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ABSTRACT 

 

Polyamines are essential for normal cell growth and development. Altered expression of 

polyamines has been implicated in numerous physiological anomalies including neoplasia, aging, 

and cardiac hypertrophy. Genetic mutations in enzymes responsible for polyamine metabolism 

have also been shown to cause or contribute to conditions such as Snyder-Robinson Syndrome 

and changes in energy production. The exact mechanisms by which polyamine metabolism 

contributes to these conditions and ways in which the regulatory enzymes interact is not 

completely known. Furthermore, previous studies have shown a connection between polyamine 

regulatory enzymes and glycogen and lipid metabolism, potentially contributing to the 

development of certain conditions related to obesity and diabetes, yet the manner in which each 

regulatory gene contributes to the development of conditions involving polyamines has not been 

fully explored. The existing sexual dimorphisms in polyamine regulation between males and 

females have also not be fully detailed.  

In this study, the manner by which three polyamine pathway genes, ornithine 

decarboxylase (Odc1), spermidine synthase (SpdS), and spermine synthase (Sms) regulated 

expression of other pathway genes, intracellular concentration of polyamines, and glycogen and 

lipid stores was characterized in Drosophila melanogaster (D. melanogaster). Utilizing male and 

female null and knockdown D. melanogaster models, the roles of Odc1, SpdS, and Sms were 

able to be better detailed, and the variations between males and females were further clarified. A 

better understanding of the internal regulation of this pathway will aid in identifying potential 

therapeutic targets for physical anomalies that demonstrate altered expression of polyamine 

enzymes. 
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Chapter 1  
 

Introduction 

1.1 The use of Drosophila melanogaster as a model organism to study human genetics 

1.1.1 History of Drosophila melanogaster as a model organism 

Drosophila melanogaster (D. melanogaster), commonly known as the fruit fly, has been 

used to study both genetics and physiology for over a hundred years. Beginning with T.H. 

Morgan’s heredity experiments at Columbia University in 1910, D. melanogaster has been 

shown to be a valuable model for the study of genetics (Morgan, 1915). In fact, it was while 

studying genetics in D. melanogaster that Morgan first proposed gene linkage, or the tendency of 

physically close genes to be inherited together. This theory was later used to map gene locations 

in the early twentieth century (Morgan, 1915). 

The D. melanogaster genome was one of the first genomes sequenced in the late 

twentieth century (Fortini et al., 2000). Not only did this mark a significant milestone in the 

study of genetics and genome assembly, but it also revealed similarities between the genetic 

codes of D. melanogaster and humans. Despite differences in genome size and variations in 

chromosomal organization, the sequence homology amongst genes in flies and humans 

highlighted that flies were indeed a valid model for studying mutations and human disease 

(Figure 1.1).  
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Figure 1. 1 Drosophila melanogaster shares approximately 54% of disease related genes 

with humans. 

A graph of the percent of human disease genes with similar sequences in D. melanogaster as a 

function of E-value. Black-filled bars indicate the percent of human Locuslink entries (929 total) 

with matches to D. melanogaster sequences. White-filled bars indicate the percent of unique 

Drosophila melanogaster sequences that match one or more human disease gene sequences. As 

of 2001, 54% of human disease genes had homologs in Drosophila melanogaster. 

(Source: Reiter et al., 2001). 
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In an early analysis of the human and fly genomes, it was found that  62 percent of the 

287 human genes known to be involved in human disease had a homolog in the fly (Fortini et al., 

2000). However, since the completion of sequencing the human genome in 2001, it has been 

initially estimated that 54 percent of the studied 929 genes implicated in human diseases have fly 

homologs, and, after further analysis of distinct disease genes, it was found that approximately 

75 percent of the genes had fly counterparts (Reiter et al., 2001). This homology in sequences 

has been utilized by researchers who study and model human disease. For example, flies have 

been used as model organisms to study such physiological anomalies like Parkinson’s disease, 

cancer, and diabetes (Aryal and Lee, 2019; Reviewed in [Mirzoyan et al., 2019]; Murillo-

Maldonado and Riesgo-Escovar, 2017; Musselman and Kuhnlein, 2018).  

1.1.2 Traits that positively contribute to the selection of Drosophila melanogaster as a model 

organism 

 Beyond the genetic similarities, flies continue to be utilized as a model organism in 

science because they are readily available in nature, have a short life cycle, are easy to maintain 

in a laboratory setting, and are relatively inexpensive to maintain (Figure 1.2) (Griffiths et al., 

2020). Additionally, crosses in flies can be performed easily and there are a variety of genetic 

manipulations available to researchers who utilize flies in their studies, such as target gene 

knockdowns through RNA interference as well as controlling gene expression using the 

Gal4/UAS system  (Lam and Thummel, 2000; Yamaguchi and Yoshida, 2018). 

Since its advent as a model organism, D. melanogaster has contributed to the 

understanding of genetics and development by being used to show the role of the hedgehog (hh) 

protein in limb patterning (Basler and Struhl, 1994). Moreover, tissue specific gene inactivation  
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Figure 1. 2 The short life cycle of Drosophila melanogaster makes it an ideal model 

organism 

 

Drosophila melanogaster takes 3.5-4.5 days to mature into fully viable adults, allowing for 

timely breeding and genetic manipulations. Following fertilization of the egg, the embryonic 

phase of fly development will take place over the first day. During this time, limb patterning and 

segmentation will occur. Following the first day, the developing fly moves into the first larval 

stage and becomes the first instar (intermediate) larva. During this stage the fly will feed and 

undergo two molts. Parts of the mouth will also start to become more pronounced during these 

larval stages. Next, the larva proceeds to a second instar stage after completing their first two 

molts and they continue feeding underneath the surface of the food. The larva continues to molt 

during the second instar stage. More skin is molted to reveal a more pronounced mouth and 

cranial features. Following the completion of the second molt and progression to the third instar 

larva, the larva continue feeding until ready to become pupas 2.5-3 days later As pupas the final 

stage of fly development will occur with remaining undifferentiated cells held in imaginal discs 

undergoing differentiation and larval skin and remaining tissue being degraded at  3.5-4.5 days. 

Afterward the flies are viable and able to undergo breeding.  

(Source: Griffiths et al. 2020). 
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in D. melanogaster has been utilized to determine signaling mechanisms involved in limb 

patterning. For example, the temperature regulated Gal4 -UAS modeling system has been used to 

reduce JAK/STAT activity, resulting in a correlative decrease in wing size (Recasens-Alvarez et 

al., 2017). Additionally, D. melanogaster has previously been used in studies investigating 

triglycerides storage and lipid metabolism, supporting its potential as a valuable model organism 

for studying metabolic changes and diabetes (DiAngelo and Birnbaum, 2009).  

1.2 The polyamine pathway  

1.2.1 Overview 

Initially isolated in human seminal fluid by Antonie van Leeuwenhoek in 1678, the 

cationic polyamines are small, ubiquitous polycations (Bachrach, 2010). The tetramine spermine, 

which was first discovered by Leeuwenhoek, triamine spermidine, and diamine putrescine have 

been detected in prokaryotic and eukaryotic organisms including humans, plants, bacteria, and 

flies (Bachrach, 2010; Vigne and Frelin, 2008). Despite Leeuwenhoek’s initial discovery, the 

structures of these molecules were not fully understood until 1924, when the chemical formula 

and molecular weight of spermine was initially determined (Dudley et al., 1924).  

Polyamines are necessary for normal cell growth and development and their depletion 

can lead to cytostasis and apoptosis (Fozard et al.,1980; Casero et al., 2018). Their charge 

distribution allows polyamines to interact with DNA, RNA, proteins, ion channels, and acidic 

phospholipids (Schuber, 1989; Pegg, 2016). It is through this binding to numerous 

macromolecules that the intracellular polyamine pool can influence gene expression (Casero et 

al., 2018). 
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Intracellular polyamine levels are highly regulated and are maintained by numerous 

anabolic steps, catabolic steps, and a poorly understood transport system (Figure 3). In 

mammalian cells as well as fly cells, the amino acid ornithine is converted to the diamine 

putrescine through ornithine decarboxylase (Odc1). This decarboxylation can be inhibited 

through an endogenous inhibitor of Odc1, ornithine decarboxylase antizyme (Oda). S-

adenosylmethionine decarboxylase (SamDC) removes a carboxyl group from S-

adenosylmethionine (AdoMet) to form decarboxylated AdoMet (dcAdoMet), which is then used 

as an alternative substrate for further polyamine synthesis. Spermidine synthase (SpdS) utilizes 

the aminopropyl group from dcAdoMet and transfers it to putrescine to produce the polyamine 

spermidine. Spermine synthase (Sms) works in a similar manner, transferring the aminopropyl 

group donated by dcAdoMet to spermidine to form spermine (Casero et al., 2018, Figure 1.3).  

Polyamine levels can also be maintained via a catabolic pathway. Spermidine/spermine-

N1-acetyltransferase (Sat1/2) acetylates either spermine or spermidine, forming N1- 

acetylspermine or N1- acetylspermidine by transferring the acetyl group of acetyl-CoA to either 

spermine or spermidine. The acetylated polyamines can be excreted from the cell or converted to 

3-acetylaminopropanal, hydrogen peroxide (H2O2) and spermidine or putrescine by undergoing 

oxidation through polyamine oxidase (PAO) which forms spermidine from N1-acetylspermine, 

and putrescine from N1-acetylspermidine (Casero et al., 2018). It is the intricate balance of these 

anabolic and catabolic pathways that aid in the prevention of aberrant polyamine levels. 
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Figure 1. 3 The Polyamine Pathway. 

The amino acid ornithine is converted to the diamine putrescine through ornithine decarboxylase 

(Odc1). This process can be inhibited through ornithine decarboxylase antizyme (Oda). S-

adenosylmethionine decarboxylase (SamDC) removes a carboxyl group from S-

adenosylmethionine (AdoMet) to form decarboxylated AdoMet. (dcAdoMet). Spermidine 

synthase (SpdS) transfers the aminopropyl group from dcAdoMet to putrescine to produce the 

polyamine spermidine. Spermine synthase (Sms) transfers the aminopropyl group donated by 

dcAdoMet to spermidine to form spermine. Spermidine/spermine-N1-acetyltransferase (Sat1/2) 

transfers the acetyl group from acetyl-CoA to either spermine or spermidine, forming N1-

acetylspermine or N1-acetylspermidine, respectively. These acetylated polyamines can be 

excreted from the cell or serve as a substrate for polyamine oxidase (PAO) to form spermidine 

from acetylated spermine, or putrescine from acetylated spermidine. The transport of polyamines 

remains poorly understood (not represented in the figure). 

(Adapted from (Pegg, 2016)). 
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1.2.2  Ornithine decarboxylase 

Ornithine decarboxylase (Odc1) is a homo-dimeric enzyme and the rate-limiting first step 

in the synthetic polyamine pathway (Tobias and Kahana, 1993). Odc1 converts the amino acid 

ornithine, a by-product of the urea cycle, into the diamine precursor, putrescine. Odc1 expression 

is highly regulated at the levels of transcription, translation and protein degradation (Murakami 

et al., 1992; Nowotarski and Shantz, 2010; Shantz, 2004). In mammals, Odc1 is endogenously 

inhibited by the protein antizyme (Oda), which targets Odc1 to the 26S proteasome for 

degradation (Wu et al., 2015). Odc1 can also be inhibited through the exogenous administration 

of alpha-difluoromethyl-ornithine (DFMO) (Fozard et al., 1980).  

Odc1 has long been associated with increased cell proliferation during development and 

tissue regeneration (Russell and Snyder, 1968). Odc1 is an essential protein, as complete 

knockout of mammalian Odc1 in a mouse model results in embryonic lethality following 

implantation after embryonic day 3.5 (Pendeville et al., 2001). This observation has been 

recapitulated in D. melanogaster as a complete knockout of Odc1 is lethal, with flies containing 

homozygous deletions in Odc1 not surviving to adulthood (Leon et al., 2020).  

1.2.3 Ornithine decarboxylase antizyme 

Like its mammalian homolog, fly ornithine decarboxylase antizyme (Oda) is a cytosolic 

enzyme that inhibits Odc1 dimerization and targets it for proteasomal degradation (Wu et al., 

2015). Like Odc1, Oda is tightly regulated. Oda is regulated in a polyamine dependent manner in 

which high levels of polyamines induce the synthesis of Oda (Nilsson et al., 1997). This 
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interdependent regulation yet again attests to the importance of maintaining homeostatic levels of 

the polyamines. 

As antizyme can inhibit the function of Odc1, its overexpression has been linked to 

reproductive complications and sperm defects, which is consistent with the role of Odc1 in 

normal development (Lambertos et al., 2018). Moreover, the overexpression of Oda has been 

shown to reduce tumor development in animal models where Odc1 is overexpressed. In a study 

by Feith et al., mice were exposed to 12-O-tetradecanoylphorbol-13-acetate (TPA), a tumor 

promoting agent, and skin carcinogenesis ensued. Odc1 levels were measured, and, consistent 

with other highly proliferative tissues, Odc1 levels were upregulated attesting to the role of 

Odc1in tumorigenesis. The overexpression of Oda in a cohort of these mice reduced tumor 

burden and Odc1 levels were reduced (Feith et al., 2001). In non-tumorigenic models, high levels 

of Oda have been shown to prevent putrescine formation and thus inhibit higher polyamine 

production (Tang et al., 2008). 

1.2.4 S-adenosylmethionine decarboxylase 

S-adenosylmethionine decarboxylase (SamDC) is a monomeric enzyme that forms 

decarboxylated S-adenosylmethionine (dcAdoMet), which is later utilized by the 

aminopropyltransferases spermine synthase and spermidine synthase for making the higher 

polyamines from putrescine. Similar to the lethality produced by the ablation of Odc1, the 

knockout of SamDC results in embryonic death (Nishimura et al., 2002). Not surprisingly, 

SamDC downregulation was also found to reduce tumor development (Zabala-Letona et al., 

2017). Additionally, SamDC is upregulated when levels of Oda are high. This is due to the 
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degradation of Odc1 and is an alternative pathway for regulating the levels of the polyamines 

(Reviewed in [Nowotarski et al., 2013]). The reduction of Odc1 by Oda has been shown to cause 

an accumulation of dcAdoMet that in turn can act as a competitive inhibitor for methylation 

reactions and cause a genome-wide hypomethylation of CpG islands (Tsuji et al., 2001).  

1.2.5 Spermidine synthase 

The supply of dcAdoMet limits the formation of the higher polyamines spermidine and 

spermine, as dcAdoMet donates a propyl group to create spermidine and spermine (Ikeguchi et 

ao., 2006; Wahlfors et al., 1990). Spermidine synthase (SpdS) produces the triamine spermidine, 

from putrescine. The spermidine synthase reaction is the first aminopropyltransferase reaction in 

the polyamine pathway. Interestingly, SpdS activity is associated with the modification of 

eIF5A, a translation factor (Park et al., 1981). SpdS is the aminobutyl donor for the post-

translational modification of a specific lysine residue on eIF5A. This reaction, mediated by 

deoxyhypusine synthase creates hypusinated eIF5A, a modification that has been shown to be 

essential for eIF5A activity (Park et al., 1981;Nishimura et al., 2012; Reviewed in [Pegg, 2016]). 

Loss of eIF5A activity results in decreased growth in mice highlighting another key function of 

polyamines in development (Nishimura et al., 2012). 

1.2.6 Spermine synthase              

Spermine synthase (Sms) is an active cytosolic homodimer (Wu et al., 2008). Sms 

requires an amine substrate, spermidine, and an aminopropyl group from dcAdoMet in order to 

form the tetramine spermine (Korhonen et al., 1995). The aminopropyl transfer facilitated by 
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Sms is irreversible. Sms deficiency has been well characterized in a male mouse model, known 

as Gy mice, given this name due to their circling behavior (Lyon et al., 1986). These mice 

exhibited decreased spermine content even when fed a polyamine-rich diet (Mackintosh and 

Pegg, 2000; Wang et al., 2004). In 2003, Cason  et al. discovered that a rare disease, Snyder 

Robinson Syndrome, was due to a mutation on the human Sms gene (Cason et al., 2003).  

1.2.7 Spermidine/spermine-N1-acetyltransferase and polyamine oxidase 

Spermidine/spermine-N1-acetyltransferase (Sat 1/2), and polyamine oxidase (PAO) are 

catabolic enzymes that aid in the regulation of intracellular polyamine pools. Sat1/2 functions by 

transferring the acetyl group from acetyl-CoA to either spermine or spermidine when levels of 

these polyamines are abundant (Hegde et al., 2007). The acetylated polyamines can then be 

excreted or serve as a substrate for PAO, which will subsequently produce spermidine or 

putrescine as well as H2O2 and 3-acetylaminopropanal. Because polyamine ratios have been 

shown to impact important biological processes like growth,  improper regulation of higher 

polyamine content could lead to physiological anomalies such as renal damage (Wang et al., 

2004; Zahedi et al., 2007). Thus, tight regulation of the polyamines is crucial to maintain 

physiological homeostasis, as aberrant regulation of polyamines and polyamine enzymes have 

been implicated in many diseases. For example, the upregulation of PAO has been shown in 

gastric and colon cancers (Goodwin et al., 2011; Xu et al., 2004). 
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1.2.8 Polyamine transport 

 In addition to the production of polyamines through the polyamine pathway, exogenous 

polyamines are able to be imported and exported in cells via the poorly understood polyamine 

transport system (PTS). 

 Polyamines have been shown to enter the cell via a transporter in simple eukaryotes and 

prokaryotes and these mechanisms have been well-characterized (Belting et al., 2003; Soulet et 

al., 2004; Uemura et al., 2010). However, to date, the exact mechanisms surrounding polyamine 

transport in higher organisms are unclear. It is known that in higher eukaryotes polyamine uptake 

is mediated by an energy-dependent mechanism that is Na+ independent but membrane potential 

dependent. Moreover, Ca2+ or Mg2+ is necessary for the activity of the PTS. Based on kinetic 

data, there is evidence to suggest that the diamine putrescine enters the cell via its own carrier 

while spermidine and spermine enter via different carrier(s). There are currently three models for 

the PTS that have been described (Poulin et al., 2012). In the first model, polyamines are 

translocated into the cell via an unidentified permease (Soulet et al., 2004). These unbound 

polyamines concentrate in membrane-bound vesicles known as polyamine sequestering vesicles 

(PSVs) that are part of the late endocytic pathway (i.e., multivesicular bodies, late endosomes 

and lysosomes). In the second model, Belting et al. described a mechanism of polyamine 

transport in which the heparan sulfate groups of glycosaminoglycans bind to spermine and 

translocate spermine into the cell. Spermine is then sequestered in PSVs and through a nitric 

oxide-dependent mechanism, spermine is released from the PSV (Belting et al., 2003). In the 

third model, Uemura and colleagues suggest that unidentified polyamine receptors within 

caveolin-1 enriched regions of the cell membrane import polyamines. The polyamines are 

released from the endosomes via a nitric oxide-dependent mechanism (Uemura et al., 2010; 
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Uemura et al., 2008). One common feature amongst all three hypothesized models is that 

polyamines are sequestered in vesicles upon entry into the cell. Though not completely 

understood, polyamine transport is an exciting area of study and could be invaluable for 

understanding the regulation of polyamines. 

1.2.9 Polyamines and disease 

 Aberrant levels of polyamines and polyamine pathway enzymes have been implicated in 

many physiological anomalies such as Parkinson’s disease, cancer, aging, and cardiac 

hypertrophy (Lewandowski et al., 2010; Minois et al., 2014; Reviewed in [Nowotarski et al., 

2013]; Shantz et al., 2001). While increased levels of intracellular polyamines have been linked 

to proliferation of cancer cells, and decreased levels of intracellular polyamines have also been 

linked to physiological anomalies, such as neural tube defects (Haghighi et al., 2014; Lima and 

Shiu, 1985). Studies on the effect of decreased intracellular polyamine levels have shown that 

polyamine reduction, specifically reductions in spermidine and spermine, lead to apoptosis 

(Mandal et al., 2015). Interestingly, the apoptosis induced by Odc1 deficiency was rescued by 

injecting murine cells with exogenous polyamines (Nitta et al., 2002). This study further attests 

to the importance of maintaining homeostatic levels of polyamines within the cells. 

 Snyder-Robinson Syndrome (SRS) is an X-linked recessive condition in mammals. The 

primary cause of SRS is a mutation in the spermine synthase gene located within the X 

chromosome (Cason et al., 2003). Due to its mode of inheritance, SRS has only been 

characterized in males (Cason et al., 2003; Murray-Stewart et al., 2018) . In humans, this 

syndrome is associated with decreased cognitive and speech abilities, seizures, reduced 
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musculature, and bone abnormalities (Schwartz et al., 2011). In those with SRS, spermidine 

content is significantly increased while spermine content is almost depleted. To date, Gy mice 

have been used to study SRS and more recently a fly devoid of Sms has been used to study the 

effects of depleted spermine levels in the fly (Li et al., 2017; Mackintosh and Pegg, 2000; Wang 

et al., 2004). 

1.2.10 Drosophila melanogaster as model organism for studying polyamines 

 The polyamine pathway has been studied in the fruit fly for more than 50 years (Herbst 

and Dion, 1970). The development of polyamine localization techniques and the tracking of 

polyamine changes throughout D. melanogaster development have greatly contributed to the 

field of polyamines (Herbst and Dion, 1970; Dion and Herbst, 1967). More recently, the  effect 

of spermidine levels on fly cell growth was evaluated and demonstrated their effectiveness at 

promoting faster cell growth in culture as opposed to media without additional spermidine 

(Burnette et al., 2014). The fruit fly has also been used to model polyamine deficiencies and 

related alterations in metabolic processes. In fact, a model displaying a downregulation of Sms 

resulted in a decrease in overall ATP (Li et al., 2017). These studies strongly support the validity 

of using  D. melanogaster as a model organism for studying polyamines.  
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1.3 Triglyceride and glycogen metabolism 

1.3.1 Overview 

Energy obtained through diet is often stored in the form of either triglycerides or 

glycogen. Products and intermediates of glucose metabolism, such as glucose-6-phosphate, 

glyceraldehyde-3-phosphate, and pyruvate can be shuttled from this pathway into the triglyceride 

and glycogen synthesis pathways at various points, which are often regulated allosterically or 

covalently (Appling et al., 2017). These storage forms are useful during times of starvation or 

physical exertion, as the organism can draw upon stored fat, and readily available glycogen, to 

continue functioning. Since these metabolic mechanisms are conserved between humans and D. 

melanogaster, examining triglyceride and glycogen metabolism in fruit flies is useful for 

exploring metabolic changes in humans (DiAngelo and Birnbaum, 2009).  

Improper regulation of glycogen and triglyceride storage has been associated with several 

diseased states such as hypoglycemia and type 2 diabetes (Sever et al., 2012). Millions of 

individuals are affected by diabetes globally each year. This condition, and related kidney 

disease, caused 1.3 million deaths in 2013 alone (Ng et al. 2014). Additionally, diabetes and 

increased glycogen storage has been implicated in retinopathy and neural damage (Gardiner et 

al., 2015). The healthcare costs associated with diabetes is astronomical. In 2012, it was 

estimated that treating diabetes in the United States cost $245 billion (American Diabetes, 2013). 

The upward trend in prevalence of diabetes and its related morbidities supports the need for 

further investigation into the mechanisms underlying diabetes and abberant triglyercide and 

glycogen storage (Ng et al. 2014, Gardiner et al., 2015).  
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1.3.2 Metabolic disorders modeled in Drosophila melanogaster 

D. melanogaster has previously been used to study metabolic diseases seen in humans. In 

one study, the adipose (adp) mutant of D. melanogaster was utilized as a model of obesity and 

related phenotypes. Furthermore, this mutant has been used to clarify the role of insulin in the 

storage of triglycerides in fat bodies (the fly equivalent of  human adipose tissue) (Hader et al., 

2003). 

Investigation of triglyceride and glycogen storage phenotypes has also been conducted in 

polyamine specific knockdowns in D. melanogaster. Specifically, Odc1 heterozygotes were 

shown to store higher levels of triglycerides, with no significant differences in glycogen storage. 

Observing the feeding habits of these flies revealed that the Odc1 heterozygotes ate less than 

wild-type flies but weighed more. The researchers determined this phenotype was due to an 

increase in the number of fat body cells and storage per fat body cell in the Odc1 heterozygous 

flies (Leon et al., 2020).  

While Leon et al. began to characterize the roles of polyamines in glycogen and 

triglyceride metabolism, it did not investigate the role that other polyamine enzymes play in fly 

metabolism (2020). Therefore studies which demonstrate the interplay of polyamine enzymes 

and overall glycogen and triglyceride metabolism still need to be explored because data from 

these studies could provide therapeutic targets for combatting metabolic disorders. 
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Hypothesis and Specific Aims 

Hypothesis:  Polyamine content is highly regulated and intricately tied to triglyceride and 

glycogen storage. It is hypothesized that alterations to the polyamine pools by manipulating the 

expression of key synthetic enzymes will result in dysregulated triglyceride and glycogen 

storage.  

 

Specific Aim 1: To compare Odc1 wild-type flies and Odc1 heterozygous flies in terms of 

polyamine content and how the partial knockdown of Odc1 influences the expression of other 

key enzymes in the polyamine pathway. 

 

Specific Aim 2: To compare SpdS wild-type flies and SpdS knockout flies in terms of polyamine 

content, size, and triglyceride and glycogen storage, and how the knockout of SpdS influences 

the expression of other key enzymes in the polyamine pathway.  

 

Specific Aim 3: To compare Sms wild-type flies and Sms knockout flies in terms of polyamine 

content, size, and triglyceride and glycogen storage, and how the knockout of Sms influences the 

expression of other key enzymes in the polyamine pathway.  
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Chapter 2  
 

Materials and Methods 

2.1 Fly genetics 

The fly lines utilized in these experiments and their Bloomington Stock Center ID (listed 

in parentheses) are as follows: Odc1 mutant: y[1] w[*]; Miy [+mDint2] = 

MICOdc1[MI10996]/SM6a (BL #56103), SpdS mutant:  y[1] w[*]; 

Mi{MIC}SpdS[MI00898]/TM3, Sb[1] Ser[1] (BL#34119), SpdS and Odc1 mutant control: 

y[1]w[1] (BL#1495), Sms mutant: w[*]; P{GSV1}Sms[C909] (BL#43396), Sms mutant control: 

w1118 (BL#5905), UAS-Sms-RNAi:  y[1] sc[*] v[1] sev[21]; P{TRiP.HMC03665}attP40 

(BL#52924) UAS-SpdS-RNAi: y[1]sc[*]v[1] sev[21]; P{TRiP.HMC04307}attP40 (BL#56011), 

UAS-EGFP-RNAi: y[1]sc[*]v[1]sev[21]; P{y[+t7.7]v[+t1.8]=VALIUM20-

EGFP.shRNA.1}attP40 (BL#41555), Yolk-Gal4 (BL#58814). 

For experiments on Odc1 flies, yw flies were crossed with  y[1] w[*]; Miy [+mDint2] = 

MICOdc1[MI10996]/SM6a flies to generate Odc1 heterozygotes (Odc1 +/-). Sms homozygous 

knockout flies (Sms -/-) were generated by crossing w[*]; P{GSV1}Sms[C909] flies with each 

other. SpdS homozygous knockouts (SpdS -/-) were generated by crossing y[1] w[*]; 

Mi{MIC}SpdS[MI00898]/TM3, Sb[1] Ser[1] flies with each other. Flies were grown on a 12 

hour to 12 hour light to dark cycle at 25 ̊ C on a standard cornmeal-sucrose medium (100mL 

Karo Lite Corn Syrup, 65g cornmeal, 40g sucrose, 9g Drosophila agar (Genesee Scientific, El 

Cajon, CA), and 25g whole yeast in 1.25L water). 
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2.2  Weight assay 

One-week old male and female SpdS -/-, Sms -/-, yw, and w1118 flies were anesthetized 

using carbon dioxide (CO2) gas. The total weight of each sample was measured using an 

analytical balance prior to calculating average weight per fly (mg). 

2.3 Metabolite extraction and protein, triglyceride, DNA, and glycogen assays 

One week old male and female Sms -/-, SpdS -/-, yw, and w1118 flies , and fat bodies from 

one week old female yolk-Gal4>SMS-RNAi, yolk-Gal4>-SpdS-RNAi, and yolk-Gal4>EGFP-

RNAi flies, were homogenized in lysis buffer (140mM NaCl, 50mM Tris-HCl, pH 7.5, 0.1% 

Triton-X with 1X protease inhibitor cocktail (Roche, Boston, MA)). Following homogenization, 

samples were centrifuged at 4ºC for 15 minutes at 16,000g. Proteins were measured in all 

samples using the Pierce BCA Protein Assay kit (ThermoFisher, Leesport, PA), triglycerides 

were measured using the Infinity Triglyceride kit (ThermoFisher), and glucose was measured 

using the Glucose Oxidase kit (ThermoFisher) according to the manufacturer’s instructions. 

Following glucose measurement, samples were incubated in 8mg/mL amyloglucosidase (Sigma, 

St. Louis, MO), diluted in 0.2M citrate buffer (pH 5.0) and incubated at 37 ͦ C for 2 hours. After 

incubation, free glucose measured was subtracted from total glucose to determine glycogen 

concentration. All triglyceride and glycogen measures were normalized to total protein content.  

In fat body samples, DNA content was measured using the Quant-iT double-stranded 

DNA high sensitivity kit according to the manufacturer’s instructions (ThermoFisher). 

Triglyceride and glycogen content were normalized to total protein and fat-body DNA content, 

separately.  
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2.4 RNA isolation and quantitative PCR 

RNA from one-week old male and female flies of each genotype (yw, w1118, Sms -/-, 

SpdS -/-, and Odc +/-) was isolated using the RiboZol RNA Extraction Reagent according to the 

manufacturer’s instructions (VWR, Radnor, PA). Five µg of total RNA was DNase treated using 

the TURBO DNA-free kit according to the manufacturer’s instructions (ThermoFisher). After 

treatment, DNase treated RNA was quantitated and 0.5µg DNase treated RNA was utilized to 

synthesize cDNA using the qScript XLT cDNA Supermix according to the manufacturer’s 

instructions (Quantabio, Beverly, MA). Quantitative PCR (qPCR) was conducted on samples in 

a 25µl reaction of 1 µl of cDNA, 200 nM primers, and 1X PerfeCTa SYBR Green, according to 

the manufacturer’s instructions (Quantabio). The qPCR conditions were as follows: 95 ͦ C for 3 

minutes, 40 cycles of  95 ͦ C for 30 seconds, 60 ͦ C for 1 minute, 72 ͦ C for 30 seconds, followed 

by a melt curve. The primers used in this study were: ornithine decarboxylase (Odc1) Forward, 

5’ CCTCAACATCTGCGACCTGT 3’; Odc1 Reverse, 5’ ACATCGAAGCCCAAGACCAG 3’; 

ribosomal protein 49 (rp49) Forward, 5’ GACGCTTCAAGGGACAGTATCTG 3’; Reverse, 5’ 

AAACGCGGTTCTGCATGAG 3’; ornithine decarboxylase antizyme (Oda), Forward, 5’ 

TGTCACCGAGGACCAGTACA 3’; Reverse, 5’ TCCAGAAGCGAGATGAAGGT 3’; S-

adenosylmethionine decarboxylase (SamDC), Forward, 5’ GCCTGGGTCAGTTGCTTAAG 3’; 

Reverse, 5’ TCTGGATCGGAGTCAACGTT 3’; spermidine synthase (SpdS), Forward, 5’ 

AGGAAGTGCATCAGGTGGAA 3’; Reverse, 5’ AGCTGTCGGTGATGATGACA 3’; 

spermine synthase (Sms), Forward, 5’ TCGTTCATGGAAGAGTGGCT 3’; Reverse, 5’ 

GGTTCCCGGTTCCTGACTTA 3'; Spermidine/spermine-N1-acetyltransferase (Sat1/2), 

Forward, 5’ CGGTACTTCTTCGTCGAGGA 3’; Reverse, 5’ CGGCACCAAGACTTTCGTAG 

3'; and polyamine oxidase (PAO), Forward, 5’ ACAACATGGACGAGGTGGAT 3’; Reverse, 5’ 
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CGGGCATTTGGTCAGTATGG 3'. To quantify the relative gene expression, the comparative 

cycle threshold (Ct) method was utilized and the Ct values for the gene of interest was normalized 

to the Ct values of rp49 and were presented in relation to the wild-type (yw or w1118) flies. 

Analysis was performed on the StepOne Plus real-time PCR software (ThermoFisher). 

2.5 High pressure liquid chromatography 

Polyamine content was measured using reversed-phase HPLC analysis as described 

previously (Kabra et al., 1986). The data were normalized to total protein.  

2.6 Statistics 

The results are expressed as the mean ± standard error (SE). Odc1+/- and SpdS-/- flies 

were compared to yw control flies and Sms -/- flies were compared to w1118 control flies. Yolk-

Gal4>SMS-RNAi and yolk-Gal4>-SpdS-RNAi were compared to yolk-Gal4>EGFP-RNAi flies. 

Statistical analyses were performed using an unpaired Student’s t-test. Significance was 

determined as p < 0.05.  
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Chapter 3  
 

The knockdown of Odc1 alters the expression of the polyamine pathway enzymes and 

polyamine content in Drosophila melanogaster 

3.1  Introduction  

Since its discovery in 1968, ornithine decarboxylase (Odc1) has been the subject of many 

studies due to its critical role in numerous cell processes such as cell proliferation and 

differentiation (Russell and Snyder, 1968). In fact, Odc1 expression is essential, as the ablation 

of Odc1 is lethal in numerous model organisms, including Drosophila melanogaster (D. 

melanogaster) (Pendeville et al., 2001; Leon et al., 2020). Odc1 homozygous knockouts in both 

mice and fruit flies did not survive into adulthood (Pendeville et al., 2001; Leon et al., 2020). 

Odc1 is the first rate-limiting enzyme in the polyamine biosynthetic pathway and converts the 

amino acid ornithine to the diamine putrescine which is further converted to the higher 

polyamines spermidine and spermine (Reviewed in [Pegg, 2006]). 

Polyamine content is tightly regulated by a series of synthetic, catabolic and poorly 

understood transport mechanisms (Soulet et al., 2004; Uemura et al., 2010). Moreover, the 

enzymes involved in the polyamine pathway are highly regulated at the level of transcription, 

translation and degradation (Murakami et al., 1992; Nowotarski and Shantz, 2010, Wu et al. 

2015). This intricate level of regulation attests to the importance of polyamines. 

Due to their charge, the polyamines are able to bind to DNA, RNA, and proteins and 

thereby impact gene expression (Schuber, 1989; Casero, 2018). Consequently, polyamines have 

been implicated in a wide-range of physiological conditions ranging from cancer to neurological 

defects in humans (Reviewed in [Miller-Fleming et al., 2015]). Recently, studies have sought to 
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characterize the potential role of Odc1 in triglyceride and glycogen metabolism using the fly 

model (Leon et al., 2020). Leon et al. observed that in female Odc1 heterozygotes increased 

triglyceride storage per cell occurred and the number of fat cells was increased (Leon et al., 

2020). Moreover, these animals displayed increased expression of two lipid synthesis genes:  

fatty acid synthase (FASN) and acetyl-CoA carboxylase (ACC). These studies linked Odc1 

expression to triglyceride storage and suggested that the polyamine pathway plays a role in lipid 

metabolism (Leon et al., 2020). While informative, these studies did not show the effect that 

knocking down Odc1 had on the expression of other polyamine pathway enzymes. Moreover, the 

studies did not show the role that polyamine concentration had on the observed phenotype.  

In these studies, the effects of knocking down Odc1 in male and female flies were further 

characterized by determining the gene expression of other polyamine pathway enzymes and by 

measuring the levels of putrescine, spermidine and spermine. Male Odc1 heterozygous flies 

displayed a significant reduction in spermidine and an increased spermine content when 

compared to wild-type flies. Interestingly, these changes to the concentrations of the polyamines 

occurred without expression changes to other enzymes involved in the synthesis or catabolism of 

the polyamines. Conversely, female Odc1 heterozygous flies displayed no appreciable changes 

in polyamine content yet displayed decreased expression of ornithine decarboxylase antizyme 

(Oda).  



24 

3.2 Results 

3.2.1  Odc1 heterozygous male flies display no gene expression changes to enzymes involved in 

the synthesis and catabolism of the polyamines but display decreased spermidine and increased 

spermine levels. 

In order to investigate the impact of Odc1 knockdown on the expression of other 

enzymes in the polyamine pathway, the model organism D. melanogaster was utilized. Male 

Odc1 heterozygous flies displayed an 80 percent reduction in the expression of Odc1 when 

compared to wild-type flies. Interestingly, this knockdown in Odc1 expression did not lead to 

any changes in the expression of other enzymes involved in the polyamine pathway (Figure 3.1). 

Moreover, the decrease in Odc1 expression led to a decrease in spermidine content and an 

increase in spermine content (Table 3.1). Taken together these data suggest that the alteration to 

the levels of spermidine and spermine may be due to the elusive polyamine transport system and 

not due to changes in the gene expression of polyamine pathway enzymes. 

3.2.2   Odc1 heterozygous female flies displayed a decrease in Oda expression but exhibited no 

changes to the concentrations of the polyamines.  

In contrast, female Odc1 heterozygous flies exhibited a 50 percent reduction in Odc1 

expression and a 40 percent reduction in Oda (Figure 3.2). There were no changes to the 

concentration of the polyamines in female Odc1 heterozygous flies suggesting that in females 

polyamine homeostasis was maintained, despite the changes to Odc1 and Oda expression (Table 

3.2).  
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Figure 3. 1  Male Odc1 heterozygous flies exhibit significantly decreased Odc1 expression. 

qPCR analysis for polyamine pathway genes, spermine synthase (Sms), spermidine synthase 

(SpdS), ornithine decarboxylase (Odc1), ornithine decarboxylase antizyme (Oda), 

spermine/spermidine-N1- acetyltransferase (Sat1/2), polyamine oxidase (PAO), and adenosyl-

methionine decarboxylase (SamDC), was conducted on RNA isolated from one-week old male 

OdcMI/+ (Odc1 +/-) flies and compared to wild-type yw controls. The expression levels of each 

gene were normalized to the expression of the ribosomal protein gene, rp49. The relative mRNA 

levels are shown as fold change compared to yw. Bars represent means ± S.E. *p<0.05 using 

student’s t-test comparing Odc1 +/- to yw controls. (n= 5). 
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Table 3. 1 Male Odc1 heterozygous flies display significantly decreased levels of spermidine 

and significantly increased levels of spermine when compared to control flies. 

Concentrations of putrescine, spermidine, spermine, and spermidine to spermine were measured 

via HPLC and concentrations are presented as nmol of polyamine per mg of protein. Values are 

the means ± S.E. *p<0.05. (n=14-16). 

Data provided by the Casero lab at Johns Hopkins University. 

 

 

 

 

 

 

 

 

 

Whole Fly 

Genotype 

Putrescine 

(nmoles/mg protein) 

Spermidine 

(nmoles/mg protein) 

Spermine 

(nmoles/mg protein) 

Spermidine to 

spermine ratio 

yw 0 + 0.0 6.10 ± 0.50 0.26 ± 0.11 4.97 ± 0.56 

Odc1 +/- 0 ± 0.0 3.41 ± 0.69* 1.40 ± 0.17* 2.71 ± 0.60 
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Figure 3. 2  Female Odc1 heterozygous flies exhibit significantly decreased Odc1 and Oda 

expression. 

qPCR analysis for polyamine pathway genes, spermine synthase (Sms), spermidine synthase 

(SpdS), ornithine decarboxylase (Odc1), ornithine decarboxylase antizyme (Oda), 

spermine/spermidine-N1- acetyltransferase (Sat1/2), polyamine oxidase (PAO), and adenosyl-

methionine decarboxylase (SamDC), was conducted on RNA isolated from one- week old female 

OdcMI/+ (Odc1 +/-) flies and compared to wild-type yw controls. The expression levels of each 

gene were normalized to the expression of the ribosomal protein gene, rp49. The relative mRNA 

levels are shown as fold change compared to yw. Bars represent means ± S.E. *p<0.05 using 

student’s t-test comparing Odc1 +/- to yw controls. (n= 5). 
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Table 3. 2 Female Odc1 heterozygous flies do not display changes in the levels of 

putrescine, spermidine, or spermine when compared to control flies. 

Concentrations of putrescine, spermidine, spermine, and spermidine to spermine were measured 

via HPLC and concentrations are presented as nmol of polyamine per mg of protein. Values are 

the means ± S.E. *p<0.05. (n= 14-16). 

Data provided by the Casero lab at Johns Hopkins University. 

 

 

 

 

 

 

 

 

Whole Fly 

Genotype 

Putrescine 

(nmoles/mg protein) 

Spermidine 

(nmoles/mg protein) 

Spermine 

(nmoles/mg protein) 

Spermidine to 

spermine ratio 

yw 0.01 ± 0.01 9.33 ± 0.50 0.76 ± 0.11 14.69 ± 2.83 

Odc1 +/- 0 ± 0.0 8.29 ± 0.34 0.85 ± 0.04 10.44 ± 1.05 
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3.3 Discussion 

In these studies, it was shown that male Odc heterozygous flies exhibited reduced 

spermidine and elevated spermine levels, despite a lack of changes to the gene expression of 

enzymes involved in the polyamine pathway (Figure 3.1 and Table 3.1). Furthermore, female 

Odc heterozygous flies had decreased Oda gene expression but showed no changes in polyamine 

content (Figure 3.2 and Table 3.2).  

The decrease in Oda expression in the Odc1 heterozygous females is interesting. It is 

known that Odc1 is negatively regulated by Oda (Murakami and Hayashi, 1985). As seen in 

mammalian models, Oda expression is regulated, in part, by high levels of polyamines, yet in fly 

model used in the current study no changes were observed in the polyamine levels (Murakami 

and Hayashi, 1985). Moreover, it has been shown that decreased spermidine levels correlate with 

decreased Oda expression; however, in the male Odc1 heterozygotes, there were not any 

observable changes to Oda expression (Nilsson et al., 1997). Thus, these data suggest that the 

elusive polyamine transport system may be playing a role in the tight regulation of the 

polyamines in these Odc1 heterozygous flies.  

Odc1 inhibition or mutation have previously been shown to cause the depletion of 

intracellular polyamines (Nilsson et al., 1997; Wu et al., 2015). However, the marked alterations 

in polyamine content, namely a decrease in spermidine content and increase in spermine content, 

were only displayed in male Odc1 heterozygotes. The decrease in spermidine content is 

consistent with prior studies detailing the reduction in spermidine following Odc1 inhibition 

(Nilsson et al., 1997). However, the increase in spermine, as well as the maintenance of 

homeostatic polyamine levels in Odc1 heterozygous females, although not completely defined, 

could partly be explained as a result of exogenous polyamine transport (Nilsson et al., 1997).  
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Transport of exogenous polyamines has been previously described as a method for 

importing polyamines into cells, with various transport models used to describe the potential 

import mechanisms in eukaryotes (Poulin et al., 2012; Belting et al., 2003). The data presented in 

the current study support those previous findings and suggest that the polyamine transport 

system may play a significant role in the changes to polyamine content in male flies and the lack 

of changes seen in female flies. Investigating the mechanism of polyamine transport would help 

further the understanding of the regulation of polyamines. However, to date, polyamine 

transporters have not been identified in flies. 

 The data also indicate sex may play a role in Oda regulation. Several studies have 

detailed the differences in mouse ornithine decarboxylase (ODC) and the varying patterns in 

polyamine production between male and female mice (Goldstone et al., 1982; Bastida 2007). 

One study in mice described the male and female regulation of ODC in kidney tissue varied due 

to the testosterone present in males (Goldstone et al., 1982). These data suggest that hormone 

variations between sexes may alter Oda regulation and potentially the expression of other 

pathway genes. 

A limitation of the analysis in this study is that it measured expression-level changes in 

the polyamine pathway. It is well known that polyamine enzymes are regulated at the level of 

transcription, post-transcription and translation (Reviewed in [Nowotarski et al., 2013]). Thus, a 

more robust study in the model system must be conducted in order to determine whether the 

changes shown at the gene expression level hold true at the protein level. 

In summary, the effects of Odc1 knockdown were further characterized in Drosophila 

melanogaster. Novel effects by which the knockdown of Odc1 impacts the polyamine pathway 

differently in male and female flies were also described. As polyamines are associated with 
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numerous physiological anomalies any research investigating polyamine regulation could 

advance the understanding of their contributions to normal and diseased states and present 

targets for potential therapies and treatments (Murray-Stewart et al., 2018; Xu et al., 2004; Leon 

et al., 2020). 
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Chapter 4  
 

The ablation of Spermidine synthase (SpdS) alters metabolite storage, expression of 

polyamine pathway genes, and polyamine content in Drosophila melanogaster 

4.1 Introduction 

Polyamines are essential for normal cell growth and development (Fozard et al., 1980). 

The higher polyamines, spermidine and spermine, are synthesized by aminopropyltransferases 

known in Drosophila melanogaster (D. melanogaster) as spermidine synthase (SpdS) and 

spermine synthase (Sms) (Ikeguchi et al., 2006). These enzymes utilize an amine receptor and 

decarboxylated S-adenosylmethionine (dcAdoMet) as an aminopropyl donor (Wu et al., 2007). 

However, SpdS uses putrescine as a substrate (Figure 1.3; Ikeguchi et al., 2006).  

In many organisms SpdS plays an integral role in growth and development and has been 

deemed essential, such as in aspergillus (Majumdar et al., 2018). Several studies have previously 

shown that a reduction in the growth rate of bacteria in mice was linked to the ablation or 

inhibition of SpdS, emphasizing the importance of understanding its regulation and the role it has 

in the regulation of other polyamine pathway enzymes (Tholl et al., 1998). Moreover, spermidine 

has been shown to induce autophagy and has been linked to increased lifespans in nematodes, 

flies and mice (Madeo et al., 2018). 

The deregulation of SpdS and the subsequent alteration to the intracellular levels of 

spermidine have been studied for decades because they have been implicated in several diseases 

such as type 2 diabetes, cancer, depression, and renal failure (Madeo et al., 2018; Miao et al., 

2016). However, the exact mechanism of how polyamines and their associated enzymes impact 

fatty acid metabolism is not completely understood. Recently this novel study of ornithine 
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decarboxylase (Odc1) heterozygous flies revealed metabolic changes which were linked to 

changes in Odc1 expression (Leon et al., 2020). Yet, whether changes to the expression of SpdS 

play a role in fly metabolism remain elusive. Moreover, the self-regulation of the polyamine 

pathway is still being studied because it is evident polyamines are tightly regulated in order to 

maintain homeostatic cellular levels (Reviewed in [Nowotarski et al., 2013]). By investigating 

how the ablation of SpdS alters the expression of other polyamine pathway genes and the 

intracellular polyamine content more insight can be gained as to how the polyamine pathway 

self-regulates. Moreover, the ablation of SpdS can aid in the understanding of how polyamines 

affect fatty acid metabolism.  

In these studies, the effects of SpdS ablation in male and female flies (denoted herein as 

SpdS-/-) were further characterized by measuring polyamine content and the expression of key 

enzymes implicated in polyamine metabolism. The weights of SpdS-/- flies were also measured 

to determine potential growth-related differences in knockout and wild-type flies. Female SpdS -

/-  flies underwent further analyses to determine any changes in their whole body and fat body-

specific triglyceride and glycogen storage. The number of fat body cells was also measured in 

female SpdS –/- flies.  

Overall SpdS-/- flies displayed increased expression of genes involved in polyamine 

catabolism. Male SpdS-/- flies showed increased polyamine oxidase (PAO) expression along 

with unaltered polyamine content, whereas female SpdS -/- flies showed increased 

spermine/spermidine-N1- acetyltransferase (Sat1/2) expression. Only females displayed 

alterations to polyamine concentrations with putrescine increasing and spermine decreasing. 

Metabolite analyses revealed increased triglyceride storage in the whole body of the organism as 
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well as in the fat body. This increase was accompanied by an increased number of fat body cells 

and a decrease in fat body glycogen. 

4.2 Results 

4.2.1  SpdS knockout flies weighed the same as wild-type flies. 

In order to study the effects that the knockout of SpdS had on an entire organism, the fly 

was utilized due to the ease of creating a knockout animal. Analysis of fly weights revealed no 

significant changes between knockout flies and wild-type animals (Figures 4.1 and 4.2).  

4.2.2  Male SpdS knockout flies displayed increased polyamine oxidase expression, whereas 

female SpdS knockout flies displayed increased spermidine/spermine N-1 acetyl transferase 

expression and variations in polyamine content. 

In order to determine how the polyamine pathway self-regulates, the expression of 

polyamine pathway enzymes was investigated. Male SpdS-/- flies showed a significant increase 

in PAO expression when compared to wild-type flies (Figure 4.3). Despite this change in the 

expression of PAO, there were no marked changes to polyamine content in male SpdS -/- flies 

(Table 4.1). Interestingly, female SpdS -/- flies experienced an upregulation of Sat1/2 (Figure 

4.4). Unlike the male SpdS-/- flies, the female SpdS-/- flies also showed a marked increase in 

putrescine content and decreased spermine content (Table 4.2). Together these data suggest that 

polyamine content and gene expression are differentially regulated in male and female flies that 

are devoid of SpdS activity. 
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Figure 4. 1  Male SpdS knockout flies weighed the same as control flies. 

(A) Weights of one-week old SpdS
  
knockout (SpdS -/-) males were compared to male wild-type 

yw controls. Bars represent means ± S.E. *p<0.05 using student’s t-test comparing SpdS -/-
 
to yw 

controls. (n=11-14). (B) One-week old male flies yw and SpdS -/- flies. A representative image is 

shown. 

Pictures provided by Dr. Justin DiAngelo. 
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Figure 4. 2  Female SpdS  knockout flies weighed the same as control flies. 

(A) Weights of one-week old SpdS
 
 knockout (SpdS -/-) females were compared to female wild-

type yw controls. Bars represent means ± S.E. *p<0.05 using student’s t-test comparing SpdS -/- 

to yw controls. (n=13-14). (B) One-week old female yw and SpdS-/- flies. A representative image 

is shown.  

Pictures provided by Dr. Justin DiAngelo. 



37 

 

Figure 4. 3 Male SpdS  knockout flies exhibit significantly decreased SpdS expression and 

significantly increased PAO expression. 

qPCR analysis for polyamine pathway genes, spermine synthase (Sms), spermidine synthase 

(SpdS), ornithine decarboxylase (Odc1), ornithine decarboxylase antizyme (Oda), 

spermine/spermidine-N1- acetyltransferase (Sat1/2), polyamine oxidase (PAO), and adenosyl-

methionine decarboxylase (SamDC), was conducted on RNA isolated from one-week old male 

SpdS
m100898 

(SpdS -/-) flies and yw controls. The expression levels of each gene were normalized 

to the expression of the ribosomal protein gene, rp49. The relative mRNA levels are shown as 

fold change compared to yw. Bars represent means ± S.E. *p<0.05 using student’s t-test 

comparing SpdS -/- to yw controls. (n= 9). 
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Concentrations of putrescine, spermidine, spermine, and spermidine to spermine were measured 

via HPLC and concentrations are presented as nmol of polyamine per mg of protein. Values are 

the means ± S.E. *p<0.05. (n= 11-14) 

Data provided by the Casero lab at Johns Hopkins University. 

 

Table 4. 1 Male SpdS  knockout flies do not display changes to the levels of putrescine, 

spermidine, and spermine when compared to control flies. 

 

 

Whole Fly 

Genotype 

Putrescine 

(nmoles/mg protein) 

Spermidine 

(nmoles/mg protein) 

Spermine 

(nmoles/mg protein) 

yw 1.76 ± 0.37 11.89 ± 1.16 0.33 ± 0.18 

SpdS -/- 2.80 ± 0.57 9.71 ± 1.53 0 ± 0.0 
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Figure 4. 4 Female SpdS knockout flies exhibit significantly decreased SpdS and Sat1/2 

expression. 

qPCR analysis for polyamine pathway genes, spermine synthase (Sms), spermidine synthase 

(SpdS), ornithine decarboxylase (Odc1), ornithine decarboxylase antizyme (Oda), 

spermine/spermidine-N1- acetyltransferase (Sat1/2), polyamine oxidase (PAO), and adenosyl-

methionine decarboxylase (SamDC), was conducted on RNA isolated from one-week old female 

SpdS
m100898 

(SpdS -/-) flies and yw controls. The expression levels of each gene were normalized 

to the expression of the ribosomal protein gene, rp49. The relative mRNA levels are shown as 

fold change compared to yw. Bars represent means ± S.E. *p<0.05 using student’s t-test 

comparing SpdS -/- to yw controls. (n= 6). 
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Concentrations of putrescine, spermidine, spermine, and spermidine to spermine were measured 

via HPLC and concentrations are presented as nmol of polyamine per mg of protein. Values are 

the means ± S.E. *p<0.05. (n= 13-14). 

Data provided by the Casero lab at Johns Hopkins University. 

 

 

 

 

 

 

Table 4. 2 Female SpdS knockout flies display significantly increased levels of putrescine 

and significantly decreased levels of spermine when compared to control flies. 

Whole Fly 

Genotype 

Putrescine 

(nmoles/mg protein) 

Spermidine 

(nmoles/mg protein) 

Spermine 

(nmoles/mg protein) 

yw 2.23 ± 0.54 22.09 ± 1.76 1.55 ± 0.38 

SpdS -/- 4.88 ± 0.88* 20.71 ± 2.42 0 ± 0.0* 
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4.2.3  Female SpdS knockout flies displayed increased triglyceride and unaffected glycogen 

storage, with fat body specific knockdowns showing increased triglyceride storage and an 

increased number of fat body cells. 

To determine whether changes in glycogen and triglyceride storage occurred in female 

SpdS-/- flies, both glycogen and triglyceride content were measured. Female flies were used in 

these studies because they are larger and thus provide more material (Table 4.2). Triglyceride 

content was noticeably increased, and glycogen levels were unchanged when studying the 

triglyceride and glycogen content in the whole fly (Figures 4.5 and 4.6). RNAi knockdown of 

SpdS in the fat bodies of flies was used to further characterize the metabolic phenotype in female 

flies. The fat bodies in which SpdS was decreased showed increased triglyceride storage, a 

decrease in glycogen storage, and an increase in the overall number of fat body cells (Figures 

4.7, 4.8, 4.9). Interestingly, triglyceride and glycogen storage did not vary per fat body cell 

(Figures 4.10 and 4.11). Together these data suggest a potential role of SpdS in regulating the 

number of fat storage cells.  

4.3  Discussion 

In this study both male and female SpdS-/- flies had alterations in polyamine pathway 

gene expression (Figures 4.3 and 4.4). Male SpdS-/- flies displayed increased PAO activity, 

while female SpdS-/- flies had increased Sat1/2 expression (Figures 4.3 and 4.4). Additionally, 

female SpdS-/- flies had increased putrescine and decreased spermine content when compared to 

control flies (Table 4.2). Male SpdS -/- flies experienced no changes in polyamine content 
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Figure 4. 5 Female SpdS knockout flies store more triglycerides than control flies. 

Triglycerides were measured in SpdS
m100898

 (SpdS -/-) mutants by homogenizing pairs of one-

week old adult female flies and yw controls. Triglyceride measurements were normalized by 

dividing by total protein content. Bars represent means ± S.E. *p<0.05 using student’s t-test 

comparing SpdS -/- to yw controls. (n=23-25). 

Data collection by Erik Avis and Elise Paskowski. 
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Figure 4. 6 Female SpdS knockout flies store the same amount of glycogen as control flies. 

Glycogen was measured in SpdS
m100898

 (SpdS -/-) mutants by homogenizing pairs of one-week 

old adult female flies and yw  controls. Glycogen measurements were normalized by dividing by 

total protein content. Bars represent means ± S.E. *p<0.05 using student’s t-test comparing SpdS 

-/- to yw controls. (n=23-25). 

Data collection by Erik Avis and Elise Paskowski. 
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Figure 4. 7 Decreasing SpdS in the fat body increases triglyceride storage in female flies. 

Triglycerides were measured in one-week old female yolk-Gal4>SpdS-RNAi flies and yolk-

Gal4>EGFP-RNAi controls. Triglyceride measurements were normalized by dividing by total 

protein content. Bars represent means ± S.E. *p<0.05 using student’s t-test comparing yolk-

Gal4>SpdS-RNAi to yolk-Gal4>EGFP-RNAi controls. (n=49-60).  

Data collection by Erik Avis and Elise Paskowski. 
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Figure 4. 8 Decreasing SpdS in the fat body results in decreased glycogen storage in female 

flies. 

Glycogen was measured in one-week old female yolk-Gal4>SpdS-RNAi flies and yolk-

Gal4>EGFP-RNAi controls. Glycogen measurements were normalized by dividing by total 

protein content. Bars represent means ± S.E. *p<0.05 using student’s t-test comparing yolk-

Gal4>SpdS-RNAi to yolk-Gal4>EGFP-RNAi controls. (n=50-60). 

Data collection by Erik Avis and Elise Paskowski. 
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Figure 4. 9 Decreasing SpdS in the fat body increased the number of fat body cells in female 

flies. 

Total DNA content was measured in fat bodies dissected from one-week old female yolk-

Gal4>SpdS-RNAi flies and yolk-Gal4>EGFP-RNAi controls. Bars represent means ± S.E. 

*p<0.05 using student’s t-test comparing yolk-Gal4>SpdS-RNAi to yolk-Gal4>EGFP-RNAi 

controls. (n=21-26). 

Data collection by Erik Avis and Elise Paskowski. 
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Figure 4. 10 Decreasing SpdS in the fat body of female flies has no effect on the amount of 

triglyceride stored in each fat body cell. 

Triglycerides were measured in fat bodies dissected from one-week old female yolk-Gal4>SpdS-

RNAi flies and yolk-Gal4>EGFP-RNAi controls. Triglyceride measurements were normalized by 

dividing by total DNA content. Bars represent means ± S.E. *p<0.05 using student’s t-test 

comparing yolk-Gal4>SpdS-RNAi to yolk-Gal4>EGFP-RNAi controls. (n=21-26). 

Data collection by Erik Avis and Elise Paskowski. 
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Figure 4. 11 Decreasing SpdS in the fat body of female flies has no effect on the amount of 

glycogen stored in each fat body cell. 

Glycogen was measured in fat bodies dissected from one-week old female yolk-Gal4>SpdS-

RNAi flies and yolk-Gal4>EGFP-RNAi controls. Glycogen measurements were normalized by 

dividing by total DNA content. Bars represent means ± S.E. *p<0.05 using student’s t-test 

comparing yolk-Gal4>SpdS-RNAi to yolk-Gal4>EGFP-RNAi controls. (n=21-26). 

Data collection by Erik Avis and Elise Paskowski. 
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(Table 4.1). Furthermore, analyses of fly weight revealed that neither male or female SpdS-/- 

flies had changes in weight when compared to wild-type flies (Figures 4.1 and 4.2). Although no 

weight changes were detected, studies looking at triglyceride and glycogen storage showed that 

female SpdS-/- flies had increased triglyceride storage (Figure 4.5). The reduction of SpdS 

through fat body specific RNAi knockdown resulted in increases in triglyceride storage and the 

number of fat body cells as well as a decrease in glycogen storage (Figures 4.7, 4.8, and 4.9). 

However, the storage of triglycerides and glycogen per fat body cell remained unchanged by the 

SpdS reduction (Figures 4.10 and 4.11). 

Studies have shown that the ablation of SpdS in E.coli resulted in reduced growth rate, 

supporting the importance of SpdS in growth and providing rationale for the hypothesis that 

SpdS -/- flies would be smaller than the controls (Tholl et al., 1998). Thus, the lack of weight 

variations between SpdS -/-  and wild-type flies was surprising given that SpdS has been shown 

to be integral to the formation of eIF5A, a translation initiation factor implicated in growth in 

higher organisms (Park et al., 2006; Nishimura et al., 2012; Chen and Chen, 1997). However, 

when examining the levels of the polyamines themselves, no changes to the polyamines in males 

were observed, which could explain why there were no changes in the size of the male flies. In 

contrast, the female SpdS -/- flies displayed higher levels of putrescine and lower levels of 

spermine but had similar levels of spermidine when compared to the control flies. Given that 

spermidine acts as the aminobutyl donor for the post-translation modification of translation 

factor eIF5A and that this modification is essential for eIF5A activity, it could be hypothesized 

that the lack of growth changes seen in the female flies corresponds to the lack of spermidine 

changes which in turn aided in the function of eIF5A to maintain growth. 
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Despite the lack of a weight difference, female SpdS-/- flies displayed a significant 

increase in putrescine content and a decrease in spermine content (Table 4.2). However, this 

alteration to polyamine content was only observed in female SpdS knockouts (Tables 4.1 and 

4.2). The observed discrepancies in polyamine content between male and female SpdS knockout 

flies could be partially due to sex differences that regulate the polyamine pathway differently in 

males and females, potentially via hormones. Previous studies in mice have shown varying 

polyamine regulation between male and female mice, namely via the activity of ODC, the 

mammalian analogue to Odc1 (Bastida et al., 2007). The difference in ODC activity was 

theorized to be due to the increased presence of testosterone in male mice compared to female 

mice, suggesting the potential role of sex hormones in regulating the polyamine pathway. 

(Bastida et al., 2007). This theory could thus help to explain the variable expression of 

polyamine pathway enzymes and the changes in polyamine content seen in the male and female 

SpdS knockout flies. However, further studies would need to be conducted to prove this 

hypothesis. 

The difference in the regulation of polyamines seen between the two sexes extends 

beyond the levels of the polyamines themselves. In these studies, it was shown that the ablation 

of  SpdS expression led to increased PAO expression in male flies, whereas SpdS-/- females 

showed decreased Sat1/2 expression (Figures 4.3 and 4.4). This variation in polyamine pathway 

gene expression between the sexes, while not fully understood, suggests that males and females 

may regulate the polyamine pathway differently. These differences in male and female 

polyamine levels and gene expression changes resulting from the same SpdS mutation establish 

variations in the regulation of back conversion and other pathway genes, potentially due to sex, 

as an area of further study in polyamine research. 
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Macromolecule analyses revealed novel impacts of SpdS ablation in regulating 

triglyceride and glycogen storage, namely via an increase in overall triglyceride storage in both 

the whole animal and specifically in the fat body (Figures 4.5, 4.7, 4.9). Polyamines have been 

previously shown to impact fat metabolism in flies, with the knockdown of Odc1 resulting in 

increased overall triglyceride storage and fat body specific triglyceride storage (Leon et al., 

2020). The Odc1 heterozygotes also showed an increase in the number of fat body cells, an 

observation that was recapitulated in the SpdS-/- females (Leon et al., 2020).  

More precisely determining the role the polyamine pathway plays in lipid metabolism is 

an area of future study, as polyamines and polyamine pathway enzymes have been linked to 

metabolic conditions in humans. PAO activity has been previously detected at increased levels in 

children with diabetes mellitus (Bjelakovic et al., 2010). This study and previous data 

underscores the importance of expanding research in diabetes and lipid metabolism to address 

the role that the polyamines may play in these physiological processes (Leon et al., 2020).  

In summary, the impacts of SpdS deletion on polyamine pathway gene expression, 

polyamine content, and the storage of triglycerides and glycogen in D. melanogaster were 

further investigated. The lack of clarification surrounding differences in polyamine content and 

pathway gene expression between male and female SpdS-/- flies warrants further research into 

possible sex-related factors affecting the regulation of the polyamine pathway. Additionally, the 

lipid metabolism data suggest that the polyamine pathway plays a role in triglyceride storage and 

fat cell proliferation. Future studies will have to be conducted to address the intermediate players 

that integrate the polyamine pathway and lipid metabolism.
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Chapter 5  
 

The deletion of Spermine synthase (Sms) changes metabolite storage, expression pf 

polyamine pathway genes, and polyamine content in Drosophila melanogaster 

5.1 Introduction 

Because polyamines play important roles in growth, development, metabolism, and 

neurobiology, investigating their regulation and establishing models to study them are of great 

importance (Wang et al., 2009; Tholl et al., 1998; Monson et al., 2016). For instance, in E.coli it 

has been shown that polyamine deficiencies, namely spermidine, result in a reduction of growth 

(Tholl et al., 1998). Another study recently showed that the knockdown of ornithine 

decarboxylase (Odc1) led to altered regulation of lipid metabolism (Leon et al., 2020). One 

emerging area of study that looks at the physiological role of polyamines involves investigating 

the role of polyamines in Snyder-Robinson syndrome (SRS). 

Originally characterized in humans in 1969, SRS was found to be an X-linked syndrome 

associated with mental retardation, osteoporosis, low muscle mass, facial asymmetry, seizures 

and hypotonia (Snyder and Robinson, 1969). SRS has since been linked to a mutation of the 

spermine synthase (Sms) gene which is located, in humans, at chromosome Xp22.11 (Arena et 

al., 1996). Sms is active as a homodimer and catalyzes the production of spermine from the 

precursor spermidine (Wu et al., 2008). This reaction involves the transfer of an aminopropyl 

group from decarboxylated S-adenosylmethionine (dcAdoMet), similar to the formation of 

spermidine from dcAdoMet and putrescine (Pegg and Williams-Ashman, 1969; Reviewed in 

[Pegg, 2014]). Due to its mode of inheritance, SRS typically affects males. Males with the most 
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severe form of this disease lack the functional Sms protein which results in high levels of 

spermidine and almost completely ablated levels of spermine. 

In 1986 a mutated mouse strain was created via X-irradiation (Lyon et al.). The male 

offspring exhibited rickets, hypophosphatemia, decreased size, sterility, neurological anomalies, 

shortened lifespan, and a circling behavior which led them to be called Gyro or Gy mice (Lyon et 

al., 1986). It was not until 1998 that two groups discovered that the Gy mice had deletions in 

their X-chromosome at the Sms gene (Lorenz et al., 1998). In a proof of principle experiment, it 

was shown that the Gy mice’s phenotype was mainly due to the deletion of the Sms gene and not 

due to the partial deletion of an adjacent gene Phex. In this experiment, Gy mice were bred with 

CAG-SpmS mice which overexpress Sms constitutively. The offspring with the transgene 

exhibited normal balance, fertility and lifespan despite the Gy mutation proving that those 

phenotypic traits were due to the ablation of the Sms gene. However, these mice displayed 

hypophosphatemia and still exhibited lower weight due to bone loss when compared to their 

control littermates, which was attributed to the partial loss of the Phex gene (Lorenz et al., 1998). 

Thus, it was shown that spermine was needed for normal neurological activity, fertility and 

viability in male mice (Wang et al., 2004). 

In these studies, the impact of Sms deletion on male and female flies (denoted herein as 

Sms-/-) was described by quantifying polyamine content and expression of polyamine pathway 

genes. The weights of Sms-/- flies were also measured to determine any changes in growth 

between Sms-/- and wild-type flies. Moreover, female Sms-/- and control flies were analyzed to 

better understand the role of Sms in regulating whole-body and fat body-specific storage of 

triglycerides and glycogen.  
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Overall it was shown that Sms-/- flies weighed less than the control flies. Male Sms -/- 

flies showed lower expression of Sms, spermidine synthase (SpdS) and ornithine decarboxylase 

(Odc1) while also displaying higher polyamine oxidase (PAO) expression levels when compared 

to control flies. Female flies showed decreased expression of Sms, SpdS, Odc1 and S-

adenosylmethionine decarboxylase (SamDC) while showing increased spermine/spermidine-N1- 

acetyltransferase (Sat1/2) expression. Both male and female Sms-/- flies displayed reduced 

spermine concentrations and increased spermidine to spermine ratios. Additionally, spermidine 

levels were decreased in female Sms-/- flies. Metabolite analyses revealed reduced glycogen 

storage in the whole-body and fat body of female flies. Both the fat body triglyceride levels and 

number of fat body cells were increased in Sms knockdown flies. 

5.2 Results 

5.2.1 Male and female Sms knockout flies weighed less than wild-type flies.  

To investigate the impact that the ablation of Sms had on an organism, Drosophila 

melanogaster was used as a model system. Both male and female Sms-/- flies had reduced 

weight when compared to wild-type flies (Figures 5.1 and 5.2). 
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Figure 5. 1  Male Sms knockout flies weighed less than control flies. 

(A) Weights of one-week old Sms
c909

 (Sms -/-) males were compared to male wild-type w1118 

controls. Bars represent means ± S.E. *p<0.05 using student’s t-test comparing Sms -/- to w1118 

controls. (n=10-14). (B) One-week old male w1118 and Sms -/- flies. A representative image is 

shown. 

Pictures provided by Dr. Justin DiAngelo. 
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Figure 5. 2 Female Sms knockout flies weighed less than control flies. 

(A) Weights of one-week old Sms
c909

 (Sms -/-) females were compared to female wild-type 

w1118 controls. Bars represent means ± S.E. *p<0.05 using student’s t-test comparing Sms -/- to 

w1118 controls. (n=11-12). (B) One-week old female Sms -/-
 
flies displayed a smaller abdomen 

compared to w1118 controls. A representative image is shown.  

Pictures provided by Dr. Justin DiAngelo. 
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5.2.2 Male and female Sms knockout flies displayed expression changes in enzymes that are 

involved in the polyamine pathway. 

In order to determine the effect that Sms knockout had on the expression of other 

enzymes in the polyamine pathway, RNA expression was measured. Male Sms-/- flies showed 

significantly decreased expression of Odc1 and SpdS while also displaying a marked increase in 

PAO expression (Figure 5.3). Female Sms-/- flies also exhibited a downregulation of Odc1and 

SpdS, along with decreased SamDC expression. Moreover, female Sms-/- flies demonstrated 

increased Sat1/2 expression (Figure 5.4). Together these data suggest that the knockout of Sms 

impacts the expression of other enzymes involved in polyamine metabolism. 

5.2.3 Both male and female Sms-/- flies displayed reductions in spermine content and 

increased spermidine to spermine ratios while female knockout flies also showed a decreased 

spermidine content. 

In order to determine the impact of Sms depletion on the polyamine levels, polyamine 

content was measured. Male Sms-/- flies displayed a substantial decrease in spermine content 

and an increase in the spermidine to spermine ratio (Table 5.1). Female Sms-/- flies also 

demonstrated decreased spermine content and an increased spermidine to spermine ratio, but also 

exhibited a substantial decrease in spermidine content (Table 5.2). These data confirm that 

knocking out the Sms enzyme can lead to a decrease in the production of spermine. Additionally, 

they suggest that there could be a sex-linked difference in how flies process polyamines. 
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Figure 5. 3 Male Sms knockout flies exhibit significantly decreased Sms, SpdS, and Odc1 

expression and significantly increased PAO expression. 

qPCR analysis for polyamine pathway genes, spermine synthase (Sms), spermidine synthase 

(SpdS), ornithine decarboxylase (Odc1), ornithine decarboxylase antizyme (Oda), 

spermine/spermidine-N1- acetyltransferase (Sat1/2), and polyamine oxidase (PAO) was 

conducted on RNA isolated from one-week old male Sms
c909 

(Sms -/-) flies and wild-type w1118 

controls. Adenosyl-methionine decarboxylase (SamDC) levels were measured but undetectable 

in mutants. The expression levels of each gene were normalized to the expression of the 

ribosomal protein gene, rp49. The relative mRNA levels are shown as fold change compared to 

w1118. Bars represent means ± S.E. *p<0.05 using student’s t-test comparing Sms -/- to w1118 

controls. (n= 4). 
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Figure 5. 4 Female Sms knockout flies exhibit significantly decreased Sms, SpdS, Odc1, and 

SamDC expression and significantly increased Sat1/2 expression. 

qPCR analysis for polyamine pathway genes, spermine synthase (Sms), spermidine synthase 

(SpdS), ornithine decarboxylase (Odc1), ornithine decarboxylase antizyme (Oda), 

spermine/spermidine-N1- acetyltransferase (Sat1/2), polyamine oxidase (PAO), and adenosyl-

methionine decarboxylase (SamDC), was conducted on RNA isolated from one-week old female 

Sms
c909 

(Sms -/-) flies and wild-type w1118 controls. The expression levels of each gene were 

normalized to the expression of the ribosomal protein gene, rp49. The relative mRNA levels are 

shown as fold change compared to w1118. Bars represent means ± S.E. *p<0.05 using student’s 

t-test comparing Sms -/- to w1118 controls. (n= 5). 
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Concentrations of putrescine, spermidine, spermine, and spermidine to spermine were measured 

via HPLC and concentrations are presented as nmol of polyamine per mg of protein. Values are 

the means ± S.E. *p<0.05. (n= 10-14). 

Data provided by the Casero lab at Johns Hopkins University 

 

  

 

Table 5. 1 Male Sms knockout flies display significantly decreased levels of spermine and a 

significantly increased  spermidine to spermine ratio when compared to control flies. 

Whole Fly 

Genotype 

Putrescine 

(nmoles/mg protein) 

Spermidine 

(nmoles/mg protein) 

Spermine 

(nmoles/mg protein) 

 spermidine to spermine 

ratio 

w1118 0.38 ± 0.05 6.87 ± 0.35 2.09 ± 0.14 3.64 ± 0.54 

Sms -/- 0.25 ± 0.09 7.77 ± 0.51 0.86 ± 0.16* 10.70 ± 1.09* 
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Concentrations of putrescine, spermidine, spermine, and spermidine to spermine were measured 

via HPLC and concentrations are presented as nmol of polyamine per mg of protein. Values are 

the means ± S.E. *p<0.05. (n= 11-12). 

Data provided by the Casero lab at Johns Hopkins University. 

 

 

 

 

 

 

Whole Fly 

Genotype 

Putrescine 

(nmoles/mg protein) 

Spermidine 

(nmoles/mg protein) 

Spermine 

(nmoles/mg protein) 

Spermidine to 

spermine ratio 

w1118 0.66 ± 0.03 13.25 ± 0.48 2.26 ± 0.06 5.84 ± 0.08 

Sms -/- 0.60 ± 0.03 10.02 ± 0.24* 0.90 ± 0.04* 11.38 ± 0.52* 

Table 5. 2 Female Sms knockout flies display significantly decreased levels of spermidine 

and spermine and a significantly increased  spermidine to spermine ratio when compared 

to control flies. 
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5.2.4 Female Sms knockout flies showed whole-body decreases in triglycerides and glycogen 

content, fat body-specific decreases in glycogen levels, and fat body-specific increases in 

triglycerides and the number of fat body cells. 

To characterize the metabolic changes due to the deletion of Sms, triglyceride and 

glycogen storage were measured in female Sms-/- flies. In the whole-body, the Sms-/- flies 

demonstrated decreased triglyceride and glycogen content (Figures 5.5 and 5.6). The fat body-

specific RNAi knockdowns of Sms revealed increased triglyceride content and decreased 

glycogen content (Figures 5.7 and 5.8). The number of fat body cells in the Sms knockdowns 

was also greater when compared to wild-type flies (Figure 5.9). However, the fat body-specific 

Sms knockdown did not lead to changes in the triglyceride and glycogen content per fat body 

cell (Figures 5.10 and 5.11). Together these data suggest that Sms plays a role in glycogen and 

triglyceride storage in the whole animal. The data further suggest that the knockdown of Sms in 

the fat body can cause an increase in the number of fat body cells. 

5.3 Discussion 

Both male and female Sms-/- flies displayed reduced weight (Figures 5.1 and 5.2). 

Additionally, the ablation of Sms was shown to impact the expression of other polyamine 

pathway genes (Figures 5.3 and 5.4). Male Sms-/- flies displayed decreased expression of Odc1 

and SpdS, along with an increased expression of PAO (Figure 5.3). Similarly, female Sms-/- flies 

experienced reductions in SpdS and Odc1 expression, but they also demonstrated reduced 

SamDC expression and increased expression of Sat1/2 (Figure 5.4). Moreover, both male and 

female Sms-/- flies had significantly diminished spermine content and increased spermidine to 

spermine ratios, with females displaying an additional reduction in spermidine content  
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Figure 5. 5 Female Sms knockout flies store less triglycerides than control flies. 

Triglycerides were measured in Sms
c909 

(Sms -/-) mutants by homogenizing pairs of one-week old 

adult female flies and w1118 controls. Triglyceride measurements were normalized by dividing 

by total protein content. Bars represent means ± S.E. *p<0.05 using student’s t-test comparing 

Sms -/-  to w1118 controls. (n=22-25). 

Data collection by Erik Avis and Elise Paskowski. 
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Figure 5. 6 Female Sms knockout flies store less glycogen than control flies. 

Glycogen was measured in Sms
c909

 (Sms -/-) mutants by homogenizing pairs of one-week old 

adult female flies and w1118 controls. Glycogen measurements were normalized by dividing by 

total protein content. Bars represent means ± S.E. *p<0.05 using student’s t-test comparing     

Sms -/- to w1118 controls. (n=23-25).  

Data collection by Erik Avis and Elise Paskowski. 
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Figure 5. 7 Decreasing Sms in the fat body results in an increase in triglyceride storage in 

female flies. 

Triglycerides were measured in one-week old female yolk-Gal4>Sms-RNAi flies and yolk-

Gal4>EGFP-RNAi controls. Triglyceride measurements were normalized by dividing by total 

protein content. Bars represent means ± S.E. *p<0.05 using student’s t-test comparing yolk-

Gal4>Sms-RNAi to yolk-Gal4>EGFP-RNAi controls. (n=19-20). 

Data collection by Erik Avis and Elise Paskowski. 
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Figure 5. 8 Decreasing Sms in the fat body results in decreased glycogen storage in female 

flies. 

Glycogen was measured in one-week old female yolk-Gal4>Sms-RNAi flies and yolk-

Gal4>EGFP-RNAi controls. Glycogen measurements were normalized by dividing by total 

protein content. Bars represent means ± S.E. *p<0.05 using student’s t-test comparing yolk-

Gal4>Sms-RNAi to yolk-Gal4>EGFP-RNAi controls. (n=20). 

Data collection by Erik Avis and Elise Paskowski. 
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Figure 5. 9 Decreasing Sms in the fat body increased the number of fat body cells in female 

flies. 

Total DNA content was measured in fat bodies dissected from one-week old female yolk-

Gal4>Sms-RNAi flies and yolk-Gal4>EGFP-RNAi controls. Bars represent means ± S.E. 

*p<0.05 using student’s t-test comparing yolk-Gal4>Sms-RNAi to yolk-Gal4>EGFP-RNAi 

controls. (n=54-55). 

Data collection by Erik Avis and Elise Paskowski. 
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Figure 5. 10 Decreasing Sms in the fat body has no effect on the amount of triglyceride stored 

in each fat body cell in female flies. 

Triglycerides were measured in fat bodies dissected from one-week old female yolk-Gal4>Sms-

RNAi flies and yolk-Gal4>EGFP-RNAi controls. Triglyceride measurements were normalized by 

dividing by total DNA content. Bars represent means ± S.E. *p<0.05 using student’s t-test 

comparing yolk-Gal4>Sms-RNAi to yolk-Gal4>EGFP-RNAi controls. (n=54-55). 

Data collection by Erik Avis and Elise Paskowski. 
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Figure 5. 11 Decreasing Sms in the fat body has no effect on the amount of glycogen stored 

in each fat body cell in female flies. 

Glycogen was measured in fat bodies dissected from one-week old female yolk-Gal4>Sms-RNAi 

flies and yolk-Gal4>EGFP-RNAi controls. Glycogen measurements were normalized by dividing 

by total DNA content. Bars represent means ± S.E. *p<0.05 using student’s t-test comparing 

yolk-Gal4>Sms-RNAi to yolk-Gal4>EGFP-RNAi controls. (n=54-55). 

Data collection by Erik Avis and Elise Paskowski. 
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(Tables 5.1 and 5.2). Triglyceride and glycogen storage assays revealed significant reductions in 

triglyceride and glycogen content in Sms-/- female flies (Figures 5.5 and 5.6). However, fat 

body-specific knockdown of Sms resulted in increased triglyceride storage, decreased glycogen 

storage, and an increased number of fat body cells (Figures 5.7, 5.8, and 5.9). Despite the 

changes seen in universal triglyceride and glycogen storage, triglyceride and glycogen storage 

per fat body cell was unchanged in Sms knockout flies (Figures 5.10 and 5.11). 

The data described here fit with previous studies of Sms-deficient model organisms. 

Interestingly, in both mammalian and yeast tissue culture systems the ablation of Sms activity 

did not hinder cell growth (Hamasaki-Katagiri et al., 1998; Pegg and Coward, 1985). However, 

in the Sms deficient Gy mice a reduced size was observed when the Gy mice were compared to 

littermates. The data here recapitulate these finding as the Sms-/- flies weighed less than wild-

type flies (Wang et al., 2004; Figures 5.1 and 5.2). These findings support the hypothesis that 

Sms plays a pivotal role in growth.  

Gene expression analyses revealed that both male and female Sms-/- flies showed 

decreased Odc1 and SpdS expression, yet females also showed decreased SamDC expression 

(Figures 5.3, and 5.4). Although SRS and Sms deficiencies have not been well characterized in 

females, the model demonstrates potentially novel impacts of Sms mutation in females as 

females, unlike males, exhibit decreased SamDC expression and increased Sat1/2 expression 

(Lyon et al., 1986; Figure 5.4). Interestingly, both males and females demonstrated significant 

increases in the expression of genes implicated in polyamine catabolism, specifically, PAO in 

males and Sat1/2 in females (Figures 5.3 and 5.4). The mechanism accounting for these 

differences is unclear, though it could potentially be due to differences in hormonal regulation. 
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Bastida et al. showed testosterone and other sex-specific hormones led to varying polyamine 

regulation between males and females (Bastida et al., 2007).  

The roles of Sms and spermine in lipid formation was further investigated as both Sms-/- 

male and female flies experienced diminished spermine content and increased ratios of 

spermidine to spermine. This ratio was found to be elevated in 3T3-L1 adipocytes during 

differentiation, supporting its potential importance in lipid storage and regulation (Tables 5.1 and 

5.2; Reviewed in [Pegg, 2014]; Ishii et al., 2012; Bethell and Pegg, 1981). Interestingly, the 

female Sms-/- flies demonstrated significantly decreased spermidine content (Table 5.2). This 

was surprising given the increased expression of genes involved in interconversion of 

polyamines, PAO and Sat1/2, which facilitate formation of putrescine and spermidine (Figures 

5.3 and 5.4). The discrepancy seen between these data may be due to the polyamine transport 

system or due to the fact that previous studies involved male Gy mice and the current study 

focused on females. 

The triglyceride and glycogen data described are consistent with the 3T3-L1 adipocyte 

model (Figures 5.5 and 5.7). The observed decrease in overall triglyceride content was consistent 

with the decrease in lipid accumulation that was seen when 3T3-L1 cells were treated with a Sms 

inhibitor (Ishii et al., 2012). Interestingly, the fat body-specific knockdown data do not agree 

with the findings from the whole animal (Figures 5.5 and 5.7). One reason for this may be 

because the knockdown of Sms is not sufficient to create a similar phenotype seen in the 

knockout fly. In order to test this idea, Sms must be reduced to a threshold that will display the 

Sms-/- phenotype. 

There were marked whole body and fat body-specific decreases in glycogen storage in 

the Sms deficient systems utilized in this study, and these findings represent a novel role of Sms 
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in regulating glucose metabolism (Figures 5.6 and 5.8). Glycogen storage disorders such as 

storage disorder type four (GSD IV) have been previously associated with hypotonia, and could 

suggest that glycogen storage malfunctions may contribute to the phenotypes associated with 

SRS and Sms deficiency (Wang et al., 2004; Peron et al., 2013; Burrow et al., 2006). Future 

studies could aid in better understanding the mechanism by which this glycogen storage 

phenotype may be associated with SRS and spermine deficiency. 

In summary, the effect of knocking out Sms in D. melanogaster and its impact on 

polyamine content, storage of triglycerides and glycogen, and expression of genes implicated in 

polyamine biosynthesis was characterized and investigated. The analyses conducted suggest the 

role of Sms in regulating the expression of several pathway genes. However, the mechanisms 

surrounding the different ways in which males and females respond to Sms ablation through the 

polyamine pathway and the polyamines themselves remain elusive. This study also highlights the 

role Sms has in regulating lipid metabolism and glycogen storage. Future investigations are 

necessary to better understand the mechanism by which Sms impacts glycogen and lipid storage. 

Furthermore, a more robust study of these models is warranted to better characterize not only 

polyamine gene expression changes, but also changes to enzyme activity that result from the Sms 

downregulation.  
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Chapter 6  
 

Discussion 

6.1 General Summary of Findings and Conclusions 

The primary goal of these studies was to better characterize the roles of the polyamine 

genes ornithine decarboxylase (Odc1), spermidine synthase (SpdS), and spermine synthase 

(Sms) in male and female Drosophila melanogaster. The effect that decreasing these genes had 

on triglyceride and glycogen metabolism, polyamine content, and the gene expression of other 

polyamine pathway enzymes was thoroughly investigated and described. 

6.1.1   The influence of Odc1 knockdown and SpdS and Sms knockout on the polyamine pathway 

and the weight of flies.  

In males, Odc1 reduction led to decreased spermidine content and increased spermine 

content without changes in the gene expression of other polyamine pathway enzymes (Table 3.1 

and Figure 3.1). The ablation of SpdS in male flies resulted in the upregulation of polyamine 

oxidase (PAO) without affecting polyamine content (Figure 4.3 and Table 4.1). In the male SpdS 

-/- model, this shift in upregulating the expression of catabolic enzymes may be done, in part, to 

maintain polyamine homeostasis because PAO aids in the back conversion of polyamines 

(Reviewed in [Pegg, 2014]). As SpdS was no longer expressed in the model and would not be 

able to form the higher polyamines, PAO would aid in converting the existing polyamines back 

to less complex forms, such as putrescine. (Reviewed in [Pegg, 2014] ; Ikeguchi et al., 2006). 

This would aid in the maintenance of homeostatic polyamine levels. 
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Unlike their male Odc1+/- and SpdS -/- counterparts, a significant reduction in weight 

was observed in male flies deficient of Sms, a phenotype that was previously observed in Gy 

mice and is associated with SRS in humans (Figure 5.1; Reviewed in [Pegg, 2014]; Murray-

Stewart et al., 2018; Schwartz et al., 2011). Additionally, polyamine pathway enzymes’ gene 

expression varied more in Sms knockout flies with Sms -/- males showing reduced expression of 

Odc1 and SpdS and increased PAO expression (Figure 5.3). Whether the upregulation of PAO 

seen in this model is directly or indirectly due to the ablation of Sms is unclear, as a similar 

upregulation of PAO was observed in the SpdS knockout flies. The downregulation of 

biosynthetic genes (Odc1 and SpdS) could be circumvented by the upregulation of PAO and the 

back conversion of the polyamines (Figure 5.3; Ikeguchi et al., 2006; Tobias and Kahana, 1993; 

Reviewed in [Pegg, 2014]). This back conversion to spermidine and, potentially, putrescine 

could explain why these flies displayed decreased spermine content and a substantially increased 

spermidine to spermine ratio (Table 5.1).  

The knockdown of Odc1 in females did not correlate with any appreciable differences in 

polyamine content, attesting to the importance of maintaining homeostatic polyamine levels in 

the model system (Table 3.2). However, it was observed that female flies showed a reduction in 

ornithine decarboxylase antizyme (Oda) expression (Figure 3.2). Given that Oda binds to Odc1 

and aids in its degradation by the 26S proteasome, these results were not surprising (Reviewed in 

[Nowotarski et al., 2013]). For example, Zhu et al. showed similar results in a human mammary 

cell culture model (2012). Moreover, previous studies in L1210 leukemia cells have shown that 

Odc1 inhibition correlated with a downregulation of Oda expression, consistent with the findings 

described in this body of work (Nilsson et al., 1997). Thus, based on previous findings and the 

current study, it was hypothesized that the reduction in expression of Oda may allow the lower 
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level of Odc1 to function without inhibition and aid in maintaining homeostatic levels of the 

polyamines. 

 Female SpdS knockout flies showed decreased spermine/spermidine N1-acetyltransferase 

(Sat1/2) expression along with undetectable spermine levels and a two-fold increase in 

putrescine content (Figure 4.4 and Table 4.2). These data make sense because SpdS converts 

spermidine to spermine. The downregulation of Sat1/2 may be an attempt by the fly to maintain 

homeostatic levels by blocking the catabolism of polyamines.  

 The knockout of Sms though led to a substantial increase in Sat1/2 expression, along 

with decreased SpdS, Odc1, and S-adenosylmethionine decarboxylase (SamDC) expression 

(Figure 5.4). The ablation of Sms in females also led to lower weights and substantial decreases 

in spermidine and spermine content while displaying an approximately two-fold increase in the 

spermidine to spermine ratio (Figure 5.2 and Table 5.2). As stated above, the weight phenotype 

in Sms knockout females is consistent with previous findings in Gy mice (Wang et al., 2004; 

Peron et al., 2013). These data highlight the complexity of how the polyamine pathway self-

regulates in order to try to maintain threshold levels of polyamines. 

It was interesting to discover that the polyamine pathway was regulated differently in 

males and females. For example, the male and female Sms knockout models both displayed the 

downregulation of  Odc1 and SpdS and the upregulation of a gene involved in polyamine 

catabolism, albeit in the female model Sat1/2 was upregulated whereas the male model 

upregulated PAO (Figures 5.3 and 5.4). Although both processes facilitate back conversion, 

these data suggests that the regulation of these genes and mechanisms by which they are 

activated may vary between males and females. In addition, the downregulation of SamDC in 

Sms -/- females as well as the reduction of Oda in Odc1 +/- females further highlight that males 
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and females regulate the polyamine pathway differently (Figures 3.2 and 5.4). Previous studies 

have detailed potential contributors that influence the difference in polyamine regulation 

between the two sexes. For example, studies on mouse kidneys and adrenal tissue suggested that 

potential differences in polyamine regulation between males and females could be due to the 

presence of higher levels of testosterone in males (Bastida et al., 2007; Goldstone et al., 1982). 

The fly model used here further suggests that polyamine pathway regulation may be influenced 

by physiological and hormonal differences between males and females.   

6.1.2 Spermidine synthase and spermine synthase influence triglyceride and glycogen storage in 

female Drosophila. 

To determine the roles that SpdS and Sms had on the triglyceride and glycogen storage in 

the female animals, stored glycogen and triglycerides in the whole fly and fat body were 

measured. Females were used for these studies because they are larger and provide more material 

for the studies than male flies. Prior studies on Odc1+/- flies have shown that Odc1 impacts 

triglyceride storage (Leon et al., 2020). Here, novel data were shown to further characterize the 

role of polyamine enzymes in triglyceride and glycogen storage. SpdS-/- flies stored more 

triglycerides and fat-body specific SpdS knockdown flies stored more triglycerides but displayed 

decreased glycogen storage (Figures 4.5, 4.7 and 4.8). Interestingly, the number of fat body cells 

increased in female flies that had decreased SpdS expression (Figure 4.9).  

In contrast, Sms-/- flies stored less triglycerides and glycogen when compared to control 

flies (Figures 5.5 and 5.6). These data are fitting as the flies weigh less (Figures 5.1 and 5.2). 

However, the knockdown of Sms in fat bodies revealed increased triglyceride storage, decreased 

glycogen storage and an increase in the number of fat body cells (Figures 5.7, 5.8, and 5.9). 
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These findings highlight the complexity of whole body versus tissue specific lipid storage in flies 

and suggest that Sms plays a role in lipid metabolism.  

In the female flies, an increase in the spermidine to spermine ratio was observed (Table 

5.2). These data are supported by previous studies conducted in 3T3-L1 adipocytes that showed 

an increased spermidine to spermine ratio when exposed to a Sms inhibitor (Ishii et al., 2012). In 

contrast, utilizing a SpdS inhibitor on 3T3-L1 adipocytes undergoing differentiation did not 

cause any changes to the ratio of spermidine to spermine and these data are consistent with the 

present findings. Moreover, the increased SSAT activity shown in 3T3-L1 cells treated with a 

SpdS inhibitor is in agreement with findings that Sat1/2 was upregulated in SpdS -/- female flies 

(Figure 5.2) (Ishii et al., 2012). Taken together, this model further underscores the potential role 

of the spermidine to spermine ratio in fat metabolism and potentially adipocyte development and 

the importance of the polyamine pathway in lipid metabolism. 

6.2  Future Directions  

The observations made in this study support the need for further research to more 

precisely determine the roles of Odc1, SpdS, and Sms in lipid metabolism to enhance the 

understanding of how the polyamine pathway self-regulates. The experiments described here 

provide some ideas for future research. 

6.2.1 Determining the role of the polyamine transport system in the current model systems. 

 Future studies could be directed towards characterizing the polyamine transport system 

in the various model systems. In all of the models, altered gene expression occurred in one or 
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more polyamine enzymes; however, not all of the utilized model systems displayed changes to 

the levels of the polyamines themselves. This could be, in part, due to changes to the polyamine 

transport system in the various models. As the polyamine transport system has not been fully 

characterized in higher organisms, future studies could investigate the use of the transporter(s) in 

Odc1, SpdS, and Sms deficient models to observe how exogenous polyamines may be mobilized 

to compensate for losses within a cell (Belting et al., 2003; Poulin et al., 2012).  

6.2.2 Understanding the influence of sex in the self-regulation of the polyamine pathway. 

An additional area of future investigation should be determining the mechanisms 

involved in creating different responses in males and females when the polyamine pathway is 

altered. The data here provide rationale for investigating the potential roles hormones play in the 

self-regulation of the polyamine pathway, showing that polyamine enzyme expression and 

polyamine concentrations between male and females can differ. Such differences in polyamine 

regulation have previously been described in mice (Bastida et al., 2007; Goldstone, 1982). One 

future project would be expanding these findings to include Drosophila melanogaster. 

6.2.3 Determining the interplay of the polyamine pathway and lipid metabolism. 

A more thorough understanding of the roles of SpdS and Sms on fatty acid metabolism is 

another area of potential research for the Nowotarski research laboratory group. Odc1 

knockdown has been previously shown to increase the expression of genes involved in fatty acid 

synthesis and overall triglyceride storage (Leon et al., 2020). Moreover, previous studies have 

shown that mice on a high fat diet that were given spermine displayed reduced adiposity and had 
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improved glucose tolerance (Sadasivan et al., 2014). Exogenous spermidine administration also 

improved glucose tolerance and reduced lipid accumulation in another study of mice fed on a 

high fat diet (Ma et al., 2021). In another study, spermidine was shown to attenuate weight gain 

and comorbidities of diabetes (Fernandez et al., 2017). These previous findings, as well as the 

current data presented here, support the need to further investigate the link between polyamines 

and lipid metabolism. Additionally, it is necessary to further characterize the complex 

mechanism of whole-body lipid metabolism and how this is similar or different to the tissue-

specific lipid metabolism in flies.  

6.3 Overall Conclusions  

In summary, the results of this study have further characterized the roles of Odc1, SpdS, 

and Sms in the self-regulation of the polyamine pathway. Moreover, the influence of SpdS and 

Sms on triglyceride and glycogen storage was shown. Overall, the data suggest that the 

regulation of the enzymes involved in the polyamine pathway as well as the concentration of the 

polyamines themselves is highly complex and differs between male and female flies, attesting to 

the importance of maintaining tightly regulated levels of the polyamines. Additionally, the 

metabolic phenotypes that were observed support potential roles of SpdS and Sms in regulating 

triglyceride and glycogen storage. The exact mechanisms by which SpdS and Sms influence 

triglyceride and glycogen metabolism are unknown and remain an area of interest. These 

findings further support the necessity of polyamine pathway research by highlighting the role 

that the polyamine pathway plays in lipid metabolism. 
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Summer Research Intern- Penn State College of Medicine    May 2019- Aug. 2019 

• Conducted DNA and protein analysis on Acute Myeloid Leukemia and Amyotrophic Lateral Sclerosis samples 

to confirm presence of detected mutations and track neuronal development. 

• Presented research at an undergraduate poster session 

 

19th Annual Undergraduate HECBC Research and Creativity Conference  Spring 2018 

• Presented a literary analysis of chemistry principles in Alice in Wonderland 

 

 

LEADERSHIP AND DEVELOPMENT EXPERIENCE 

Penn State Berks Lion Ambassador       Spring 2018 – Present 

• Welcomed and gave tours to visitors, including prospective students, families, and employees 

• Served as the Social Director for 1.5 years organizing group events, fundraisers, and community service 

events for the organization 

• Served as the Executive Director for 1 year, leading the organization and its members, setting large scale 

goals, and serving as the organizational liaison to administration 

 

Penn State Berks Chancellor’s Circle Dinner Speaker     Fall 2017 – Fall 2020 

• Spoke about my experience and involvement at Berks to potential and existing campus donors through the 

Office of Development 

 

Undergraduate Student Mentor         Fall 2018 – Fall 2020 

• Guided first-year and second-year students and provided in-class and out-of-class workshops and discussions 

on adjusting to college 

• Mentored for Honors, non-Honors, and accelerated first-year seminar and Honors upper-level technical writing 

courses. 

 

Penn State Berks Welcome Weekend Orientation Leader    Fall 2018 – Fall 2020 

• Assisted incoming students during their first week(s) on campus, including move-in, finding classes, and 

forming connections with peers of their class. 

• Served as a member of the Lead Team training other orientation leaders on how to facilitate breakout sessions 

with incoming students 

• Served as a Color Captain, leading my own group of orientation leaders and training them within a smaller 

group setting as opposed to within the large group 

 

Penn State Berks Benefitting THON       Fall 2019 - Spring 2020 

• Served as an Outreach Captain and led a group to help raise funds for the larger THON organization 

 

Chemistry Teaching Assistant         Spring 2018 - Fall 2019 

• Worked to tutor and guide students in and out of class on general chemistry lecture and organic chemistry 

laboratory information 

 

Penn State Berks Student Government Association     Fall 2017 - Spring 2019 



 
• Worked to draft policies and initiatives on community service, diversity and inclusion, and campus renovations 

• Served as First-Year Representative for 1 year and Chief of Staff for 1 year 

 

TEDxPSUBerks, Assistant Marketing Coordinator     Fall 2018 

• Assisted Team Management and Marketing Director in organizing social media and other outreach initiatives 

for the TEDxPSUBerks event


