared to wild-type, ‘*’ indicates a p-value<0.05 when compared to wild-type. ‘**’ 

indicates a p-value<0.01 when compared to wild-type. ‘***’ indicates a p-value<0.001 when 

compared to wild-type). (B) Mean expression for each fly strain of each gene and P-values of 

comparing the mean expression of the wild-type flies to each mutant fly strain, and of 

comparing the mean expression of Appld to w1118 and Stock#38405. 
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 Mean Dunnett’s Test P-
value (compared 
to wild-type) 

Dunnett’s Test P-
value (compared 
to Appld) 

Asp     
wild-type 0.07  <0.001 
w1118 2.27 <0.001 0.66 
Stock#38405 0.96 0.073 0.011 
Appld 2.58 <0.001  

Cdk4    
wild-type 0.0080  <2 x 10-16 
w1118 2.27 <2 x 10-16 0.91 
Stock#38405 1.73 <2 x 10-16 0.00014 

Appld 2.29 <2 x 10-16  

Mcph1    
wild-type 0.01  <2 x 10-16 
w1118 2.43 <2 x 10-16 0.00011 

Stock#38405 2.05 <2 x 10-16 4.32 x 10-6 

Appld 2.96 <2 x 10-16  

 

Fig. 7. (A) Level of gene expression of Asp, Cdk4, and Mcph1 in wild-type and Alzheimer’s 

disease fly mutants normalized to Gapdh, an internal control. (‘ns’ indicates no significance 

compared to wild-type, ‘*’ indicates a p-value<0.05 when compared to wild-type. ‘**’ 

indicates a p-value<0.01 when compared to wild-type. ‘***’ indicates a p-value<0.001 when 

compared to wild-type). (B) Mean expression for each fly strain of each gene and P-values of 

comparing the mean expression of the wild-type flies to each mutant fly strain, and of 

comparing the mean expression of Appld to w1118 and Stock#38405. 
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DISCUSSION 

The most common cause of dementia, Alzheimer’s disease (AD), is a worldwide 

health challenge. The huge impact on the quality of life in the patients of Alzheimer’s disease 

and family members are immeasurable socially and economically. However, there is no cure 

due to our limited understanding of the causes of this disease, and much work is needed for a 

biomarker diagnosis of AD dementia. (Alzheimer’s Association, 2017; McKhann et al., 

2011). 

After conducting a literature review, the genes ASPM, MCPH, and CDK4 were 

chosen for further study. Using NCBI’s Homolog tool, the homologs for these genes were 

found to be Asp, Mcph1, and Cdk4 in Drosophila. Cdk4 is located on Chromosome 2R, 

Mcph1 is located on Chromosome 2R, and Asp is located on Chromosome 3R (NCBI Gene). 

The genes Cdk4, Asp, and Mcph1 are well-studied for their roles in the cell cycle, but there 

has been very limited research on these genes relating to Alzheimer’s disease. Aberrant 

expression of CDK4 has been previously identified in Alzheimer’s disease brains and 

lymphocytes (Busser et al., 1998; Kim et al., 2016). Association of SNPs in ASPM and 

MCPH1 with late-onset AD has also been investigated in humans with Alzheimer’s disease. 

The Drosophila model of Alzheimer’s disease is thus an interesting model system for 

investigation of the mechanism of Alzheimer’s disease. To our knowledge, this is the first 

report of designed primers to test Asp, Cdk4, and Mcph1 expression levels in Drosophila 

Alzheimer’s disease models. In addition, mutations in ASPM is one of the most common 

causes of primary microcephaly (Kouprina et al., 2005). The single nucleotide 

polymorphisms of MCPH and ASPM are also reported to be related to evolution of brain size, 
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cognition, personality, motor control, and susceptibility to neurological or psychiatric disease 

(Erten-Lyons et al., 2011). The cell cycle gene CDK4 has shown upregulation in Alzheimer’s 

patients, so it would be interesting to see if this is the case in the fly model (McShea et al., 

1997).  

For positive controls, the housekeeping genes Rpl32/Rp49, Gapdh, and Actin were 

chosen because they are expressed in all cells and have a necessary function. Rpl32, also 

known as Rp49, is a gene that encodes for ribosomal protein L32 and is located on 

Chromosome 3R in Drosophila (NCBI Gene). Gapdh is a gene that encodes for glycerol-3-

phosphate dehydrogenase, a protein that catalyzes the oxidative phosphorylation of 

glyceraldehyde-3-phosphate in glycolysis, while also yielding ATP energy (NCBI Gene). It 

is located at Chromosome 2L. Actin is a gene that encodes for a protein that is a major 

constituent of cytoskeletal actins and is located on Chromosome 3R (NCBI Gene). 

Primers for testing gene expression levels for these genes were designed and tested 

for efficacy using RT-PCR. The products of the RT-PCR matched the expected amplicon 

size for each primer set, and the strong bands indicated good specificity of the primers. The 

negative control had no or very bands, while the positive control did have a strong band. 

These results confirmed that the RT-PCR worked. The primers for Mcph1, Gapdh, and Rpl32 

produced a dominant band along with multiple weak bands in the gel electrophoresis results 

(Fig. 3). The multiple bands are most likely due to DNA contamination in addition to the 

RNA amplification products, because DNase, which degrades DNA, was not used for this 

instance of RT-PCR. During RNA extraction, DNA may also be extracted, and without 

DNase to degrade the DNA, it would be amplified along with the cDNA during PCR that 
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was reverse transcribed from the extracted RNA (Fig. 8A). Because primers that flanked at 

least one intron were used, the cDNA from the extracted RNA will have a smaller amplicon 

size since the introns will be spliced out, while the DNA will have a larger amplicon size 

because it retains the introns. This principle was used to discern on the gel between the 

cDNA products from the RNA versus the DNA genomic products. Otherwise, it would be 

difficult to know if there was or was not DNA genomic contamination. This is important 

because these primers were used to measure the RNA expression levels, not the presence of 

the DNA of the gene of interest. This is supported by the other bands in the same lane 

matching the expected size of the gene if the introns were not spliced out. For example, the 

DNA region bounded by the Rpl32 primers is around 200 bp while the region with the intron 

spliced out is 133 bp. This can be seen in the gel (Fig. 3A).  

 

 

Fig. 8. (A) If DNase is not used during RNA extraction, DNA will be amplified in addition to 

the cDNA products from the extracted RNA. (B) If DNase is used during RNA extraction, 

DNA will be removed from the extracted RNA, and cDNA will be the only products 

amplified in RT-PCR.  

 

A 

B 
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After confirming the efficacy of these primers with RT-PCR, they were used in qRT-

PCR for adult flies of four different strains, Oregon R wild-type, w1118, Appld and 

Stock#38405, to compare RNA expression levels of the cell cycle genes between the strains. 

The genes of interest, Cdk4, Asp and Mcph1 worked well in both RT-PCR and qRT-PCR by 

having strong, single bands at the expected amplicon size when visualized through gel 

electrophoresis, indicating that the correct targets were amplified. The housekeeping genes, 

Rpl32 and Gapdh, which acted as positive controls, also had strong, single bands at the 

expected amplicon size. In addition, the melting curves and amplification plots for each gene 

suggested the good quality of the primers and their amplification products, as each gene, 

except for Actin, had a specific peak in the melting curve (Fig. 4). Actin (683 bp) worked in 

RT-PCR as shown after gel electrophoresis (Fig. 3A), but Actin was not specific in qRT-PCR 

(Fig. 5). This may be due to the different PCR programs used between RT-PCR and qRT-

PCR, as the latter was designed to amplify PCR products smaller than 300 bp. The no 

template control did not have any bands for each gene except Gapdh, indicating that there 

was not any contamination or nonspecific amplification for those genes. However, there was 

a band in the no template control of Gapdh, which could potentially be a result of either 

overflow from another lane when loading the samples into the gel for gel electrophoresis, or 

it could be actual contamination from the qRT-PCR. Either way, Gapdh may not be the best 

positive control to use to compare with the other genes. Overall, the results once again 

confirmed the specificity of the primers and supported the notion that the primer design 

method was effective. The band at 500 bp for all samples in the results from gel 

electrophoresis from the qRT-PCR products are from the uracil-N-glycosylase that is in the 
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Power SYBR Green Kit used for qRT-PCR. When compared to the RT-PCR results, there 

were not multiple bands for each primer in the qRT-PCR results. This is most likely because 

DNase was used during this instance of qRT-PCR when extracting RNA, which was able to 

degrade the DNA in the samples and remove genomic contamination (Fig. 8B). 

Four different fly strains were used in this research to compare whether there was 

different gene expression of Asp, Cdk4, and Mcph1 between the strains. The wild-type stock, 

Oregon R (http://flybase.org/reports/FBsn0000276.html), is commonly used by the scientific 

community. This strain originated from Roseburg, Oregon, according to the Flybase 

database. The collection of these wild flies was first mentioned by D.E. Lancefield in 1925.  

 The w1118 strain originated from the white (w-) mutant flies that were discovered by 

Thomas Hunt Morgan, which resulted from a mutation in the w gene that resulted in the flies 

having white eyes instead of the red eyes of the wild-type flies (Ferreiro et al., 2017). The 

mutations in Drosophila w gene have been associated with a variety of abnormal 

neurological phenotypes (Ferreiro et al., 2017). The w gene is involved with the pigmentation 

in the eye, but it also has roles in other parts of the nervous system. Some of the neurological 

phenotypes of w- that are different from the wild-type include impaired olfactory and spatial 

learning (Ferreiro et al., 2017). The w gene has been found to be differentially expressed in 

neurodegeneration, and it also has been found to be involved in tau-induced retinal 

degeneration (Ferreiro et al., 2017). A study by Ferreiro and colleagues (2017) showed that 

w- mutant flies had neurodegeneration in the retina of the eyes of the flies, which was 

determined through the use of several assays that are typically used in Drosophila to 

determine neurological pathology, including electroretinograms, climbing assays, and stress 

http://flybase.org/reports/FBsn0000276.html
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assays. Flies with the w- mutation also have decreased serotonin, which in another study was 

found to be required for spatial memory in Drosophila (Sitaraman et al., 2008).  

Appld flies were first made and described by Luo and colleagues to study the in vivo 

function of the Appl protein in Drosophila, which is similar to APP in Alzheimer’s disease 

(Luo et al., 1992). Stock#38405 was used to generate Appld strain because the males have the 

genotype Df(1)RT#/Y+m#Y (# representing an individual deficiency or duplication) and lack 

Appl proteins. The Appl strain was created by translocating Appl(y+m64) to the X-

chromosome with terminal deletion of appl locus (Df(1)RT518). All autosomal transgenes 

were kept in Df(1)w background. In summary, the Appld strain was created by deleting Appl 

on a w background in the flies. As a result, the Appld strain has the genetic defects of both the 

w1118 strain and the Stock#38405 strain. Appld flies have various behavioral defects that were 

confirmed by assays (Luo et al., 1992). The flies performed poorer than Appl+ flies in odor 

classical conditioning, and the flies also had abnormal phototactic behavior due to defective 

locomotor reactivity, which implies that the nervous system has been negatively affected 

(Luo et al., 1992).   

The qRT-PCR analysis showed significant overexpression of Cdk4and Mcph1 genes 

in the w1118, Appld, and Stock#38405 fly strains when compared to Oregon R wild-type flies 

(Fig. 6 and 7). There was also significant overexpression of Asp in the w1118 and Appld, fly 

strains compared to Oregon R wild type flies (Fig. 6 and 7). When analyzing the expression 

of Cdk4, Asp, and Mcph1 within the mutant fly strains by comparing w1118 and Stock#38405 

fly strains to the Appld fly strain, a significant difference was found in the level of expression 

(Fig 6B and 7B). This is a result to be expected, as the Appld strain has genetic defects from 
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both w1118 and Stock#38405 strains. Because Appld has a significantly different level of 

expression than the other two mutant strains, it indicates that the neurological defects from 

both strains contribute to the effect seen in the Appld fly strain.  

Cdk4 has been studied in research relating to neurodegeneration in Drosophila and 

other organisms.  There have been studies that found that the inappropriate activation of 

Cdk4 in Drosophila leads to signaling cascades and apoptosis of cells, resulting in neuronal 

death in neurological diseases (Greene et al., 2007). There has been aberrant expression of 

CDK4 in humans, as well. In humans, there has been found to be aberrant increased 

expression of CDK4 protein among other cell cycle markers in various areas of the brains of 

Alzheimer’s disease patients compared to control patients, including the hippocampus and 

subiculum (Busser et al., 1998). In another study, cyclin-dependent kinase-4 was found to be 

abnormally upregulated in Alzheimer’s disease brains (McShea et al., 1997). As CDK4 

regulates the entry and progression into the cell cycle, re-entry into the cell cycle by neurons 

post-mitosis can be detrimental as it can lead to oxidative stress and hyperphosphorylated tau 

protein and result in neuronal degeneration (Icreverzi et al., 2015). The increased expression 

of some cell cycle genes, like CDK4, has been shown to be associated with the dying neurons 

in the neurodegenerative diseases (Icreverzi et al., 2015). Cell cycle proteins are involved in 

different steps during cell divisions in the stem cells, progenitor and precursor cells (Tandon 

et al., 2018). However, the aberrant expression of Cdk4 in Drosophila resulted in neuron cell 

death, instead of cell division (Arsenijevic, 2016). There is a hypothesis that aberrant CDK4 

expression can force differentiated neurons to reenter the cell cycle even though the neuron 

was not programmed to divide again (Busser et al., 1998). This then results in cell death of 
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the neurons, which could be a possible mechanism contributing to the neuron death in the 

brains of Alzheimer’s disease patients.  

Oxidative stress and mitochondrial dysfunction are involved in the neuronal 

degeneration in Alzheimer’s disease. A study by Icreverzi and colleagues (2015) found that 

pan-neuronal loss or gain of CycD/Cdk4 in Drosophila was associated with the increase of 

oxidative stress markers and neurodegeneration. Similarly, this study showed that the 

neurodegeneration fly models showed significant Cdk4 upregulation compared to wild-type 

flies.  

Studies have shown that Asp is normally involved with the centrosome and the 

mitotic spindle in mitosis. A study that knocked down Asp in Drosophila found that Asp is 

involved as part of the centrosome in mitosis and focusing the poles of the mitotic spindle 

(do Carmo Avides and Glover, 1999). In addition, a study used RNAi to functionally knock 

down Asp in Drosophila, which resulted in a loss of spindle pole focus (Morales-Mulia and 

Scholey, 2005). Mcph1 has been found to have functions in DNA repair and cell cycle 

control. Similar to Asp, Mcph1 localizes to the centrosomes. MCPH1 has also been found to 

be required for efficient chromosome alignment during mitosis (Arroyo et al., 2017).  It has 

significant roles in the DNA damage repair pathway, as it has been found to interact with 

protein complexes that allow DNA damage proteins to access sites of DNA damage by 

loosening chromatin (Venkatesh and Suresh, 2014). Interestingly, a study in Mcph1-depleted 

mice found that lack of Mcph1 results in uncoupling of mitosis and the centrosome cycle 

(Gruber et al., 2011). This leads to a shift in the orientation of division in neural progenitor 

cells and causes the cells to tend toward asymmetric division. While there has been much 
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research into the functions and interactions of Asp and Mcph1, few studies have looked into 

Asp and Mcph1 in neurodegenerative diseases such as Alzheimer’s disease. One study, as 

previously mentioned, did look at the association of single nucleotide polymorphisms in ASP 

and MCPH1 and the risk of developing Alzheimer’s disease (Erten-Lyons et al., 2012). They 

did find that one of the single nucleotide polymorphisms was associated with increased risk 

of Azheimer’s disease. Due to the role Asp and Mcph1 have in regulating the cell cycle and 

mitosis, it may be speculated that changes in Asp and Mcph1 expression may share a similar 

mechanism as Cdk4 in neurodegeneration in the Drosophila mutant fly strains.  This study’s 

experimental results demonstrating significant overexpression of Asp and Mcph1 in 

neurodegenerative fly models support this hypothesis.  

These results, in conjunction with previous data, support the concept that cell cycle 

genes and regulators of cell division, cell proliferation, and cell differentiation are 

dysregulated in neurodegenerative disease.  While we have used our newly designed primers 

sets to further characterize cell cycle gene expression abnormalities in Drosophila models of 

Alzheimer’s Disease, numerous other fly models of degenerative and proliferative disease 

may now be tested for abnormalities of expression of Asp, Cdk4 and Mcph1 using these 

primer sets and our protocol.  

Implications 

Alzheimer’s disease has lasting effects on public health, society, and economies. In 

the United States, there are more than 5 million individuals with Alzheimer’s disease, and the 

number of new cases per year is predicted to increase exponentially (Dharmarajan and 

Gunturu, 2009). The yearly cost of Alzheimer’s disease in the United States is greater than 
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100 billion dollars, and the yearly cost for caring for an individual with Alzheimer’s disease 

can be from around 12 thousand dollars to 42 thousand dollars, a heavy financial burden 

(Dharmarajan and Gunturu, 2009). This will only be expected to increase as the baby boomer 

population ages.  

Due to the financial impact of Alzheimer’s disease on the United States, there have 

been influences on policy related to Alzheimer’s disease in the United States. There is 

current debate on the amount of regulation that the government should have regarding issues 

relating to Alzheimer’s disease, including distributing and redistributing resources. Some of 

the areas under discussion related to Alzheimer’s disease include research funding and end-

of-life decision making. Policy surrounding research funding includes allocating funds for 

research for finding out the causes, prevention, early detection, and treatments for 

Alzheimer’s disease. The U.S. government has been increasing the budget for the National 

Institute of Health (NIH) with the expectation to have more funding toward Alzheimer’s 

research (National Alzheimer’s Project Act, 2011). However, research toward Alzheimer’s 

disease is not as well funded as other major diseases such as cancer research, for which the 

NIH spends over $6 billion dollars a year (Blank, 2018). If the government could redirect 

more funds toward researching Alzheimer’s disease, the mechanisms of the disease could be 

better understood and allow potential avenues of treatment and prevention to be considered.  

In addition to research funding, there has been policy discussion regarding end-of-life 

decision-making for Alzheimer’s patients. Some of the discussion revolves around advance 

directives and physician-assisted suicide. As Alzheimer’s disease progresses, the patient’s 

level of autonomy decreases. By making advance directives soon after being diagnosed, the 
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patient, while at a cognitive level that allows them to make decisions for themselves, can 

have autonomy over their end-of-life decisions in anticipation of when the patient will no 

longer be at a capacity to do so (Blank, 2018). However, debate exists over advance 

directives, particularly if the advance directives include proxies, as studies have shown that 

caregivers rate quality of life lower than the patient with Alzheimer’s disease (Blank, 2018). 

It is recommended that the patient be made aware of all the options that are involved with 

treatments for Alzheimer’s disease, such as when to use or refuse treatments in late stages of 

Alzheimer’s disease. There also has been discussion about physician-assisted suicide for 

patients with Alzheimer’s. Whether Alzheimer’s disease can be included in euthanasia laws 

is subject to debate as some believe that patients with Alzheimer’s disease do not qualify for 

the criteria in euthanasia laws. Some of the criteria in these laws include being fully 

competent at the time of making the request or having a disease that causes intolerable 

suffering (Blank, 2018). The Netherlands does allow for physician-assisted suicide for 

Alzheimer’s disease, provided that detailed advanced directives are written beforehand 

(Blank, 2018). Given the general apprehension regarding the progression of Alzheimer’s 

disease, possibly indicating a belief in the lack of dignified death, continued dialogue on 

policy for physician-assisted suicide in the United States can be expected.  

Some of the current initiatives in policy for Alzheimer’s disease in the United States 

include the National Alzheimer’s Project Act and the Healthy Aging Program. The National 

Alzheimer’s Project Act (NAPA) was signed by President Obama in 2011 after being passed 

by both the House of Representatives and the Senate. This national plan was passed to 

address the challenges facing individuals with Alzheimer’s disease by focusing on increasing 
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funding for Alzheimer’s disease research to develop treatments and earlier diagnosis. This 

plan also provides support for individuals with Alzheimer’s disease by reducing outcome 

disparities (NAPA, 2011). The Healthy Aging Program was initiated by the Centers for 

Disease Control and Prevention to promote and protect the health of older adults (CDC, 

2019). Their program includes increasing Alzheimer’s disease public awareness, improving 

the quality of care for individuals with Alzheimer’s disease, and encouraging earlier 

detection and diagnosis of Alzheimer’s disease (CDC, 2019). These policy initiatives provide 

steps toward improving the treatments and care for individuals with Alzheimer’s disease.   

Alzheimer’s disease can also affect the psychology of the caregiver or spouse of the 

individual with Alzheimer’s disease. Individuals with Alzheimer’s disease become very 

dependent on their caregiver for basic daily tasks. They also require protection and a safe 

environment. This can result in a large amount of physical and emotional stress on the 

caregiver. A study on caregivers of individuals with Alzheimer’s disease found that 

caregivers felt high levels of grief, characterized by regret, isolation, and yearning for the 

past (Sanders et al., 2008). This can affect their day to day lives, and their ability to take care 

of their spouse. Additionally, spouses of individuals with Alzheimer’s disease can feel 

loneliness and lack of intimacy. It has been reported that there was an increase in spouses of 

individuals with Alzheimer’s disease that sought relationships outside of marriage even 

though the spouse with Alzheimer’s disease was still alive (Address, 2011). This has led 

religious institutions to question whether adultery should be redefined under a scenario in 

which one spouse has Alzheimer’s disease. A psychologist in California came up with the 

idea of an “open letter” as a solution to this issue, in which a married couple could sign that 
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allows care for the spouse with Alzheimer’s disease and permission for the spousal caregiver 

to seek comfort from someone else (Address, 2011).  

Similar to Alzheimer’s disease, primary microcephaly also has impacted various 

aspects of our society. Around the world, incidence of primary microcephaly is very rare. 

However, in 2015, microcephaly received global attention when a significant increase in 

infants born with microcephaly was found in areas with the presence of Zika virus, 

particularly in Brazil (Brasil et al., 2016). The World Health Organization designated Zika 

virus a Public Health Emergency of International Concern in early 2016. Zika virus is 

transmitted by mosquitoes in the genus Aedes, particularly the species Aedes aegypti and 

Aedes albopictus, which are known to live in tropical, subtropical, temperate regions, and in 

urban areas (CDC, 2017). Multiple factors across different fields have been thought to 

contribute to the Zika epidemic in South America, including environmental change and 

social factors. The Zika virus transmission season in tropical areas may have been lengthened 

due to overall increased temperatures, allowing for better suitability of the Zika virus to be 

spread over longer transmission seasons than in previous years (Ali et al., 2017). In addition, 

issues such as Brazil’s worsening urban housing crisis and lack of adequate infrastructure in 

certain areas led to disparities in public sanitation services (Ali et al., 2017). This can 

increase the amount of breeding sites for mosquitoes that transmit Zika virus and can 

increase exposure of humans to Zika virus.  

The impact on countries most severely affected by the Zika virus epidemic are 

significant. Controversy developed over the safety of having the 2016 Summer Olympics in 

Rio de Janeiro in the midst of the Zika virus epidemic. Tourism was affected in these 
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countries due to perceived risk of getting infected by Zika virus (Ali et al., 2017). The 

economy of these countries was negatively impacted as a result.  

In addition to effects on the national scale, individuals with microcephaly can be 

heavily impacted as well. A study estimated the costs of health care during the first year of 

life of babies born with microcephaly to be about $795,373.31 for 641 newborns in Brazil 

(Zanghelini et al., 2016). This includes various medical procedures and services. The cost of 

caring for an individual with microcephaly can be a significant financial burden on a family, 

given the expenses that are only in the first year will likely be similar in the other years as the 

child grows up. There are also additional costs as the individual grows up, including special 

education needs and costs for a caregiver to take care of the individual. If a family cannot 

take care of an individual with microcephaly and instead places the individual in an 

institution, institutional costs and health insurance costs fall on the government. Because of 

the financial burden on the individual and on the federal level, there is a need to study 

microcephaly to better understand how it develops and how it can be prevented.  

Beyond only considering the effects that Alzheimer’s disease and microcephaly have 

on health, these neurological diseases have widespread consequences, indicating the 

importance of studying these diseases. This study led to the design of primers of cell cycle 

genes that can be used for further studies of the cell cycle, Alzheimer’s disease, and primary 

microcephaly in Drosophila, as well as other diseases of proliferation. I confirmed the 

efficacy of these primers both qualitatively and quantitatively through RT-PCR and qRT-

PCR. Application of these primer and techniques in Drosophila models of Alzheimer’s 

disease demonstrated atypical upregulation of the cell cycle genes, Cdk4, Mcph1, and Asp. 
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Given that these genes have roles in regulating cell division and proliferation, these genes 

could be upregulated in these Alzheimer’s disease mutant flies as a compensation mechanism 

in response to the cell death present in the brain of the Drosophila flies.  

Some research studies have turned to look into regulation of proliferation and 

differentiation of stem cells (Tandon et al., 2018). Introduction of stem cells ex vivo may be 

an alternative way to replenish new neurons in some areas of the brain in patients with 

Alzheimer’s disease to improve memory and learning (Nattsson et al., 2016). Further studies 

looking at Cdk4, Asp, and Cdk4, such as determining where the genes are expressed the most 

and when they are expressed in the life cycle of Drosophila models of Alzheimer’s disease, 

can reveal the roles that these genes play in Alzheimer’s disease. This has potential to be 

used to help mitigate neuron loss in patients with Alzheimer’s disease.  

In the brains of Alzheimer’s disease patients, the aging-related irreversible 

progression of neurodegeneration has been shown. The major hallmarks of Alzheimer’s 

disease include the atrophy of the brain with massive neuronal loss, in addition to the 

deposition of amyloid plaques and neurofibrillary tangles. All human clinical trials targeting 

amyloid pathology have failed, prompting some experimental use of other therapeutic 

strategies in animal models. Alternative strategies include the prevention of neuron loss by 

stimulating new cell proliferation or increasing the survival rate of existing neurons (Duncan 

and Valenzuela, 2017). 

Drosophila is an attractive model system to search for potential non-cell-autonomous 

factors in cell-cycle-dependent neuronal death. Cell cycle genes, as mentioned before, are 

involved in the cell cycle, which consists of two gap phases (G1 and G2) that are between the 
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S phase and the M phase, and G0 between division cycles. Neurons typically are permanently 

in the G0 phase, post mitosis. However, neuronal cell cycle-reentry with high expression of 

several cell cycle genes, including CDK4, has been extensively observed in the brains of 

Alzheimer’s disease patients (Khurana and Feany, 2007). The neuronal cell cycle-reentry 

theory may help to explain several critical events and mechanisms during Alzheimer’s 

disease pathogenesis.  

This research developed primers to study cell cycle genes in Drosophila models of 

Alzheimer’s disease, allowing for various applications. Since these cell cycle genes also have 

major roles in other diseases such as cancer, these primers can be used to study those 

diseases in Drosophila models. Further studies into comparing Asp, Cdk4, and Mcph1 

expression in different parts of the fly or different phases of the fly’s life cycle can give fuller 

insight into these genes’ roles in Alzheimer’s disease  and other diseases. In the long-term, 

these genes could be a potential target to develop therapeutic interventions in Alzheimer’s 

disease.  
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