
Florida State University Libraries

Follow this and additional works at the FSU Digital Library. For more information, please contact lib-ir@fsu.edu

2016

Studies of Mechanisms Underlying Cell
Competition Induced by Imbalance of Energy
Metabolism
Brooke Aileen Arrington



 

 

 

THE FLORIDA STATE UNIVERSITY 

COLLEGE OF ARTS AND SCIENCES 

 

 

 

 

STUDIES OF MECHANISMS UNDERLYING CELL COMPETITION INDUCED BY 

IMBALANCE OF ERNERGY METABOLISM 

 

 

 

By 

 

 

BROOKE ARRINGTON 

 

 

 

A Thesis submitted to the 

Department of Biological Science 

In partial fulfillment of the requirements for graduation with 

Honors in the Major 

 

 

 

Degree Awarded: 

Spring, 2016 

 



 

 

 

The members of the Defense Committee approve the thesis of Brooke Arrington 

defended on April 14, 2016. 

 

 

 

 

 

 

 

 

 

 

 



Studies of Mechanisms Underlying Cell Competition Induced by Imbalance of 

Energy Metabolism 

Department of Biological Science, Florida State University 

Brooke Arrington 

 

Abstract 

Adenosine triphosphate (ATP) is the molecular currency for cells of all living 

organisms. When its synthesis, through ATP Synthase, is inhibited or “knocked 

down” cellular metabolic pathways will be compromised and, I hypothesize that, 

cell competition will result. Cell competition is a method by which tissue integrity 

and homeostasis is maintained. When neighboring cells differ in cell fitness, the fit 

cells will outcompete the weakened cells, leading to cell competition, and therefore, 

tissue homeostasis. In this experiment, I explored the consequences of depriving 

cells of ATP Synthase. In order to see cell competition, a mosaic condition using the 

GeneSwitch Gal4 system was created, consisting of wild type and ATP Synthase 

knockdown cells. Using the Gal80TS System, a control was also set up creating a 

homogenous condition of only ATP Synthase knock down cells. Cell competition 

was visualized using DCP-1 (death caspase-1) staining which targets apoptotic cells. 

Apoptosis was seen in the mosaic condition, where cells of different fitness 

neighbored one another. No cell competition was seen in the homogenous condition. 

The intracellular signaling pathways followed during cell competition were then 

explored, comparing the deprivation of ATP to the deprivation of insulin.  tGPH, 

which fluoresces green under a confocal microscope, was used in order to trace 

levels of PI3K following ATP Synthase knock down. When cells are deprived of 

insulin, tGPH localization to the cell membrane decreases substantially. Similar 

results were seen in this experiment when cells are deprived of ATP. This result 

leads to the hypothesis that the insulin and ATP intracellular signaling pathways 

may be similar or connected. These results allow for further research in this field of 

interest. 

 

 



 

 

Introduction 

 

In all living organisms, there is an energy requirement necessary for the 

sustainment of life. In Drosophila melanogaster and Homo sapiens alike, a major 

percentage of cellular energy is obtained through the electron transport chain, found in 

the mitochondrial inner membrane. The electron transport chain consists of four protein 

complexes, each contributing to a proton gradient between the mitochondrial matrix and 

the intermembrane space. ATP Synthase is an enzyme found at the end of the electron 

transport chain. The proton gradient produced by the four complexes in the chain drives 

ATP Synthase to phosphorylate adenosine diphosphate to adenosine triphosphate. 

Adenosine triphosphate (ATP) is a high-energy compound due to its phosphoanhydride 

bonds. When its bonds are broken, energy is released, and can be used in different 

cellular processes such as glycolysis and the citric acid cycle. 

Previous research shows that ATP Synthase and its product, ATP, are extremely 

important in the function and development of cells. Certain subunits of ATP Synthase 

have been found to interact with different signaling pathways, modulating protein 

homeostasis and lifespan in Drosophila melanogaster (Sun et al, 2014). When ATP 

Synthase is mutated, age-related diseases such as Parkinson’s and Alzheimer’s may result 

(Wang et al, 2009). ATP Synthase is also important for maintaining cell fitness. When 

ATP Synthase is inhibited or “knocked down”, cell fitness decreases significantly.  

Cell competition is a mechanism that maintains tissue homeostasis and integrity. 

When a cell becomes less fit, surrounding “winner” cells signal the less fit “loser” cell to 

undergo apoptosis or “programmed cell death”. Cell competition, seen in proliferating 

tissues, ensures the elimination of potentially deleterious cells and maintains organ size. 

It has been shown that cell competition can occur in a postmitotic epithelium, 

“eliminating aberrant but viable cells” (Tamori and Deng, 2013). In previous studies, 

many genes reported to induce cell competition in proliferating epithelia have been 

examined. However, only mahjong and Minute mutant cells induced cell competition 

after they stop the mitotic cycle (Tamori and Deng, 2013). Mahjong helps regulate genes 



involved in cell-cycle progression, growth, arrest, and apoptosis while Minute functions 

in ribosomal synthesis. With their many responsibilities in the cell life cycle, the mutation 

of these genes plays an important role in cell competition. This raises the question, how 

might the imbalance of energy metabolism affect cell competition in postmitotic tissues?  

Three experiments were performed in order to examine two hypotheses. The first 

hypothesis was that ATP synthase is necessary in maintaining cell fitness, and its 

knockdown will result in cell competition. To test this hypothesis, I knocked down 

subunits of the ATP synthase complex in a mosaic with wild type cells and observed cell 

death marker presence on the border of knockdown and wild type cells as an indication 

that cell competition occurred in egg chambers of Drosophila melanogaster. The second 

hypothesis was that important developmental pathways, such as insulin and insulin-like 

signaling pathways, play a role in cell competition induced by imbalance of energy 

metabolism. 

 

Methods 

 

In the first experiment, a mosaic condition in the postmitotic tissue of egg 

chambers was created. This mosaic condition consisted of wild-type cells and UAS-ATP-

Synthase-, or b-RNAi expressing cells. This was accomplished through the 

GeneSwitch Gal4 system. About 60 virgin females with the genotype hsFLP; UAS-

GFP/CyO; GeneSwitch/TM6B were collected. The virgins were then divided into three 

even numbered groups and crossed with approximately 10 males from one of the 

following ATP synthase knockdown lines: UAS-ATPsyn--RNAi, UAS-ATPsyn-b-

RNAi, or UAS-ATPsyn-/blw--RNAi. Each cross was performed in a vial filled with a 

quarter volume of food and a small aliquot of yeast paste to ensure proper nutrition intake 

and promote ovary development, respectively. The crosses were kept at 25 degrees 

Celsius and transferred every 48 hours to a new vial until 4 copies of each cross were 

obtained. After approximately 10 days, the F1 generation of each cross was collected and 

sorted for the correct genotype based on the presence or absence of balancer 

chromosomes. The crosses were then transferred to separate empty glass vials, and heat-

shocked for 25 minutes in a 37 degrees Celsius water bath. Following heat-shock, the 



crosses were transferred back to vials containing food and yeast and kept at 25 degrees 

Celsius. A second heat-shock was performed under the same conditions just 6 hours after 

the primary heat-shock. After secondary heat-shock, the crosses were returned to vials 

containing food and yeast and left at 25 degrees Celsius for 30 hours. The crosses were 

then transferred to vials only containing the RU486 yeast paste, placed in 29 degrees 

Celsius, and then dissected after 24 hours.  

Females from each of the crosses were dissected in order to obtain their ovaries. 

Ovaries from each cross were separately collected in 2 ml eppendorf tubes along with fix 

solution. The ovaries were then washed and stained following Deng Lab antibody 

staining protocol. The primary antibody used was DCP-1, death caspase 1, which targets 

cells undergoing apoptosis following fixation. The secondary antibody used was 546, 

isolated from rabbit serum. DAPI was used in order to stain DNA in cells following 

fixation. Following staining, the egg chambers were separated using a pipette and then 

mounted on glass slides using 65 microliters of mounting solution. Each slide was 

thoroughly examined using a Zeiss LSM 800 Confocal microscope and pictures were 

taken, recording the results of each cross. 

In experiment two, a homogenous condition expressing UAS-ATP-Synthase-, 

or b-RNAi cells in the postmitotic tissue of egg chambers was created. This was done 

using the Gal80-inteinTS system. About 60 virgin females with the genotype act-Gal4-

UAS-GFP/CyO; Gal80TS/TM6B were collected. The virgins were then divided into three 

even numbered groups and crossed with approximately 10 males from one of the 

following ATP synthase knockdown lines: UAS-ATPsyn--RNAi, UAS-ATPsyn-b-

RNAi, or UAS-ATPsyn-/blw--RNAi. Each cross was performed in a vial filled with a 

quarter volume of food and a small aliquot of yeast paste to ensure proper nutrition intake 

and promote ovary development, respectively. The crosses were kept at room 

temperature and transferred every 48 hours to a new vial until 4 copies of each cross were 

obtained. After approximately 10 days, the F1 generation of each cross was collected and 

sorted for the correct genotype based on the presence or absence of balancer 

chromosomes. Following sorting, the crosses were placed in vials containing food and 

yeast and kept at a permissive 18 degrees Celsius environment for 48 hours. The crosses 



were then moved to a restrictive 29 degrees Celsius environment and dissected after 24 

hours. 

Females from each of the crosses were dissected in order to obtain their ovaries. 

Ovaries from each cross were separately collected in 2 ml eppendorf tubes along with fix 

solution. The ovaries were then washed and stained following Deng Lab antibody 

staining protocol. The primary antibody used was DCP-1, death caspase 1, which targets 

cells undergoing apoptosis following fixation. The secondary antibody used was 546, 

isolated from rabbit serum. DAPI was used in order to stain DNA in cells following 

fixation. Following staining, the egg chambers were separated using a pipette and then 

mounted on glass slides using 65 microliters of mounting solution. Each slide was 

thoroughly examined using a Zeiss LSM 800 Confocal microscope and pictures were 

taken, recording the results of each cross. 

In experiment three, the two UAS-ATP-Synthase- and b-RNAi lines were 

crossed with hsFLP; tGPH/CyO; a>y>RFP/TM6B in order to examine the underlying 

mechanisms that may be occurring following the knockdown of ATP Synthase subunits. 

About 40 virgin females with the genotype hsFLP; tGPH/CyO; a>y>RFP/TM6B were 

collected. The virgins were then divided into two even numbered groups and crossed with 

approximately 10 males from one of the following ATP synthase knockdown lines: UAS-

ATPsyn-b-RNAi or UAS-ATPsyn-/blw--RNAi. Each cross was performed in a vial 

filled with a quarter volume of food and a small aliquot of yeast paste to ensure proper 

nutrition intake and promote ovary development, respectively. The crosses were kept at 

25 degrees Celsius and transferred every 48 hours to a new vial until 4 copies of each 

cross were obtained. After approximately 10 days, F1 generation of each cross was 

collected and sorted for the correct genotype based on the presence or absence of 

balancer chromosomes. The F1 generation was then heat-shocked for 15 minutes and 

kept in 25 degrees Celsius for 48 hours before dissection. 

Females from each of the crosses were dissected in order to obtain their ovaries. 

Ovaries from each cross were separately collected in 2 ml eppendorf tubes along with fix 

solution. The ovaries were then washed and stained following Deng Lab antibody 

staining protocol. DAPI was used in order to stain DNA in cells following fixation. 

Following staining, the egg chambers were separated using a pipette and then mounted on 



glass slides using 65 microliters of mounting solution. Each slide was thoroughly 

examined using a Zeiss LSM 800 Confocal microscope and pictures were taken, 

recording the results of each cross. 

 

Results 

 

The results of each cross performed in experiments one and two corresponded 

with the hypothesis of each experiment. Cell competition was seen in the mosaic 

condition created in experiment one but not in the homogenous condition created in 

experiment two (Figure 1 and 2). 

 

Figure 1 

The mosaic ATP synthase knockdown resulted in a cell competition phenotype.        

ATPsyn-g- RNAi                                    ATPsyn-- RNAi                          ATPsyn-b RNAi  

    

Figure 1 

This figure shows the results of each cross performed in experiment one in which a mosaic condition was 

created using the GeneSwitch Gal4 system. The pictures were taken using a Zeiss LSM 800 Confocal 

microscope. Green fluorescence corresponds to Green Fluorescent Protein present in ATP synthase 

knockdown cells, red fluorescence corresponds to DCP-1 antibody, blue fluorescence corresponds to DAPI.   

 

 

 

 

 

 



Figure 2 

The homogenous ATP synthase knockdown did not result in a cell competition 

phenotype.   
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Figure 2 

This figure shows the results of each cross performed in experiment two in which a homogenous condition 

was created using the Gal80TS system. The pictures were taken using a Zeiss LSM 800 Confocal 

microscope. Green fluorescence corresponds to Green Fluorescent Protein present in ATP synthase 

knockdown cells, red fluorescence corresponds to DCP-1 antibody, blue fluorescence corresponds to DAPI.   

 

 Apoptosis, marked by DCP-1, occurred only when ATP synthase subunits were 

knocked down in a mosaic condition where knockdown cells bordered wild type cells 

(Figure 1 and 2). Cell fitness of these loser cells may have been decreased, relative to 

their neighboring wild-type cells, due to the knockdown of ATP Synthase subunits. As 

hypothesized, no DCP-1 staining was present in the homogenous condition created using 

the Gal80TS system. Because cell clones in this condition expressed the RNAi gene, 



which knocks down ATP synthase subunits, they were all of equal fitness and no cell 

competition occurred.  

 In experiment three, the insulin pathway was used as a comparison for the 

mechanisms behind the intercellular signaling occurring at the border of ATP synthase 

knockdown cells and wild type cells seen in the GeneSwitch mosaic condition (Figure 3). 

 

Figure 3a 

tGPH migration to the plasma membrane 

is nearly lost when cells are insulin 

deficient in starvation conditions (Britton 

et al 2002).  

 

 

 

 

 

Figure 3b 

tGPH localization to the plasma membrane in ATP synthase knockdown cells was 

decreased.

 



 

Figure 3b 

This figure shows the results of the UAS-ATPsynb-RNAi cross performed in experiment three. The red 

outlines show the areas of interest where cells expressing RNAi show decreased membrane localization of 

tGPH. The pictures were taken using a Zeiss LSM 800 Confocal microscope. Green fluorescence 

corresponds to tGPH (Green fluorescent protein fused with pleckstrin homology domains), red fluorescence 

corresponds to cells expressing RNAi, and blue fluorescence corresponds to DAPI.   

 

 

The results of experiment three show that ATP synthase knockdown cells, 

visualized using red fluorescent protein, showed decreased level of tGPH localization to 

the membrane. These results corresponded to those found in previous studies in which 

insulin deprivation led to decreased levels of tGPH expression (Britton 2002). 

 

 

 

 

 



Figure 4  

A summary of the results obtained in experiments one, two, and three.    

 

 

Figure 4 

The results of experiment one, two, and three can be seen in this figure. Cell competition occurred in the 

mosaic condition using the GeneSwitch Gal4 system but not in the homogenous condition using the 

Gal80TS system. tGPH localization to the cell membranes was also decreased in both insulin and ATP 

deprivation conditions. 

 

Discussion 

Two experiments were performed in order to test the hypothesis that the inhibition 

or “knockdown” of ATP Synthase subunits may result in cell competition in Drosophila 

melanogaster postmitotic epithelial cells. In order to knockdown ATP Synthase, several 

RNA interference lines were used. RNA interference (RNAi) causes the destruction of 

specific endogenous mRNA molecules, silencing genes of known sequence (Greenspan 

2004). The temporal and spatial regulation of RNAi expression can be controlled using 

the Gal4-upstream activation sequence (UAS) system. In order to create a mosaic 

condition consisting of RNAi and wild type cell clones, the GeneSwitch Gal4 system was 

used in the first experiment. This Gal4-UAS system incorporates the Flippase (Flp)- 

Flippase recognition target (FRT) system allowing for spatial and temporal regulation of 

RNAi expression (Griffin 2014). Under control of a heat shock promotor, the Flp 

recombinase can efficiently be activated upon heat shock, targeting a specific FRT site 

and driving mitotic recombination. Therefore, cells containing these specific FRT sites 



will also contain the Gal4-UAS gene allowing the expression of RNAi, creating a mosaic 

condition. In the presence of the steroid RU486, a chimeric GAL4 protein becomes active 

allowing for the expression of upstream activating sequence effector lines, and the 

expression of downstream target genes (Griffin 2014). 

In the second experiment, a homogenous condition was created using the Gal80TS 

system, which provides temporal regulation of Gal4-UAS in a temperature dependent 

manner. When stored in a permissive 18 degrees Celsius condition, Gal80TS inhibits Gal4 

inactivating the target gene, UAS-ATPsyn-, or b-RNAi. When moved to a restrictive 

29 degrees Celsius condition, Gal80TS is degraded releasing Gal4 allowing the target 

gene to be activated and expressed.   

In experiment three, tGPH, an insulin and insulin-like signaling (IIS) pathway 

activity reporter, was used to determine whether a link exists between ATP synthase and 

the insulin pathway. An actin flip-out system combined with hsFLP was used to better 

understand the underlying link behind cell competition caused by the imbalance of 

energy metabolism and insulin signaling. IIS pathway plays an important role in growth 

and metabolism regulation. Previous studies have shown that receptor tyrosine kinases 

found on the surface of target cells are activated upon the binding of insulin. The insulin 

receptor then autophosphorylates, as well as phosphorylates insulin receptor substrate 

(IRS) proteins within the cell. These IRS proteins produce a signaling cascade, activating 

downstream targets such as PI3K, phosphoinositide 3-kinase, which in turn 

phosphorylates inositol lipids producing many second messengers (Britton 2002). 

Pleckstrin homology (PH) domains, which interact with phosphoinositide, can be found 

in proteins used in PI3K signaling. One specific molecule that is of interest in this study 

is PIP3, phosphatidylinositol (3,4,5)-triphosphate, which is a phospholipid that can be 

found on the plasma membrane. When PI3K is activated, the PH domain of 

cytohesin/GRP1 interacts with PIP3, resulting in its recruitment to the cell membrane 

(Britton 2002). The specific PH-PI interaction causing recruitment of these kinases to the 

membrane results in the stimulation of different cellular metabolic processes. By fusing 

together the pleckstrin homology domain and green fluorescent protein, the recruitment 

of PIP3 to the plasma membrane can be visualized using fluorescent microscopy. tGPH is 

a cellular indicator of PI3K activity and it is generated by placing the GPH gene under 



control of the Drosophila -tubulin promotor, and introduced into Drosophila using P 

element-mediated transformation (Britton 2002). Previous studies have shown that 

upregulating PI3K activity results in “redistribution of tGPH to plasma membranes in 

cells of the fat body, epidermis, malpighian tubules, gut, and imaginal discs” and 

downregulation diminishes tGPH localization nearly completely after 4 hours (Britton 

2002). This pathway, which was used to study the effects of starvation, or decreased 

levels of insulin, on tGPH localization was used to study the effects of ATP synthase 

knockdown. 

In order to view the mosaic and homogenous conditions created in experiments 

one and two and the localization of tGPH to the plasma membrane in experiment three, 

females were dissected for their ovaries, which were then fixed and stained. Fixation 

permeates and stabilizes structures in cells, providing a strong base for sequential 

antibody staining. The primary antibody used in experiments one and two was DCP-1 

(death caspase 1) and the secondary antibody was used to visualize the primary antibody. 

The primary antibody targets cells undergoing apoptosis. The secondary antibody targets 

the primary antibody and can be seen as fluorescence using the Zeiss LSM 800 Confocal 

microscope. Using the confocal, cells that were undergoing apoptosis appeared red when 

DCP-1 was used and cells containing RNAi expression corresponded with green 

fluorescent protein in experiment one and two. In experiment three, red fluorescence 

corresponded to the red fluorescent protein present in cells containing RNAi expression 

and green fluorescence corresponded to tGPH expression. DAPI, 4',6-Diamidino-2-

Phenylindole, was used in all three experiments in order to visualize DNA present in the 

follicle cells.  

The results of this experiment support the hypothesis that the ATP synthase 

complex is necessary in maintaining cell fitness and that its knockdown will result in cell 

competition. The close proximity of the weakened ATP synthase knockdown cells to the 

viable wild type cells, in the mosaic condition created in experiment one, may have 

allowed for intercellular signaling to occur resulting in the induction of cell death. The 

second hypothesis was also supported by the results seeing that important developmental 

pathways play a role in the cell competition pathway induced by imbalance of energy 

metabolism. 



The three hypotheses of this experiment were thoroughly examined and the 

results obtained allow for further research in this area of interest. There are several future 

experiments for this project to explore. The first experiment consists of crossing hsFLP; 

DCR2/Cyo; act>>GFP/TM6B with ATPsyn RNAi lines to create a mosaic expressing 

both RNAi and wild type cells in the same clone. The second experiment includes 

obtaining mutant fly lines for the ATPsyn genes and applying the FLP/FRT system. This 

system is used to establish the homozygous mutant clones in the wild type and M+/-FE 

background for studying their involvement in postmitotic cell competition. The third 

experiment includes looking at Drosophila melanogaster wing discs to see if ATP 

knockdown can induce cell competition in different tissues, such as endocycling salivary 

glands, mid-gut, or hind-gut tissues in adult flies. This would be done by crossing hsFLP; 

DCR2/Cyo; act>>GFP/TM6B with ATPsyn RNAi lines. The fourth experiment 

addresses the question of what signaling pathways are altered in winner and loser cells? 

This question can be addressed by checking JNK signaling in winner cells in postmitotic 

tissue. If the result is similar to Mahjong and Minute then the mechanism will be general 

for inducing cell competition. If not, signaling pathway reporters will be used. The fifth 

experiment to be explored will be to knockdown AMP kinase. Previous studies have 

shown that knocking down p53 can inhibit the cell cycle, and if severe enough, may even 

result in apoptosis (Polyak et al 1997). If ATP synthase is knocked down in addition to 

either AMP kinase or p53, will cell competition be blocked? Or will the knockdown of 

ATP synthase along with AMP kinase or p53 be lethal to cells? The final experiment to 

be performed would be to investigate whether ATP synthase could influence dAkt 

activity, which is a kinase important in the insulin pathway for regulating growth and 

fitness of cells. Previous studies have shown that a link does exist between Akt and ATP 

synthase (Gottlob et al 2001) and further research in this area could unveil mechanisms 

behind the induction of cell competition.  

Further experiments relating Mahjong and Minute to ATP Synthase could allow 

for a better understanding of the mechanisms behind cell competition. Because Mahjong 

and Minute are the only other gene mutations that have been seen to induce cell 

competition (Tamori and Deng, 2013), it would be interesting to explore whether the 

mechanisms present in each condition are related in some way. 



These questions are important to explore further as they pertain to many medical 

diseases prevalent today such as cancer, Parkinson’s, and Alzheimer’s. Energy 

metabolism plays an important role in all of these diseases and continuing research may 

help to find a cure. 

 

Conclusion 

 

Several conditions are required for cell competition to occur. First, presence of a 

mosaic must be established. Second, apoptosis must be absent in a homogenous 

knockdown of the target gene. Third, only knockdown cells adjacent to wild-type winner 

cells are eliminated. With the tools and techniques that were utilized in my project, 

conclusive evidence was obtained to reveal, with confidence, that cell competition is 

induced when ATP synthase activity is reduced in a particular subset of cell populations. 

Given that knocking down any of the subunits of the ATP synthase complex resulted in 

cell competition provides conclusive evidence that the ATP synthase complex is required 

to maintain cell fitness and, subsequently, tissue integrity.  

Reducing activity of the IIS pathway does not alone result in cell competition (de 

la Cova et al 2004). However, the study performed in my experiment reveals that the 

insulin pathway can be altered when ATP synthase activity is disrupted as indicated by 

differences in tGPH localization seen in experiment three. This might indicate 

redundancy in the pathways that alter ATP levels that ultimately dictate the fitness of 

cells. Through these experiments, it can be concluded, with confidence, that ATP 

synthase levels plays an extremely important role in the induction of cell competition and 

the overall fitness of cells, maintaining tissue homeostasis. 
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