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Abstract: 

Polyamines, specifically putrescine, spermidine, and spermine, are small cationic 

molecules found in all organisms. Cells can biosynthetically make these molecules, or 

alternatively, they can be transported from the extracellular environment. Malignant cells have 

been shown to require relatively high amounts of polyamines. There is a chemotherapeutic 

agent used to block the biosynthesis of polyamines. However, malignant cells can circumvent 

DFMO therapy by activating their transport system. A potential solution is to simultaneously 

block biosynthesis and transport of polyamines. Additionally, little is known about the 

polyamine transport system in higher eukaryotes. 

 This thesis aims to add to the basic biological understanding of the polyamine transport 

system, as well as contribute to our understanding of the way in which malignant cells are able 

to sustain rapid growth. This was done by screening six candidate genes believed to be involved 

in the polyamine transport system. These six genes were identified using various bioinformatics 

databases. They were screened using RNAi to knock down each gene of interest and by using an 

assay developed in our lab. One of the genes, RabX6, may play a possible role in the transport 

of putrescine.    
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Introduction: 

Polyamines (PA), specifically putrescine, spermidine, and spermine, are small organic 

polycations found in all eukaryotic organisms (Pegg and Casero 2011). The widespread use of 

PAs can be attributed to their involvement in many critical cellular processes such as 

proliferation, transcription, translation, and DNA replication (Pegg and Casero 2011). It is 

believed that due to PAs involvement in these processes, rapidly proliferating cells have an 

increased need for PAs (Gerner and Meyskens 2004). For example, many malignant cells 

depend on greater levels of PAs to sustain rapid growth.  As shown in Figure 1, putrescine is 

derived from ornithine interacting with ornithine decarboxylase (ODC) (Pegg and Casero 2011). 

Spermidine synthase, an aminotransferase, is able to synthesize spermidine by adding an 

aminopropyl group to putrescine (Hamasaki et al. 1997, Li et al. 2001, Tabor et al. 1958). The 

aminopropyl group comes from S-adenosyl-L-methionine that has undergone decarboxylation 

via S-adenosylmethionine decarboxylase (Hamasaki et al. 1997, Tabor et al. 1958). Spermine is 

then synthesized in a similar manner, via spermine synthase. Spermine synthase catalyzes the 

reaction of spermidine with a decarboxylated adenosylmethionine molecule (Tabor et al. 1958) 
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Figure 1: Biosynthesis of polyamines. CO2 is removed from ornithine via ornithine decarboxylase (ODC) to 
create putrescine. From there, an aminopropyl group is added to create spermidine. This is repeated to 
create spermine. A more thorough description is included in the text on the previous page. From Wang, 
J.Y. “Cellular signaling in rapid intestinal epithelial restitution: implication of polyamines and K+ 
channels.” Acta Physiologica Sinica 2003; 55(4): 365-372  

 

Cells are able to biosynthetically produce PAs, or alternatively, cells have the ability to 

transport them from the extracellular environment (Aouida et al. 2005, Igarashi and Kashaiwagi 

1999, Uemura et al. 2007). D,L-alpha-difluoromethylornithine (DFMO) is a clinically approved 

drug used to block the biosynthesis of PAs, as shown in Figure 1 (Bacchi et al. 1983). DFMO is 

considered a therapeutic option due to the fact that it does not harm normally proliferating 

cells. Although DFMO blocks the biosynthesis of PAs, malignant cells respond to treatment by 

upregulating the transport of these molecules from their surroundings (Seppanen 1981). The 

polyamine transport system (PTS) has been well characterized in unicellular organisms such as 

yeast and E. coli, but in multicellular organisms, the details of the PTS are mostly unknown 



  
 

3 
 

(Igarashi and Kashiwaqi 1999, Romero-Calderon and Krantz 2006, Uemura et al. 2007,  Igarashi 

and Kashiwagi 2010). Therefore, there is a need to understand the PTS from both a basic 

biological and clinical standpoint.  

Several genes involved in polyamine transport have been identified in higher eukaryotes 

(Belting et al., 2003, Uemura et al. 2007). However, they do not reveal a coherent picture of the 

process. One gene apparently involved in the PTS is catp-5 in C. elegans (Heinick et al. 2010). It 

encodes a P5B-type ATPase. P-type ATPases are typically associated with their ability to pump 

ions and lipids across membranes (Kuhlbrandt 2004). There is surprisingly limited knowledge of 

class 5 ATPases, as the function of this class is presently unknown (Palmgren and Nissen 2011). 

The catp5 gene (a P5B-type ATPase) in C. elegans has been shown to be involved in polyamine 

uptake. Specifically, Catp-5 mutants are resistant to the toxic effects of norspermidine, a 

polyamine analog (Heinick et al. 2010). Research has shown that Drosophila imaginal discs 

contain a PTS exhibiting vertebrate-like characteristics (Tsen et al. 2008). Our lab has shown 

that the Drosophila ortholog, CG32000 (also a P5B-type ATPase), is required for transport 

(Barnette and von Kalm, unpublished).  

Potential components of the PTS in Drosophila were examined, including genes believed 

to be interacting with CG32000. To find prime candidates, various bioinformatic databases 

were used, such as STRING-10, GeneCards, Flybase, and modMine, which specialize in 

interactive gene and protein networks. The specific aim was to use an RNA interference (RNAi) 

screen to individually characterize the gene candidates with respect to their potential 
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involvement in the PTS. To do this, each gene was individually knocked-down and the animal’s 

ability to transport polyamines was assessed. A gene knockdown resulting in flies with reduced 

ability to transport polyamines would signify a role for that gene in the PTS.  

The following study is relevant to human PA transport because the CG32000 human 

ortholog, ATP13a3, has also been linked to PA transport (Madan et al. 2016). The following 

findings could assist us in the further study of the human PTS by elucidating more orthologs of 

the transport system. Understanding of the human PTS could assist in the development of 

drugs which block PA transport, leading to a combination therapy approach to treating 

malignant cells. Also, due to the current lack of understanding of the PTS, it would be of basic 

biological significance to further understand the transport system. Furthermore, the study of 

the PTS in Drosophila could potentially elucidate functional information on class 5 ATPases. 
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Methods: 

 The first step in the screen to identify potential components of the PTS was to perform 

multiple bioinformatic database searches to find genes linked to CG32000. CG32000 is inferred 

to have ATPase activity and cation transport properties, and is thought to be an integral 

component of cellular membranes (Flybase Curators et al. 2004). Genes were prioritized by 

gene ontology, looking for associations with these properties. In addition, the CG32000-related 

searches, detailed below, also focused on aspects such as co-expression (spatial and temporal), 

similar function (biological and molecular), similar gene products, etc. Specifically, genes 

considered included, but were not limited to, integral membrane proteins, transporting 

molecules, ATPases/GTPases, or other factors relating to CG32000.  The databases STRING-10, 

GeneCards, Flybase, and modMine were used to refine the searches based around these 

criteria. Although very robust datasets were used in the construction of this candidate gene list, 

limitations were posed due to:  

i) Availability of the RNAi stock to knock-out the gene in flies 

ii) The event that knocking-out the gene is lethal, preventing us from doing the 

polyamine assay 

iii) Whether orthologs were available for genes found from human based databases. 

Identifying and Prioritizing Candidates: 

STRING-10. First, genes known to interact with CG32000 were screened. The STRING-10 
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database (Search Tool for the Retrieval of Interacting Genes/Proteins) was utilized, and the 

interactions with CG32000 were based on four parameters listed below:  

1. Neighborhood in genome (genes observed in close proximity to each other) 

2. Co-expression (observed to be correlated in expression) 

3. Experimental and biochemical data (co-purification, co-crystallization, genetic 

interactions, etc.) 

4. Associated in databases (known metabolic pathways, protein complexes, signal 

transduction pathways, etc. from curated databases) 

Our search yielded ten candidates as shown in Figure 2, and of these ten, we were able to 

test three (CG31998, Slip1, and Cals). 
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Figure 2: Interaction map with predicted functional partners of CG32000 (depicted as a red circle in the 
web diagram), including confidence interaction score (0.9 and above being highest confidence). 
Significant interactions are shown by a black dot in the predicted functional partners table. CG32000 is 
significantly co-expressed with all of the listed genes. These genes are further interrelated by interactions 
illustrated by the various colored lines in the web diagram. In particular, we studied Slip1, Cals, and 
CG31998. From http://string-db.org/cgi/network.pl?taskId=Dkg46R0iMOTN.  

CG31998, Slip1, and Cals were chosen from STRING-10 due to their high confidence 

interaction score (see Figure 2) and known functions.  

● Cals encodes a protein known to be involved in cation binding (Hill et al., 2001). 

Furthermore, it is also believed to be an integral part of the plasma membrane 

(Hynes and Zhao, 2000).  

● Slip1 was chosen due to its role in cation channel regulation and protein binding 

properties (Xia et al., 1998). 

● CG31998 had little to no information available regarding its biological function, 
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cellular component, or molecular function. However, its high confidence 

interaction score from Figure 2 persuaded us to pursue it as a possible PTS 

component. 

GeneCards. Possible transcription factors of CG3200 were also screened. The 

transcription factor candidates were identified using GeneCards, which is a searchable database 

providing comprehensive information on human genes. GeneCards identified the candidate 

transcription factors by looking for conserved regions up and downstream from the ATP13a3 

start site (Shown in Figure 3). This search yielded 94 genes (See Appendix A). Next, the results 

were narrowed to genes with orthologs in Drosophila.  Pax-5 and Pbx1a (Poxn and Exd, 

respectively, in Drosophila) were identified in this way as candidates for the study.  

● Pax-5 is a predicted transcription factor of ATP13a3 (based on SABIOsciences 

Text Mining Application as well as the UCSC Genome Browser), and it is known 

to be highly conserved and an important regulator in early development 

(GeneCards). Poxn is an ortholog of Pax-5 in Drosophila.  

● Pbx1a is another predicted transcription factor of ATP13a3, and it has been tied 

to transcriptional misregulation in cancer (Genecards). Exd is an ortholog of 

Pbx1a in Drosophila, and was therefore added as a candidate in the study.   
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Figure 3: Transcription factor binding site map for the human gene ATP13a3. Human transcription 
factors with orthologs in Drosophila that are candidates in this study are shown. Pax-5 and Pbx1a (Poxn 
and Exd, respectively, in Drosophila) were chosen for the study. From 
http://www.sabiosciences.com/chipqpcrsearch.php?gene=atp13a3&factor=Over+200+TF&species_id=0
&ninfo=n&ngene=n&nfactor=y  

 

Flybase/modMine. Another database used was modMine, a gene ontology tool that 

was used to cluster genes based on similarities to CG32000. We used Flybase, a Drosophila 

gene database, to first identify CG32000 expression clusters. These clusters are genes with 

similar mRNA expression across development based on RNA-Seq data. The clusters show genes 

expressed at the same time (temporal) and in the same tissues (spatial) in which CG32000 is 

also expressed. This search yielded a cluster (known as cluster 34) which contained 262 genes 

(See Appendix B). To further narrow the search, the list was shortened to 28 genes (See 

Appendix C) using gene ontology, which is a bioinformatics initiative to unify the representation 

of gene and gene product across all species (The Gene Ontology Consortium). ModMine was 

used to focus on three parameters; biological processes, cellular components, and molecular 

functions. In this manner, the list was shortened from 262 genes to 16 high priority genes (See 

Appendix D). 

●  Of the genes in the finalized list, RabX6 shared moderate expression levels with 
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CG32000 at the following times during embryonic hours: 0-2, 2-4, 4-6, 8-10, 10-

12, 14-16, and 20-22 based on modENCODE Temporal Expression data.  RabX6 

was also a highly prioritized gene due to its vesicle-mediated transport, GTPase 

activity, and vesicle properties (Flybase Curators et al. 2008).  

The six high priority gene candidates we chose to study, from the STRING-10, 

GeneCards, Flybase, and modMine databases, are summarized in a table below according to 

their known biological and molecular functions in Drosophila (Table 1).  

Table 1: List of candidate genes studied 

Gene  Known Function 

Cals             (Bloomington Stock (BL) #: 25839) Ion binding; plasma membrane adhesion 
molecules (predicted functional partner of 
CG32000) 

Cg31998     (BL #: 41828) Unknown (predicted functional partner of 
CG32000) 

Slip1             (BL #: 51724) Protein binding; potassium channel regulator 
activity (predicted functional partner of 
CG32000) 

Exd               (BL #: 34897) Transcription factor activity; ortholog of 
pbx1a (known transcription factor of 
ATP13a3) 

Poxn             (BL #: 26238) Transcription factor activity; ortholog of Pax-
5 (known transcription factor of ATP13a3) 

RabX6           (BL #: 26281) GTPase activity/binding; vesicle-mediated 
transport (previously tested in our lab and 
thought to be expressed in similar spatial and 
temporal patterns as CG32000) 
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Knockdown of Genes: 

RNAi was used to individually create a gene knockdown for each of these candidates. 

RNAi works by incorporating small interfering RNA (siRNA) to an endonuclease protein that cuts 

the RNA backbone of double-stranded RNA (dsRNA). To initiate the RNAi response, flies 

expressing an inverse repeat of the target gene are used. This inverse repeat forms a dsRNA 

structure that is recognized and cleaved by Dicer. The fragments produced from this cleavage 

event produce more siRNA, each being specific for sequences of the target gene. In this way, 

the target gene is inhibited at the mRNA level (Mello and Conte 2004). For the following 

experiments, siRNAs were expressed against individual genes ubiquitously. An actin promoter 

was used to drive RNAi activity in the entire animal because actin is ubiquitously expressed in 

all tissues (See Figure 4).  The stocks were obtained from the Transgenic RNAi Project (TRiP) via 

the Bloomington Drosophila Stock Center. We used a dfd-EYFP marker to identify animals 

expressing RNAi. The cross is illustrated below:  

𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴4
𝑑𝑑𝑑𝑑𝑑𝑑−𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸

  x  𝑈𝑈𝐴𝐴𝑈𝑈 𝐴𝐴𝐺𝐺𝐴𝐴𝐺𝐺𝐺𝐺 𝑅𝑅𝑅𝑅𝐴𝐴𝐴𝐴
𝑈𝑈𝐴𝐴𝑈𝑈 𝐴𝐴𝐺𝐺𝐴𝐴𝐺𝐺𝐺𝐺 𝑅𝑅𝑅𝑅𝐴𝐴𝐴𝐴

 

The dfd-EYFP marker causes the flies to fluoresce under a mercury bulb. Dfd is a promoter 

upstream of EYFP and causes this phenotype to occur in the anterior region of Drosophila 

larvae.  
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Figure 4: Illustration showing RNAi in a Drosophila cross. GAL4, expressed under the control of a specific 
promoter or enhancer, binds to UAS sequences upstream of an RNAi construct against the gene of 
interest. An actin promoter was used because it is expressed ubiquitously throughout the organism.  
From http://184.73.223.226/GEDlab/?p=433  

 

Polyamine Transport Assay: 

An assay developed in our lab was used to determine if animals with genes knocked 

down by RNAi could transport PAs.  Female Actin Gal4 flies were crossed with male flies 

expressing RNAi for the gene of interest (Figure 4). The females subsequently lay their eggs on a 

semi-solid grape juice media conducive to larval growth. The grape plates were made as 

follows: 376 ml of ddH2O and 126 ml of grape juice are added into a 2 L flask. This mixture was 

stirred with a magnetic stir rod while 15 g of agar and 6 g of sucrose are weighed out and added 

into the mixture, and then covered with foil. The agar was then brought to a boil, taken off the 

hot plate for 5 minutes, and stirred occasionally with a spatula while the hot plate is turned off. 
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After 5 minutes, the flask was placed back on the hot plate and stirring continued. The mixture 

was cooled to 60°C and then 10 ml of 100% ethanol and 5 ml of Glacial acetic acid were 

pipetted into the mix. The mixture was then poured into grape plates, and allowed to sit 

overnight and subsequently used, or placed in a 4°C incubator for storage. 

Larvae were picked as they hatched and transferred to vials. A total of 400 larvae (50 

per vial) were transferred in the first instar larva stage into 8 vials containing a jazz mix (a rich 

media consisting of cornmeal, yeast, sugars, and agar) with H2O, 5mM DFMO, and the 

supplemental polyamines putrescine (0.4 mM Put), spermidine (0.2 mM Spd), and spermine 

(0.2mM Spm) as shown in the table below (Table 2).  
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Table 2: Drug concentrations for each vial (8 total vials) 

 Treatment 

1 

Treatment 

2 

Treatment 

3 

Treatment 

4 

Treatment 

5 

Treatment 

6 

Treatment 

7 

Treatment 

8 

H2O 600 µl 450 µl 500 µl 350 µl 450 µl 400 µl 550 µl 400 µl 

DFMO - 150 µl 

5mM 

- 150 µl   

5 mM 

- 150 µl 

5mM 

- 150 µl 

5mM 

Put - - 100 µl 

0.4 mM 

100 µl 

0.4 mM 

- - - - 

Spd - - - - 50 µl  

0.2 mM 

50 µl   

0.2 mM 

- - 

Spm - - - - - - 50 µl  

0.2 mM 

50 µl  

0.2 mM 

 

The proper amount of jazz mix was calculated in the following way:  

226.8 𝑔𝑔 𝑗𝑗𝑗𝑗𝑗𝑗𝑗𝑗 𝑚𝑚𝑚𝑚𝑚𝑚
1050 𝑚𝑚𝑚𝑚 𝑡𝑡𝑡𝑡𝑡𝑡𝑗𝑗𝑚𝑚 𝑓𝑓𝑡𝑡𝑡𝑡𝑓𝑓

 ×  𝑚𝑚 𝑣𝑣𝑚𝑚𝑗𝑗𝑚𝑚𝑣𝑣 × 6.0 𝑚𝑚𝑚𝑚 𝑓𝑓𝑡𝑡𝑡𝑡𝑓𝑓 𝑝𝑝𝑝𝑝𝑝𝑝 𝑣𝑣𝑚𝑚𝑗𝑗𝑚𝑚 

The proper amount of water added was calculated in the following way: 

1200 𝑚𝑚𝑚𝑚 𝑤𝑤𝑗𝑗𝑡𝑡𝑝𝑝𝑝𝑝
1050 𝑚𝑚𝑚𝑚 𝑡𝑡𝑡𝑡𝑡𝑡𝑗𝑗𝑚𝑚 𝑓𝑓𝑡𝑡𝑡𝑡𝑓𝑓

 × 𝑚𝑚 𝑣𝑣𝑚𝑚𝑗𝑗𝑚𝑚𝑣𝑣 × 5.4 𝑚𝑚𝑚𝑚 𝑓𝑓𝑡𝑡𝑡𝑡𝑓𝑓 𝑝𝑝𝑝𝑝𝑝𝑝 𝑣𝑣𝑚𝑚𝑗𝑗𝑚𝑚 

The amount of water was rounded up to 50 ml for 8 vials and 100 ml for 16 vials.  

This mixture was added to a 250 ml Erlenmeyer flask and was covered with a foil top, 
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stirred via a magnetic stirring rod, and brought to a boil. The mixture was then brought down to 

225°C for 10 minutes. 5.4 ml of this mixture was added to each vial and put in a 55°C water 

bath for 10 minutes. The vials were taken out, and the proper drugs were pipetted and stirred 

into each vial at this step (see Table 2). The drugs were stored at -20°C and were thawed prior 

to being pipetted into the vials. The vials were allowed to cool for at least 30 minutes before 

placing larvae into the mixture. Once the larvae were placed in the vials, the vials were placed 

in a 25°C incubator.  

Treatment 1 serves as the positive control, being that it does not contain any DFMO or 

supplemental polyamines. Here, we expect to get a baseline of fly viability. Treatment 2 serves 

as a control, as it contains 5mM DFMO with no supplemental polyamines. In this treatment, we 

do not expect many, if any, flies to survive regardless of gene knockdown due to the fact that 

these flies cannot synthesize polyamines, and there are none available in the media. 

Treatments 4, 6, and 8 are conditions in which the flies are given 5mM DFMO, negatively 

affecting their ability to synthesize polyamines, but they are also given supplemental PAs. In 

this scenario, the flies can only survive if they are able to transport PAs, and therefore, we call 

these treatments the obligate transport conditions. These are of particular importance because 

reduced viability of flies in these treatments indicates that the gene knockdown may have a 

role in the PTS. Treatments 3, 5, and 7 contain supplemental polyamines and do not contain 

any DFMO. These treatments serve as positive controls to observe the effects of polyamines 

alone, and they are expected to be similar to the water control (treatment 1). This procedure 

was repeated once a day for three days to obtain results in triplicate.  
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As these flies eclose, or emerge from their pupa stage, viability was recorded. The data 

was analyzed for each experiment to look for any trends suggesting a potential role in the 

polyamine transport system (lower viability under obligate transport conditions) or genes not 

involved in the PTS (no change in viability under obligate transport conditions). 

Previous results illustrate the outcome we are looking for. Below are the results of a 

CG32000 knockdown performed in our lab. 
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Figure 5: Results from an ActinGAL4 x CG32000 RNAi cross. As described above, the lower viability in the 
obligate transport conditions in relation to the positive polyamine and water controls indicates that 
CG32000 is involved in the PTS. This is the trend that was aimed for. From Barnette, N., von Kalm, L., 
unpublished.  
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Results:  

Laid out below are the results from each gene selected from our three approaches to 

the database searches (STRING-10, GeneCards, and Flybase/modMine).  

STRING-10 Results. First, the results from the genes selected from STRING-10 will be shown. 

Again, the genes from STRING-10 (Slip1, Cals, and CG31998) were identified based on co-

expression, experimental and biochemical data, and their association in databases. 

Slip1:  

Table 3: Number of RNAi expressing flies that eclosed during the ActinGAL4 X Slip1 RNAi experiment. 
There were 6 replicates in this study. The average values were calculated, as well as the standard error.  

 

 

 

Slip1 RNAi Animals 

  

H20 

0.4 mM 
PUT + 
5mM 
DFMO 

0.2 mM 
SPD + 
5mM 
DFMO 

0.2mM 
SPM + 
5mM 
DFMO 

Replicate 1 16 30 17 20 
Replicate 2 23 18 11 7 
Replicate 3 9 9 21 31 
Replicate 4 13 10 14 15 
Replicate 5 13 9 11 15 
Replicate 6 16 13 14 13 
Average: 15 15 15 17 
SE 1.92 3.34 1.56 3.31 
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Figure 6: Graph showing the percent viability of RNAi expressing flies that eclosed across 6 replicates for 
Slip1. No statistically significant results were observed when a paired t-test was performed. The error 
bars were calculated from the standard error once the percent viability across all replicates had been 
calculated. The data was normalized such that all treatments were compared to the 0 DFMO + 0 PA 
treatment.  

 

Slip1. This experiment was replicated 6 times, using the water treatment as well as the 3 DFMO 

+ PA treatments. Each of the obligate transport conditions closely resembles the water control. 

Therefore, we can infer from the data that Slip1 is not involved in the PTS.  
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CG31998: 

Table 4: Number of RNAi expressing flies that eclosed during the ActinGAL4 X CG31998 RNAi experiment. 
There were 3 replicates in this study. The average values were calculated, as well as the standard error.  

 

 

 

 

 

 

 

 

 

Figure 7: Graph showing the percent viability of RNAi expressing flies that eclosed across 3 replicates for 
CG31998. No statistically significant results were observed when a paired t-test was performed. The 
error bars were calculated from the standard error once the percent viability across all replicates had 
been calculated. The data was normalized such that all treatments were compared to the 0 DFMO + 0 PA 
treatment.  
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CG31998 RNAi Animals 

  

H20 

0.4 mM 
PUT + 
5mM 
DFMO 

0.2 mM 
SPD + 
5mM 
DFMO 

0.2mM 
SPM + 
5mM 
DFMO 

Replicate 1 12 21 19 25 
Replicate 2 8 12 19 15 
Replicate 3 13 16 13 16 
Average 11 16 17 19 
SE 1.53 2.60 2 3.18 
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CG31998. This experiment was replicated 3 times, using the water treatment as well as the 3 

DFMO + PA treatments. In this gene, we did see an unusual lower viability in the water treatment 

than the DFMO + PA treatments. However, this data was not statistically significant, and there is 

no reason to believe that CG31998 is involved in the PTS.  

 

 

Cals:  

Table 5: Number of RNAi expressing flies that eclosed during the ActinGAL4 X Cals RNAi experiment. 
There were 6 replicates in this study. The average values were calculated, as well as the standard error.  

 

 

 

 

 

 

 

 

 

 

Cals RNAi Animals 

  

H20 

0.4 mM 
PUT + 
5mM 
DFMO 

0.2 mM 
SPD + 
5mM 
DFMO 

0.2mM 
SPM + 
5mM 
DFMO 

Replicate 1 6 1 2 1 
Replicate 2 7 8 9 4 
Replicate 3 6 8 2 10 
Replicate 4 3 2 10 5 
Replicate 5 5 3 7 5 
Replicate 6 8 9 7 6 
Average 6 5 6 5 
SE 0.70 1.45 1.40 1.19 
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Figure 8: Graph showing the percent viability of RNAi expressing flies that eclosed across 6 replicates for 
Cals.No statistically significant results were observed when a paired t-test was performed. The error bars 
were calculated from the standard error once the percent viability across all replicates had been 
calculated. The data was normalized such that all treatments were compared to the 0 DFMO + 0 PA 
treatment.  

 

Cals. This experiment was also replicated 6 times, using the water treatment as well as the 3 

DFMO + PA treatments. We did see a low overall viability in the RNAi active flies. This indicates 

that Cals may have an important role in the viability of Drosophila, but it is likely not involved in 

the PTS.  

 

GeneCards Results. The next two genes, Exd and Poxn, are from the GeneCards database search 

which identified possible transcription factors of ATP13a3. Pbx1a and Pax-5 (Exd and Poxn in 

Drosophila, respectively) were identified from GeneCards. 
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Exd: 

Table 6: Number of RNAi expressing flies that eclosed during the ActinGAL4 X Exd RNAi experiment. 
There were 3 replicates in this study. The average values were calculated, as well as the standard error.  

Exd RNAi Animals 

  

H20 

0.4 mM 
PUT + 
5mM 
DFMO 

0.2 mM 
SPD + 
5mM 
DFMO 

0.2mM 
SPM + 
5mM 
DFMO 

Replicate 1 6 12 7 13 
Replicate 2 14 10 12 10 
Replicate 3 15 14 12 16 
Average 12 12 10 13 
SE 2.85 1.15 1.67 1.73 

 

 

 

Figure 9: Graph showing the percent viability of RNAi expressing flies that eclosed across 3 replicates for 
Exd. No statistically significant results were observed when a paired t-test was performed. The error bars 
were calculated from the standard error once the percent viability across all replicates had been 
calculated. The data was normalized such that all treatments were compared to the 0 DFMO + 0 PA 
treatment.  
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Exd. This experiment was replicated 3 times, using the water treatment as well as the 3 DFMO + 

PA treatments. There was no statistical significant data in Exd, and based on the presented data, 

there is no reason to believe that it is involved in the PTS.  

 

Poxn: 

 

Table 7: Number of RNAi expressing flies that eclosed during the ActinGAL4 X Poxn RNAi experiment. 
There were 3 replicates in this study. The average values were calculated, as well as the standard error.  

 

 

 

 

 

 

 

 

Poxn RNAi Animals 

  

H20 

0.4 mM 
PUT + 
5mM 
DFMO 

0.2 mM 
SPD + 
5mM 
DFMO 

0.2mM 
SPM + 
5mM 
DFMO 

Replicate 1 9 13 11 21 
Replicate 2 10 15 18 11 
Replicate 3 14 14 14 14 
Average 11 14 14 15 
SE 1.53 0.58 2.03 2.96 
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Figure 10: Graph showing the percent viability of RNAi expressing flies that eclosed across 3 replicates for 
Poxn. No statistically significant results were observed when a paired t-test was performed. The error 
bars were calculated from the standard error once the percent viability across all replicates had been 
calculated. The data was normalized such that all treatments were compared to the 0 DFMO + 0 PA 
treatment.  

 

Poxn. Once again, this experiment was replicated 3 times, using the water treatment as well as 

the 3 DFMO + PA treatments. None of the results in this gene were statistically significant, and 

based on the data, there is no reason to believe poxn is involved in the PTS.  

Flybase/modMine Results. An expression cluster based on temporal and spatial expression 

patterns was identified on Flybase. This cluster was narrowed using modMine while focusing on 

biological process, cellular component, and molecular function. RabX6 was one of the final 16 

genes on this list (Appendix D). 
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RabX6: 

Table 8: The number of days that passed from picking the larvae from the grape plates until observing 
pupae on the vial walls. We observed this to look for any potential trends indicating a developmental 
delay. No such trend was observed.  

Days after larvae picked that pupae were seen on walls  

  H20 5mM 
DFMO 

0.4 mM 
PUT 

0.4mM 
PUT + 
5mM 
DFMO 

0.2mM 
SPD 

0.2mM 
SPD + 
5mM 
DFMO 

0.2mM 
SPM 

0.2mM 
SPM + 
5mM 
DFMO 

Replicate 1 6 14 6 6 7 6 7 6 
Replicate 2 7 9 6 6 6 6 6 6 
Replicate 3 6 N/A 6 6 6 7 6 7 

 

Table 13 shows no significant delay in obligate transport conditions compared to the water 

control. This indicates that RabX6 RNAi animals are not developmentally delayed. There was, 

however, a delay in the DFMO treatment, which was to be expected. 

 

 

 

Table 9: The number pupae that were observed on the vial walls by the end of the experiment. Pupae 
were counted because RabX6 is considered pupae lethal. The average values were calculated, as well as 
the standard error.  

RabX6 RNAi Animals (pupae)  

  

H20 5mM 
DFMO 

0.4 mM 
PUT 

0.4mM 
PUT + 
5mM 
DFMO 

0.2mM 
SPD 

0.2mM 
SPD + 
5mM 
DFMO 

0.2mM 
SPM 

0.2mM 
SPM + 
5mM 
DFMO 

Replicate 1 13 6 12 5 6 10 6 5 
Replicate 2 8 8 8 7 15 12 15 9 
Replicate 3 20 0 19 7 21 7 8 9 
Average 14 5 13 6 14 10 10 8 
SE 3.48 2.40 3.21 0.67 4.36 1.45 2.73 1.33 
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Figure 11: Percent viability of RabX6 RNAi expressing flies across all 8 treatments. The error bars were 
calculated from the standard error once the percent viability across all replicates had been calculated. 
The data was normalized such that all treatments were compared to the 0 DFMO + 0 PA treatment.  

 

 

The results from the RabX6 experiment show an insignificant trend of lower viability in the DFMO 

+ putrescine treatment. The putrescine obligate transport condition has a resemblance to the 

DFMO control. The spermidine obligate transport condition also has a slight trend indicating a 

potential role in the PTS, but it does have significant overlap in the standard error bars. 
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Discussion:  

Slip1, CG31998, Cals. The STRING-10 database provided Slip1, CG31998, and Cals as genes to 

study. However, none of these genes showed any trend suggesting that they are at all involved 

in the PTS (the obligate transport conditions resembled the viability seen in the water 

treatment). 

Exd, Poxn. GeneCards was used to identify Pbx1a and Pax-5 (Exd and Poxn in Drosophila). 

Again, these genes did not show results indicating any role in the PTS  

RabX6.  Flybase was used to identify a large expression cluster. ModMine was used to ultimately 

narrow the cluster down to 16 high priority genes, with RabX6 being one of them. The low 

viability in the putrescine + DFMO treatment is of particular interest due to the fact that despite 

being given supplemental PAs, these flies were still not able to transport enough to reach a 

comparable level of viability when compared to the positive putrescine control. This result is 

what is expected from a knocked-down gene that is involved in the PTS. There is also a slight 

trend in the spermidine treatments as well, but the standard error bars do overlap. There were 

no statistically significant differences among the treatments. Due to its known function in vesicle-

mediated transport, RabX6 could possibly be using an endocytic mechanism in order to transport 

putrescine into the cell. The endocytic pathway has been linked to polyamine transport (e.g. 

Glypican 1) (Belting et al. 2003).  

Limitations of the study. First, qPCR was not performed to verify that the knockdown was 

effective. In addition, multiple RNAi constructs were not used to rule out off-target effects.  
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Result Impacts and Future Studies. The results suggest that RabX6 may have a role in 

putrescine transport, but it is not essential.  The impacts of the RabX6 results could indeed assist 

in further elucidating the PTS and could have a direct impact in our understanding of the way in 

which malignant cells are able to sustain rapid growth. RabX6 is inferred to be involved in vesicle-

mediated transport which could mean that it uses endocytosis in order to transport PAs into the 

cell. Further studies should include: 

• Replicating the RabX6 experiment with larger sample sizes 

• Replicating the RabX6 experiment with additional RNAi lines 

• Using qPCR to verify that the knockdown is effective 

• Screening additional genes identified by STRING-10, GeneCards, Flybase, and 

modMine 

As one can see in the Appendices, there are still a multitude of gene candidates to be 

studied. Time and resources are certainly limiting factors in the screen of such candidates. 

Therefore, the development of new and more efficient screening methodologies would be 

extremely helpful to further narrow down candidates.  
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Conclusion: 

The polyamines putrescine, spermidine, and spermine are small cationic molecules that 

can be found in all eukaryotic organisms (Pegg and Casero 2011). Cells are able to 

biosynthetically make these molecules, or alternatively, cells can transport PAs from the 

extracellular environment via the PTS (Aouida et al. 2005, Igarashi and Kashaiwagi 1999, 

Uemura et al. 2007). This study has clinical relevance due to the fact that cancer cells have an 

increased need for PAs (Gerner and Meyskens 2004).  With this in mind, an effective therapy 

must block biosynthesis and transport. The PTS is still poorly understood in multicellular 

organisms. Therefore, it would be of basic biological significance to further elucidate the PTS in 

multicellular organisms. Using an RNAi screen and an assay developed in our lab, potential 

components of the PTS in Drosophila were investigated. Six genes in total were tested, with one 

of the genes (RabX6) showing positive results for possibly having a role in the PTS. The RabX6 

results are encouraging in regards to the further elucidation of the PTS, and with further 

studies, have the potential to add to our knowledge of how the transport system functions.  
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Appendix A: Complete List of Transcription Factors 
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Figure 12: Entire list initially generated when identifying transcription factors of ATP13a3. 
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Figure 13: Entire list initially generated when identifying transcription factors of ATP13a3 (continued 
from previous page). 
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Figure 14: Entire list initially generated when identifying transcription factors of ATP13a3 (continued 
from previous page). 
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Appendix B: 262 Genes from Cluster 34 
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Table 10: 262 genes from cluster 34 (continued onto next page) 

Cluster 34 
Ank Pten Tis11 Dyrk3 CG9302 Pallidin SIDL AP-2sigma 
Arf102
F Ptp69D kel CG1344 CG17904 CG14135 CG3303 Spec2 
Arf51F Rac1 CG14464 Tsp96F Tango6 CG5626 CG17931 Stlk 
Arp3 Stat92E CG5027 cyp33 CG8671 sowah CG14883 CG32147 
CSN1b alien RhoGDI rtet CG17486 CG10973 CG3678 CG30343 
Cdc42 cpb eIF5 Ext2 CG3107 Abp1 alt CG30403 
Chc dia Dok pod1 Atf6 CG18081 pasi1 CG30440 
Crk smt3 Start1 CG12112 CG10465 CG15715 mdlc CG30467 
Dcp-1 O-fut1 Sec10 PPP4R2r CG10395 roq CG17272 CG31510 
Drice Atg5 DIP2 CDK2AP1 CG10417 CG3797 CG7044 gw 
Map60 scny Hs6st rho-4 CG11665 CG11577 AP-1sigma CG31998 
Max p120ctn wun2 Pdcd4 kune eRF1 CG18428 CG32000 
Rab11 CkIIalpha dlp CG16952 Socs44A CG5104 nct 4E-T 
Rab2 Nipped-B Rala CG3632 PAN2 CG4074 CG6422 ghi 
Rep Fak ck CG8188 CG1667 ebd2 CG13663 Vps11 
Tak1 EcR l(2)gl Rab35 CG15863 CG7133 CG5447 CG43759 
Uba2 InR or Zir CG17765 Vps37B Tsp97E CG32590 
brat Rho1 sau cold CG8079 CG2519 CG2310 CG32850 
cni ctp msn PGAP2 CG6665 CG1943 CG15535 CG33095 
ena Gbeta13F Zyx CG10874 PIG-O CD98hc Arl4 CG33217 
IKKbeta fz Nca MICU1 CG9304 nom Zip102B Urm1 
kuz lt DCTN2-p50 CG5149 eEF5 CG8223 MED26 CR40005 
pho 14-3-3epsilon lolal CG5181 CG3770 RagA-B Gyf CG40045 
PlexA alpha-Cat Df31 CG7787 RabX6 CG11975 CG17454 CG40439 
pll Gprk2 CG2924 CG5727 CG13896 pasi2 conu AlkB 
SkpA aop Slip1 CG5708 CG14985 CG9386 CG17883 dbr 
tsr Btk29A Clc CG5694 Cip4 bocks RpL38 CG34163 
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Table 11: 262 genes from cluster 34 (continued from previous page)  

Cluster 34 (continued) 
vap mav RhoGAP1A l(2)SH0834 GAPsec mtTFB2 CG17490 CG34231 
zfh1 MAPk-Ak2 CBP holn1 Naa60 CG6254 Scamp rumi 
Arf79F Gprk1 bip2 Plzf Blos2 Cad87A Ephrin DCTN6-p27 
Cdk4 sn Rad23 CG6583 chrb CG8461 CG17715 Sec3 
Spf45 CG12547 CG17683 Rpb12 CG45049 kra Bet5 AGO1 
dgo Ten-a IntS3 lawc betaGlu Patronin     
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Appendix C: Prioritized List of 28 Potential Genes to Study  
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Table 12: Prioritized list of 28 genes to potentially study. Information was obtained from Flybase as well 
as modMine. The top 16 of the following genes were identified as high priority  

CG11665 (BL 52902) Major facilitator superfamily; monocarboxylic 
acid transmembrane transport activity 

Zip102B (BL55162) Metal ion transmembrane transporter activity 
Light (BL 34871) Vesicle-mediated transport; endocytosis 
Rtet (no TRiP BL number available) Sugar/alcohol transporter; major facilitator 

superfamily 
CG5105 (BL 31136) Vesicle-mediated transport 
CG5864 (BL 40895) Protein transporter activity; vesicle-mediated 

transport; intracellular transport 
CG6056 (BL 27322) Protein transporter activity; endocytosis 
Kuz (no TRiP BL number available) Endocytosis; vesicle-mediated transport; zinc ion 

binding 
Bet5 (BL 38993) Vesicle-mediated transport 
Arf102f (BL 27268) GTPase activity; endosomal transport; protein 

transport 
Arf51f (BL 27261 or 51417) GTPase activity; intracellular transport; synaptic 

vesicle transport 
Rab2 (BL 34922 or 28701) GTPase activity; vesicle-mediated transport; 

protein transport 
Rab11 (BL 27730) GTPase activity; endocytosis 
Rab35 (BL 28342) GTPase activity; vesicle-mediated transport 
RabX6 (BL 53252 or 26281) GTPase activity; vesicle-mediated transport 
Cni (BL 38919) Vesicle-mediated transport; component of 

membrane 
L(2)gl (BL 31089, 31517 or 38989) Plasma membrane component; protein 

localization 
Or (BL 28327) Intracellular protein transporter activity; vesicle-

mediated transport 
α-cat (BL 33430 or 38197) Component of plasma membrane 
Brat (BL 34646) Phagocytosis; found in cytoplasm 
Cyp33 (BL 35611) Phagocytosis; protein folding 
Zir (BL 53946 or 28005) Phagocytosis 
CG7787 (BL 32843) Zinc ion binding; small GTPase mediated signal 

transduction 
Holn1 (BL 38968) Phagocytosis 
O-fut1 (BL 26283) Endocytosis; protein catabolic process 
MED26 (BL 28572 or 36829) Transcription factor; phagocytosis 
Smt3 (BL 36125 or 28034) Protein binding; transport; protein transport into 

nucleus 
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Appendix D: Finalized List of 16 High Priority Genes  
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Table 13: Finalized list of 16 high priority genes to study characterized by biological processes, cellular 
component, and molecular function. They were characterized using Flybase as well as modMine.  

 

 

  

CG11665 (BL 52902) Major facilitator superfamily; monocarboxylic 
acid transmembrane transport activity 

Zip102B (BL55162) Metal ion transmembrane transporter activity 
Light (BL 34871) Vesicle-mediated transport; endocytosis 
Rtet  Sugar/alcohol transporter; major facilitator 

superfamily 
CG5105 (BL 31136) Vesicle-mediated transport 
CG5864 (BL 40895) Protein transporter activity; vesicle-mediated 

transport; intracellular transport 
CG6056 (BL 27322) Protein transporter activity; endocytosis 
Kuz Endocytosis; vesicle-mediated transport; zinc ion 

binding 
Bet5 (BL 38993) Vesicle-mediated transport 
Arf102f (BL 27268) GTPase activity; endosomal transport; protein 

transport 
Arf51f (BL 27261 or 51417) GTPase activity; intracellular transport; synaptic 

vesicle transport 
Rab2 (BL 34922 or 28701) GTPase activity; vesicle-mediated transport; 

protein transport 
Rab11 (BL 27730) GTPase activity; endocytosis 
Rab35 (BL 28342) GTPase activity; vesicle-mediated transport 
RabX6 (BL 53252 or 26281) GTPase activity; vesicle-mediated transport 
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