
 
 

IN VITRO AND IN VIVO STUDIES DEMONSTRATE A ROLE 
FOR SH3PX1 IN LAMELLIPODIA FORMATION. 

 

 

By 

Lawrence Hicks  

 

 

 

Submitted to the Faculty of the Graduate School  

of Augusta University in partial fulfillment 

of the Requirements of the Degree of  

Doctor of Philosophy 

 
May 

 
2018 

 

COPYRIGHT© 2018 by Lawrence Hicks  



 
 

ACKNOWLEDGEMENTS 
 
 Many sincere thanks are in order for my advisor Dr. Graydon Gonsalvez. I would 

like to extend special acknowledgement to my advisory committee members, Dr. Wendy 

Bollag, Dr. Ellen LeMosy, Dr. Paul McNeil, and Dr. Y. Albert Pan. These mentors have 

provided invaluable guidance in their pursuit of scientific findings.  

The kind support of Cellular Biology & Anatomy Chair and Regents Professor 

Dr. Sylvia Smith and Cellular Biology & Anatomy office staff is greatly appreciated. I 

would like to express my appreciation for Dr. Mitch Watsky, Dr. Patricia Cameron and 

the graduate school office staff.  Dr. Paul McNeil, Dr. Anna McNeil, and Tim Kurtz are 

due thanks for aiding in the success of many imaging experiments. 

I would like to thank Dr. O’Connor-Giles, Dr. Elizabeth Ables, Dr. Derek 

Applewhite and their lab members for their collaborative efforts on this project. 

Constructs sent to us by Dr. Avital Rodal and Dr. Michael Davidson are very much 

appreciated.  

I have benefitted from and enjoyed the company of many laboratory members 

including Sumin, Guojun, Rajee, Suchreet, Hannah, Paulomi, Keely, Devi, and Chandler. 

In my mind are several other fellow graduate students of the Cellular Biology & 

Anatomy Department and the Biomedical Sciences Ph.D. Program. 

 



 
 

Contributions of additional authors  

 Graydon Gonsalvez codirected project design, assisted in results analysis, and 

occasionally assisted in performing experiments. 

 Sumin Lu assisted in development of our antibody against Sh3px1 and in 

preliminary characterization of Sh3px1 in S2 cells before I entered the Gonsalvez 

laboratory.  

 Guojun Liu completed the cloning of pUASP MutPX and MutBAR constructs for 

cell line expression.  

 Hannah Neiswender assisted in fly crossing for quantifying in vivo phenotypes 

and performing ongoing Scar association studies. 

    

Graydon Gonsalvez          Sumin Lu             Guojun Liu               Hannah Neiswender 

 

This work was supported by a grant from the National Institutes of Health 

[1R01GM100088-01], an intramural pilot project grant from Augusta University 

[PSRP00070] to Dr. Gonsalvez, and by teaching fellowships through the Cellular 

Biology & Anatomy Department and the Biological Sciences Department at Augusta 

University. 



 
 

ABSTRACT 

 
LAWRENCE HICKS 
In vitro and in vivo studies demonstrate a role for Sh3px1 in lamellipodia 
formation.  
(Under the direction of GRAYDON GONSALVEZ) 
 

 Actin remodeling and endocytosis are essential functions for most cells. Defects 

in these processes present in a variety of diseases. Sorting nexins are known to contribute 

to endocytic uptake, cytokinesis, the retromer complex, and autophagy. Sorting nexin 9 

(Snx9) interacts with major endocytic factors and proteins involved in regulation of actin 

cytoskeleton dynamics. Nonetheless, Snx9’s exact in vivo roles in these basic cellular 

processes and disease mechanisms are not known. By examining the roles of Sh3px1, we 

can better understand the mechanism by which this protein contributes to endocytosis and 

actin remodeling in vivo. Two additional paralogs, Snx18 and Snx33, complicate studies 

in mammalian models due to potential redundant mechanisms. Utilizing the single 

ortholog in Drosophila, sh3px1, this report describes the function of Sh3px1 in 

membrane organization and actin dynamics. Drosophila S2 cells that are depleted of 

Sh3px1 fail to form lamellipodia, a process that is also dependent on the actin nucleation 

factor, Scar. In addition, over-expression of Sh3px1 in S2 cells results in the formation of 

tubules and also long membrane protrusions, atypical of a classical BAR domain protein. 

An intact PX-BAR domain is required for these overexpression phenotypes. sh3px1 null 



 
 

flies are viable; however, mutant females have significantly compromised fertility. 

Female sh3px1 null egg chambers show many morphological defects. The age-dependent 

degeneration of the null egg chamber is not likely due to compromised endocytosis. 

Additionally, collective border cell migration is attenuated in the absence of Sh3px1. 

These cells are known for their reliance on endocytosis and modulation of actin dynamics 

for migration. We have found that Sh3px1 is essential in efficient lamellipodia 

production at the start of border cell migration. Our findings also suggest that Scar 

directly interacts with Sh3px1 and is upregulated in sh3px1 nulls. Mutation of Scar 

enhances many reproductive defects in sh3px1 nulls. Thus, our work reveals a main in 

vivo function of Sh3px1 in actin regulation for the production of structures such as 

lamellipodia.  
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I. INTRODUCTION 
 

A. Statement of the Problem and Specific Aims 
 

Actin remodeling and endocytosis are essential functions for most cells. Defects 

in these processes present in a variety of diseases. Sorting nexins are known to contribute 

to endocytic uptake, cytokinesis, the retromer complex, and autophagy. Sorting nexin 9 

(Snx9) is known to be in a complex with Ocrl, a protein mutated in oculocerebrorenal 

syndrome of Lowe (Nandez et al., 2014). Snx9 interacts with proteins involved in 

regulation of actin cytoskeleton dynamics and also binds endocytic factors (Yarar, 

Waterman-Storer, & Schmid, 2007). The exact roles of Snx9 in basic cellular processes 

and disease mechanisms are not known. Mechanistic studies in mammalian cells are 

complicated by the presence of two additional paralogs, Snx18 and Snx33, which could 

potentially substitute for Snx9 function. In contrast to mammals, the snx9 family is 

represented by a single gene in Drosophila, sh3px1. The goal of these studies was to 

determine the in vivo function of Sh3px1 in membrane organization and actin dynamics 

using the Drosophila melanogaster model system. We hypothesized that Sh3px1 is 

essential to several developmental processes in Drosophila via its involvement in either 

endocytosis, actin regulation or both. 

The first aim of this project was to use the Drosophila Schneider 2 (S2) cell line 

as an in vitro model system in which to explore the function of Sh3px1.  We have 

performed depletion and overexpression experiments with Sh3px1 using Drosophila 

Schneider 2 (S2) cells. We found that S2 cells that are depleted of Sh3px1 fail to form 

lamellipodia, a process that is also dependent on the actin nucleation factor, Scar. In 
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addition, over-expression of Sh3px1 in S2 cells results in the formation of tubules and 

also long membrane protrusions. This finding was surprising because Sh3px1 contains a 

classical BAR domain. Proteins with this domain are known to form tubules, but not 

membrane protrusions. Sh3px1 represents the first example of a BAR domain protein that 

is capable of forming both tubules and protrusions. The overexpression phenotypes of 

Sh3px1 hint toward complex roles for the protein. In addition, deletion constructs 

revealed that an intact PX-BAR domain is required for these phenotypes.  

 

 In Aim2, we propose to examine the in vivo functions of Sh3px1 using a genetic 

null allele. The ovaries of the Drosophila provide an established setting for which many 

molecular and genetic tools may be utilized. Female sh3px1 null mutants are viable and 

fertile within the first few days after of adulthood. However, they rapidly become 

infertile and their egg chambers show many morphological defects. The most prominent 

defect is an age-dependent degeneration of the egg chamber. In younger, morphologically 

normal egg chambers, border cell migration was compromised.  Although the mechanism 

that results in theses phenotypes is not known, heterozygous mutation of Scar in this 

background exacerbated border cell migration and egg chamber degeneration phenotypes. 

It is therefore likely that defective actin filament assembly underlies these phenotypes. 
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Figure 1: Domain structures of the Snx9 family and Sh3px1.  The vertebrate Snx9 family and 
Drosophila Sh3px1 all share common domains: Sh3 (Src homology) domain, LC (low complexity) 
domain, PX (Phox homology) domain, and BAR (Bin, Amphiphsyin, Rvs) domain. The Sh3 domain is 
a regulatory domain known for binding of proline-rich regions. The LC domain contains the sites 
known for binding the Arp2/3 complex, Clathrin and AP2. The PX domain is the site of selective 
phosphoinositide binding. Membrane interaction and bending occurs by interaction with the BAR 
domain. Similarity between each Snx9 paralog and Sh3px1 is very high considering the evolutionary 
distance of humans and flies. Select published interactions are noted above each domain.  
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B. Review of Literature 
 

1. Cell Polarity  
 
Polarity is the difference of function and structures essential to nearly all 

eukaryotic cells. It is established by the sorting of cell components to different parts of 

the cell. Correct cell polarity is required for many cellular processes. For example, in 

order for transcription to occur in the nucleus, proteins required for transcription are 

sorted to this organelle (Turpin, Ossareh-Nazari, & Dargemont, 1999). Another example 

of a basic cellular process that requires sorted proteins is respiration. Proteins required for 

this function are transported to the mitochondria (Bolender, Sickmann, Wagner, 

Meisinger, & Pfanner, 2008). Thus, the key to establishing cell polarity is the specific 

intracellular sorting of proteins. A key question in the field, therefore, pertains to how 

proteins are sorted. There are several mechanisms that contribute to protein sorting 

(Mellman & Nelson, 2008). Some proteins are directly targeted to their site of 

localization by transport on cytoskeletal filaments. In some instances, the mRNA that 

codes for a particular protein is localized to a specific site within the cell (Gonsalvez, 

Rajendra, Wen, Praveen, & Matera, 2010). A final mechanism involves sorting of 

proteins to different regions of the cell in membrane-bound vesicles (Gonsalvez et al., 

2010; Rothman & Wieland, 1996). It is in this final mechanism of vesicular sorting that 

the sorting nexins are known to participate. The focus of my thesis project is the Sorting 

Nexin 9 family. 
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2. Vesicular Sorting 

 Sorting of vesicles though the endosomal network transports many different 

cargos to their appropriate destinations (Soldati & Schliwa, 2006). Many of these cargos 

enter the cell via endocytosis. Once dissociated from endocytic components at the plasma 

membrane, endocytic vesicles condense to form endosomes. Early endosomes (EE) 

undergo maturation into late endosomes (LE) (Huotari & Helenius, 2011). Several factors 

contribute to the maturation of endosomes. Among them, Rab5 localizes to the EE and 

recruits Rab7 during maturation into LE.  Many other accessory proteins are involved in 

modifying the lipid composition of the membranes as they mature.  

 

 Intraluminal vesicles (ILV) are characteristic of LE. The generation of ILVs is 

mediated by Endosomal Sorting Complexes Required for Transport (ESCRT) proteins 

(Piper & Luzio, 2001). By a process of inward budding, vesicular membranes can mature 

toward either recycling or degradation. Recycling endosomes are destined for the plasma 

membrane and trans-Golgi network in order to replenish factors involved in endocytosis 

and exocytosis, respectively. The highly conserved Retromer complex is composed of a 

sorting nexin dimer (of either Snx1, Snx2, Snx5, or Snx6) and a vacuolar protein sorting 

(Vps) trimer of Vps26, Vps29, and Vps35. Pathologies such as Alzheimer’s disease and 

Parkinson’s disease are associated with defects or mutations in retromer components 

(Small et al., 2005). Lysosomal cargo degradation progresses from the LE, through the 

endolysosome, to the lysosome.  The lysosome is a membrane compartment decorated by 

Lysosome-associated membrane proteins (Lamp1 and Lamp2) and containing acid 

hydrolases (Braulke & Bonifacino, 2009). Lysosomal storage disorders (LSDs) are a  
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Figure 2: Examples of polarity in a variety of cells.  Polarity can be observed in many cell types and 
across many species. The functions of these cells are highly dependent on their polarity. Polarity in 
Saccharomyces directs the generation of the bud. The secreting apical surface, as opposed to the 
basolateral surface, of a secretory cell is correctly polarized toward the lumen. A nerve impulse is 
conducted along the axon of a highly polarized neuron. The identification and phagocytosis of foreign 
pathogens by a macrophage requires distinct leading and trailing cell edges. 

a budding S. cerevisiae a secreting epithelium

a firing neuron an attacking macrophage
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collection of genetic disorders caused by mutations in proteins necessary for the function  

of the lysosome. Tay-Sachs disease, Gaucher disease and various other enzymatic 

deficiencies found in LSD patients produce a harmful backlog of lysosomal contents 

(Aharon-Peretz, Rosenbaum, & Gershoni-Baruch, 2004; Lester, Hill, & Bangham, 1972). 

 
3. Types of endocytosis 

 Clathrin-mediated endocytosis (CME) is the most well studied form of 

endocytosis. It is so named because of the protein coat of Clathrin and adapter protein 2 

(AP2) that assemble on endocytic pits (Keen, 1987). Clathrin-coated pits undergo the 

process of scission by the action of Dynamin (Henley, Cao, & McNiven, 1999). This 

results in Clathrin-coated endosomal vesicles. Once the Clathrin lattice structure is 

removed, uncoated vesicles are directed toward their appropriate subcellular destination 

through the endosomal system (Ungewickell et al., 1995). CME is also known as 

receptor-mediated endocytosis due to its common receptor cargoes of the low density 

lipoprotein (LDL) receptor, transferrin receptor, and epidermal growth factor receptor 

(EGFR) (Traub & Bonifacino, 2013). 

 

 Clathrin and other components of CME have been found to participate in various 

other processes thoughout the cell and the cell cycle. Clathrin and Snx9 are essential to 

the alignment of chromosomes and their segregation during mitosis (Ma & Chircop, 

2012). In this process, Snx9 recruits Clathrin to the mitotic spindle (Ma, Robinson, & 

Chircop, 2013). Furthermore, all three mammalian Snx9 family members are essential for 

the completion of mitosis (Ma & Chircop, 2012). 
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Figure 3: Vesicle sorting in a typical cell. Entry of surface proteins, nutrients or cargos for degradation 
begins with the formation of an endocytic pit. The pit is drawn inwards and scission occurs to form an 
endocytic vesicle. As endosomes mature, the cargos are sorted towards their respective destinations, 
such as returning factors to the Golgi, the cell membrane or the lysosome. Membranes in this 
illustration are labeled with their typical phosphoinositide.  
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Figure 4: Types of endocytosis. Each type of endocytosis transports unique cargos, exhibits different 
membrane morphologies, and utilizes different proteins to generate these membrane morphologies. 
Clathrin-mediated endocytosis internalizes surface receptors in a Clathrin-coated pit. Endocytosis that is 
not dependent on Clathrin includes macropinocytosis, Clathrin-independent carriers/GPI-enriched early 
endosomal compartments (CLIC/GEEC), Caveolin-dependent endocytosis and others. 
Macropinocytosis occurs when large actin-based membrane protrusions engulf extracellular fluid. 
CLIC/GEEC begins as long inward tubules carrying cargos such as CD44, CD98, and Beta1-integrin  
(Howes, Mayor, & Parton, 2010). Caveolae are fairly stable membrane pockets that can internalize 
albumin, cholera toxin, shiga toxin, and interleukin-2 (Hemar et al., 1995; Lamaze et al., 2001; Nichols, 
2003; Torgersen, Skretting, van Deurs, & Sandvig, 2001). 
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 Clathrin-independent endocytosis (CIE) is a broad category of specialized 

endocytic processes for certain cargos such as CD44, CD55, CD98, CD147, Glut1, 

ICAM1 (Eyster et al., 2009), and glycosylphosphatidylinositol-anchored proteins (GPI-

APs) (Sabharanjak, Sharma, Parton, & Mayor, 2002).  In bacterial infections, CIE is a 

known avenue of bacterial toxin entry to the cell (Minton, 1995);(Abrami, Liu, Cosson, 

Leppla, & van der Goot, 2003) . Other types of endocytosis that are independent of 

Clathrin involvement are just beginning to be described.  

 

 Macropinocytosis, a specific form of CIE that resembles drinking, occurs when 

membrane ruffling reaches out into the extracellular space and internalizes fluid. Forming 

at sites of actin-rich membrane ruffles, the large, non-selective macropinosomes mature 

into early and then late endosomes, similar to other forms of endocytosis. Final 

destinations of macropinosome cargos include lysosomes, as well as being recycled back 

to the cell surface. Macropinocytosis has been shown to function in the biological 

processes of motility (Tracqui, 1995) and T cell antigen presentation ((Sallusto, Cella, 

Danieli, & Lanzavecchia, 1995). Pathologically, the non-selective nature of 

macropinocytosis allows for diverse pathogen entry, from various viruses (Mercer & 

Helenius, 2008) to species of bacteria such as Salmonella typhimurium (Alpuche-Aranda, 

Racoosin, Swanson, & Miller, 1994). As expected, the mechanisms and morphology of 

membrane extension during phagocytosis resemble those of macropinocytosis.  
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 Currently, Clathrin-independent carriers/GPI-enriched early endosomal 

compartments (CLIC/GEEC), Caveolin-based endocytosis, and others are far less studied 

types of CIE (Conner & Schmid, 2003; Mayor & Pagano, 2007). CLIC/GEEC is 

characterized by long tubular invaginations involving GTPase Regulator Associated with 

Focal Adhesion Kinase (Graf1) (Lundmark et al., 2008). Known domain structures of 

Graf1 include a BAR-PH domain, a regulatory Sh3 domain, as well as a GAP domain. 

Differentiation of skeletal muscle and myoblast fusion has been found to be dependent on 

CLIC/GEEC internalization (Doherty et al., 2011). In contrast, the Caveolins Cav1, 

Cav2, and Cav3 are integral membrane proteins that serve as a scaffold to their form of 

endocytosis (Rothberg et al., 1992). Each paralog is expressed ubiquitously, but at 

varying levels (Tang et al., 1997). Because of their low endocytic efficiency, many 

questions about caveolae and their role in uptake remain unanswered (Hommelgaard et 

al., 2005). Overall, most mechanisms surrounding the signaling and completion of these 

clathrin-independent structures and events remain to be uncovered.  

 

4.  Endocytosis and disease 

 Many human diseases display an endocytic component, with the causality of 

endocytic defects ranging from the primary cause of disease to adaptation. The 

mechanisms of endocytic involvement in many diseases continue to remain poorly 

understood. Defective endocytosis extends broadly from neuropathies like Charcot-

Marie-Tooth disease (Sidiropoulos et al., 2012) to polycystic kidney disease (Obermuller, 

Kranzlin, Blum, Gretz, & Witzgall, 2001), to multi-etiological Oculocerebrorenal 
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Syndrome of Lowe (Erdmann et al., 2007).  

 

 Additionally, many different cancer types are characterized and driven by a 

misregulation of several endocytic components (Mosesson, Mills, & Yarden, 2008). The 

invasion of a tumor into surrounding tissues and its metastasis to a secondary tumor niche 

is one of the most devastating hallmarks of cancer (Bendris & Schmid, 2017). Aberrant 

endocytosis of cell surface proteins derails normal intercellular communication, thus 

allowing the tumor’s morbid collective migration (Mosesson et al., 2008). 

 

 Endocytosis is also implicated in poor immune reactions, cancers, infections, and 

autoimmune disease (Bonaccorsi et al., 2007; Ish-Shalom et al., 2016). Sorting nexin 9 

itself has been found to be downregulated in situations of chronic inflammation during 

immunosuppression in each of these conditions (Ezernitchi et al., 2006); Ish-Shalom et 

al. 2016).  Viral and bacterial pathogens, such as influenza, adenoviruses, Ebola, hepatitis 

B and C viruses, Listeria monocytogenes, Yersinia pseudotuberculosis, Salmonella and 

Shigella are all known to infect human cells via endocytosis (Blanchard et al., 2006; 

Cooper & Shaul, 2006; Lakadamyali, Rust, & Zhuang, 2004; Marsh et al., 2006; Meier & 

Greber, 2004; Sieczkarski & Whittaker, 2002). Additionally, many bacterial factors have 

evolved to interact with endocytic factors to gain entry into a host cell. For example, the 

Escherichia coli protein EspF has been found to interact directly with Snx9 via its Sh3 

domain (Marches et al., 2006; Tahoun et al., 2011) 
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5.  Sorting nexins 

 The Sorting nexins comprise a large family of genes that are have been implicated 

in various aspects of vesicle sorting. A common feature of Sorting nexins is the presence 

of a membrane binding domain known as a phox-homology (PX) domain. The sorting of 

endosomal vesicles and their cargos requires the spatio-temporal coordination of many 

factors, some of which are the sorting nexins (Cullen, 2008). Many sorting nexins contain 

other domains to modulate the phosphoinositide-binding activity and initiate downstream 

signaling. Membrane-bending BAR domains are commonly found paired with the PX 

domain in the sorting nexins. Many sorting nexins are multidomain scaffolds, pairing 

these aforementioned membrane-binding domains with regulatory domains like Src 

homology (Sh3) domains (Shupliakov et al., 1997). Broadly, Sh3 domains are able to 

signal changes of the actin cytoskeleton by interaction with proline-rich domains (PRD) 

of a variety of proteins (Kurochkina & Guha, 2013). The Sorting nexin 9 family, the 

focus of my thesis dissertation, is one such group of multidomain scaffolding sorting 

nexins.  

 

6.  BAR proteins 

 Numerous cellular processes such as endocytosis, phagocytosis, vesicular sorting, 

autophagy, and cell migration require a relatively flat lipid bilayer to become curved 

(Boucrot et al., 2015). This process is thermodynamically unfavorable. Proteins 

containing a Bin-Amphiphysin-Rvs (BAR) domain are emerging as important players in 

generating membrane curvature, and as such, have been implicated in the above- 
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Figure 5: The main types of BAR domains and their typical membrane effects. BAR proteins are 
cytosolic factors that are able to directly bind membrane components and in doing so induce a 
curvature of the membrane.  The classical BAR domain is characterized by alkaline amino acids on 
its concave binding face. The resulting positive curvature of membranes typically produces inward 
structures such as tubules and vesicles in in vitro and cell line overexpression experiments. The wider 
F-BAR domain generally produces larger internal structures than the classical BAR domain. The 
inverse BAR or I-BAR domain is curved oppositely and, thus, is known for its outward protruding in 
vitro and overexpression results. 
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mentioned cellular processes (Mim & Unger, 2012; Suetsugu & Gautreau, 2012). 

  

 In general, there are three main kinds of BAR domains; classical BAR, Fes-Cip4 

homology BAR (F-BAR), and inverse BAR (I-BAR) (Mim & Unger, 2012). Over the 

past several years, the structures of select BAR domains have been solved. Based on 

these studies, it is generally accepted that BAR domains dimerize to generate either a 

concave or convex membrane-binding surface (Masuda & Mochizuki, 2010; Qualmann, 

Koch, & Kessels, 2011). Proteins containing a classical BAR or F-BAR domain have 

basic amino acids positioned in a concave membrane binding surface (Frost et al., 2008; 

Peter et al., 2004; Shimada et al., 2007). Consequently, these proteins typically sense 

membranes with positive curvature. When incubated with purified liposomes, or when 

over-expressed in cells, most classical and F-BAR domain proteins generate membrane 

tubules (Mim & Unger, 2012). By contrast, I-BAR proteins adopt a convex membrane 

binding conformation upon dimerization (Millard et al., 2005; Mim & Unger, 2012). 

These proteins therefore bind to negatively curved membranes, and when over-expressed 

in cells, induce the formation of membrane protrusions (Millard et al., 2005). Thus, in a 

simplified view, the type of membrane deformation induced by a BAR domain protein 

corresponds to the shape adopted by the BAR domain dimer.  

  

 There are some exceptions to this rule. For instance, in a surprising finding, 

Guerrier et al. demonstrated that the F-BAR protein, srGAP2, behaves much like an I-

BAR protein (Guerrier et al., 2009). Its over-expression in cells resulted in the formation 

of membrane protrusions (Guerrier et al., 2009). Cip4, which also contains an F-BAR 
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domain, forms tubules in Cos7 cells, whereas its over-expression in cortical neurons 

results in the formation of protrusions (Itoh et al., 2005; Saengsawang et al., 2012). Over-

expression of the isolated F-BAR domain of Pacsin2 in HeLa cells results in the 

formation of tubules and small membrane protrusions known as micro-spikes (Shimada 

et al., 2010). Finally, the F-BAR domain of the Drosophila protein Nervous wreck (Nwk) 

and its mammalian homolog were also shown to form protrusions when over-expressed 

in cells (Becalska et al., 2013). The mechanism by which these F-BAR domain proteins 

induce protrusion formation remains an open question. 

 

7. Phosphoinositides and their signals 

 Lipid rafts contain high concentrations of signaling lipids in membranes 

throughout the cell. Some components in these rafts contain large polar head groups, such 

as the phosphoinositides.  Phosphorylation of the inositide head group is most common at 

the 3, 4, and 5 position of the inositol ring. Different permutations of inositide 

phosphorylation determines identity and, therefore, function of the membrane domain 

(Majerus & York, 2009). Inositide phosphorylation signals membrane events such as 

endocytosis, cytoskeletal changes, or maturation of endosomes (Kutateladze, 2010).  

 

 Addition and subtraction of phosphate groups are performed by a group of kinases 

and phosphatases, respectively. Removal of the phosphate at position 5 is mediated by 

the 5-phosphatases. One such 5-phosphatase is OCRL1 (OculoCerebroRenal syndrome of 

Lowe) (Erdmann et al., 2007).  Lowe syndrome is caused by mutations in the OCRL gene 

and results in signs of visual, neurological and renal impairment. Interestingly, Snx9 and 
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OCRL have been found to be present in a complex in vivo, suggesting that the proteins 

might function in a common pathway (Nandez et al., 2014). 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 6: The structure of a phosphoinositide. Fatty acid tails of phosphoinositol (PI) are found in the 
cytosolic leaflet of phospholipid bilayers throughout the cell. The polar inositol head group projects into 
the cytosol and can be phosphorylated and dephosphorylated to direct membrane transport. Red 
numbers around the inositol ring denote the positions in terms of phosphorylation.  
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 The Pleckstrin homology (PH) and the similar Phox homology (PX) protein 

domains are known to interact with membrane phosphoinositides (Fenton et al., 2003; 

Harlan, Hajduk, Yoon, & Fesik, 1994; McFeely, Embree, Harlan, & Albert, 1994; Xu, 

Seet, Hanson, & Hong, 2001). PH domains bind well to the phosphoinositides PI(3,4)P2, 

PI(4,5)P2 and PI(3,4,5)P3 (Xu, 2001). The sorting nexins are members of a protein 

family containing a PX domain. PX domains preferentially bind to the single-

phosphorylated PI3P (Xu, 2001), with some variations binding to phosphatidic acid, 

PI(3,4)P2, PI(3,5)P2, PI(4,5)P2 and PI(3,4,5)P3 due to a more forgiving binding pocket 

(Karathanassis et al., 2002). Additionally, the FYVE domain binds strictly to PI3P and 

the ENTH domain binds to PI(4,5)P2 (He et al., 2009; Itoh & De Camilli, 2006). 

 

8.  The actin cytoskeleton and membrane interactions 

 The cell’s cytoskeleton provides structure for shape, movement, and transport 

(Fletcher & Mullins, 2010). It is required under a variety of conditions and throughout the 

cell cycle (Etienne-Manneville & Hall, 2002; Heng & Koh, 2010) The actin cytoskeleton 

is a network that works closely with membranes. In order to initiate a morphology change 

or migration, cytoskeletal regulating factors localize to specific cellular sites. The 

RhoGTPase family is a group of key regulators of actin cytoskeleton dynamics. The 

RhoGTPases are inactivated by GTPase-activating proteins (GAPs) and activated by 

Guanine exchange factors (GEF). Snx9 has been found to negatively regulate RhoA in 

certain cancer cells (Bendris, Stearns, et al., 2016). Another RhoGTPase, cell division  
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Figure 7:  Actin and membrane interactions. Actin plays a part in the general integrity of a cell’s 
morphology. Protruding structures such as filopodia and lamellipodia contain more parallel and more 
sheet-like actin structures, respectively. The process of endocytosis and the transport of endosomal 
vesicles are assisted by actin structures. Some pathogens invade and move within cells by 
commandeering endogenous actin signaling.  
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cycle 42 (Cdc42), is also activated by Snx9 in these cancer cells (Bendris, Williams, et 

al., 2016).  

 

 The initiation of actin filament growth is determined by actin nucleating 

factors.  Many actin nucleators are conserved between mammals and Drosophila. The 

Wiskott-Aldrich syndrome protein (Wasp) family of actin nucleators is responsible for a 

large variety of cytoskeletal structures (Pollitt & Insall, 2009). Human Wasp family 

members include the Wasp subfamily, the Scar subfamily and the Wiskott-Aldrich 

syndrome protein homologue (Wash) subfamily. In mammals, the Wasp subfamily 

contains Wasp and Neuronal-Wasp (N-Wasp); the Scar subfamily is composed of Scar1, 

Scar2, and Scar3. Humans and most model organisms express a single Wash protein, 

with the exception of none in S. cerevisiae and two in Entamoeba (Pollitt & Insall, 2009). 

The Wash proteins are the least studied of the Wasp family actin nucleators.  

 

 In Drosophila, a single Wasp and a single Scar represents their human 

orthologues. Wasp and Scar share a common Proline-rich domain (Pollitt & Insall, 2009) 

and conformational autoinhibition (Ura et al., 2012). Wasp contains a Wasp Homology 

(WH1) domain and a CDC42-binding CRIB domain not found in Scar (Pollitt & Insall, 

2009). Scar’s Src Homology Domain (SHD) is essential for its initiation of branching 

actin nucleation (Pollitt & Insall, 2009). The Sh3 domain of Snx9 is the known binding 

site for Wasp (Badour et al., 2007). In general, Wasp is associated with more parallel 

actin filament arrangements such as in filopodia.  
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 Actin is well established as a key player in many forms of endocytosis (Jonsdottir 

& Li, 2004; Kaksonen, Sun, & Drubin, 2003; Kaksonen, Toret, & Drubin, 2005; 

Newpher, Smith, Lemmon, & Lemmon, 2005; Toret & Drubin, 2006). Live imaging 

techniques have revealed a recruitment of actin to the membrane in preparation for 

uptake (Merrifield, Feldman, Wan, & Almers, 2002). In the case of Clathrin-mediated 

endocytosis, the dynamic actin network contributes to extension of Clathrin-coated pits 

and scission action by Dynamin (Lamaze, Fujimoto, Yin, & Schmid, 1997; Saffarian, 

Cocucci, & Kirchhausen, 2009). In mammalian cells, Dynamin recruits nucleator N-

Wasp in order to drive actin filament extension (Millard, Sharp, & Machesky, 2004). It is 

thought that actin filament assembly might aid in the final scission event of the clathrin-

coated pit (Romer et al., 2010). 

 

  Once internalized, the locomotion of vesicles in the endosomal system is 

to some extent driven by branched actin. N-Wasp has been observed to nucleate actin 

filaments, pushing the vesicle forward (Benesch et al., 2002). Similarly, comet tails of 

branching actin filaments are found driving movement of some bacterial 

pathogens.  Shigella produces surface proteins IcsA and VirG that mimic the endogenous 

nucleation of the Wasp family (Suzuki et al., 2002). Listeria is also transported through 

the cytoplasm by Arp2/3-driven comet tails of actin (Fehrenbacher, Huckaba, Yang, 

Boldogh, & Pon, 2003; Lambrechts, Gevaert, Cossart, Vandekerckhove, & Van Troys, 

2008). In addition to the actin network, movement of endosomes also relies on the 

microtubule cytoskeleton and its associated motor proteins (Hamm-Alvarez & Sheetz, 

1998). 



 

31 
 

 

9. The Sorting nexin 9 family 

 Like all sorting nexins, the Snx9 family is primarily known for various roles in 

vesicular sorting (Cullen, 2008) and containing the phox-homology (PX) membrane-

binding domain (Xu, 2001) (Fig.1). Several of the sorting nexins also possess a classical 

BAR domain (Cullen, 2008). In addition, the Snx9 family contains an N-terminal Src-

homology 3 (Sh3) domain. The Sh3 domain is a regulatory domain that prefers binding 

sites rich in proline (Shupliakov et al., 1997). A low complexity (LC) domain serves as a 

linker between the N-terminal Sh3 and the C-terminal PX-BAR domain. It is also a 

known binding site for several interacting proteins such as Clathrin (Lundmark & 

Carlsson, 2003). In mammals, the Snx9 family consists of three paralogs: Snx9, Snx18 

and Snx33. Among these paralogs, domain structure and amino acid sequence are well 

conserved (Ma & Chircop, 2012).  

 

 Initial cell culture studies implicated the major role of Snx9 to be to assist in early 

stages of Clathrin-mediated endocytosis (Lundmark & Carlsson, 2009; Posor et al., 

2013). Consistent with this function, Snx9 interacts with core endocytic factors such as 

Clathrin heavy chain, Dynamin, and the Adaptor protein AP2 (Lundmark & Carlsson, 

2003). The Snx9 family in particular is known for its involvement in diverse cellular 

processes such as Clathrin-mediated endocytosis, autophagy, macropinocytosis, 

phagocytosis, chromosome coordination for mitosis, and cytokinesis (Almendinger et al., 

2011; Knaevelsrud et al., 2013; Lu, Shen, Mahoney, Liu, & Zhou, 2011; Ma & Chircop, 

2012; Wang et al., 2010; Yarar et al., 2007). 
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 The function of Snx9 in the spread of tumors is complex. It has been found that 

Snx9 can reduce invadopodia generation and effectiveness, thus preventing the tissue 

invasion of a primary tumor (Bendris, Stearns, et al., 2016). Conversely, in more 

advanced tumor types Snx9 is found to encourage the metastasis of cells to a secondary 

tumor niche (Bendris, Williams, et al., 2016). These complex interactions of Snx9 in 

cancer warrant further study.   

 

 Snx9’s involvement in most of these processes has been determined by 

mammalian cell line studies. The Snx9 family is present as three paralogous genes in 

mammals. Most cell types express more than one paralog (Park, 2010); thus, studies are 

complicated by possible functional redundancies among these paralogs. Because of this, 

very little is known of Snx9’s roles in the organismal setting. A homolog of Snx9, Lateral 

signaling target 4 (Lst4), has been examined in C. elegans. Lst4 was found to assist in 

apoptotic corpse clearing (Almendinger et al., 2011). Until now, only one group has 

published a mouse Snx9 knockout study with no observable phenotype (Dai, Xu, & 

Lutkenhaus, 1996; C. Liu et al., 2016). Again, functional redundancies with the Snx9 

family and beyond may account for healthy outcomes in a null animal. In contrast to 

mammals, the Snx9 family is represented by a single gene in Drosophila melanogaster, 

sh3px1. Our goal, therefore, was to use the genetic tools of Drosophila, and the simplicity 

afforded by a single gene, to understand the various in vivo functions of the Snx9 family.  
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10. Drosophila melanogaster egg chambers and Snx9 

 Many characteristics of the fruit fly egg chamber and the molecular and genetic 

tools available provide a rich in vivo model for the study of the Snx9 family. Our 

collaborators in the Dr. O’Connor-Giles laboratory generated an sh3px1 null fly line. 

They have published their findings that Sh3px1 localizes to presynaptic and postsynaptic 

surfaces of the neuromuscular junction, and that a lack of Sh3px1 results in a defective 

synaptic ultrastructure (Ukken et al., 2016). Our work, and the topic of this dissertation, 

investigates the functional role of Sh3px1 in the Drosophila egg chamber. 

 

 Each female Drosophila abdomen contains two ovaries. Each ovary is composed 

of 16-18 linear structures called ovarioles.  The ovariole provides a view of egg chambers 

in different stages of development (Fig. 8). The egg chamber is an intact tissue consisting 

of different cell types. Surrounding 16 germ cells are somatic cells called follicle cells 

(Jia, Xu, Xie, Mio, & Deng, 2016). Of these 16 germ cells, one cell differentiates at the 

posterior of the egg chamber to become the oocyte. The remaining 15 cells adopt a nurse 

cell fate and primarily function to nourish the oocyte (Becalska & Gavis, 2009; S. Roth & 

Lynch, 2009). 

 

 The oocytes and surrounding cell types are often actively performing endocytosis 

of various cargos. The yolk uptake by Yolkless surface receptors of the oocytes is a 

common model for Clathrin-mediated endocytosis (Barnett, Pachl, Gergen, & Wensink, 

1980). In fact, the first scientific inquiries into the molecules of CME focused on the 

vitellogenesis of the mosquito Aedes aegypti (T. F. Roth & Porter, 1964). 
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Figure 8:  A single Drosophila ovariole.  The egg chambers of this ovariole range from germarium to 
Stage 10.  The posterior oocyte (yellow) grows in size as it matures. The cluster of border cells migrates 
from the anterior toward the oocyte during Stages 7 through 10.  
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 A strong in vivo model of collective cell migration can be found in the border 

cells of the developing egg chamber (Pinheiro & Montell, 2004). These somatic follicle 

cells begin at anterior the of the egg chamber and migrate toward the oocyte by 

approximately stage 10. For the fly, the border cells serve the purpose of developing into 

the micropile, the site of sperm entry for the fertilization of the oocyte. Chemoattractant 

gradients direct border cell migration. The main chemoattractants for border cells are 

platelet-derived growth factor/ vascular-endothelial growth factor-related factor (PVF) 

and epidermal growth factor (EGF) signaling (Duchek, Somogyi, Jekely, Beccari, & 

Rorth, 2001; Gupta & Schupbach, 2001; Parsons & Foley, 2013). Thus, border cell 

migration serves as a model for cancer metastasis. Snx9 has been linked to tumor 

movement. It has been found that Snx9 negatively regulates invadopodia at the beginning 

of migration and positively regulates tumor metastasis later (Bendris, Stearns, et al., 

2016; Bendris, Williams, et al., 2016). Due to this known effect of Snx9, much of our in 

vivo work focuses on the role of Sh3px1 in border cell migration.  
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II. MATERIALS AND METHODS 
 
 

A. Antibodies and Staining Methods 
 
 The antibody against Sh3px1 was generated by cloning the cDNA corresponding 

to full-length Sh3px1 into the pGEX-2T vector. Expression of GST-Sh3px1 was induced 

by growing the cells at room temperature in 0.5 mM IPTG (Fisher). Protein lysates were 

prepared using the B-PER reagent (Pierce). The fusion protein was purified using 

sepharose beads coupled to glutathione (GE Healthcare Life Sciences). Pacific 

Immunology then injected the purified protein into rabbits. Specific antibodies against 

Sh3px1 were purified using a column containing Sh3px1 covalently attached to beads. 

Unless stated otherwise, the following corresponds to antibody dilutions used for 

immunofluorescence: Sh3px1 (1:200, 1:1000 western), Scar (1:100; P1C1-SCAR was 

deposited to the Developmental Studies Hybridoma Bank by S. Parkhurst), Ena (5G2 

anti-enabled, 1:100, deposited to the Developmental Studies Hybridoma Bank by C. 

Goodman), Lamin DmO (clone ADL84.12, 1:1000 western, deposited to the 

Developmental Studies Hybridoma Bank by P.A. Fisher), Gamma tubulin (Sigma 

Aldrich, 1:1000 western), Alpha tubulin (Sigma Aldrich, 1:2000), GM130 Golgi marker 

(Abcam, 1:250), Drosophila Lamp1 (Abcam, 1:100), and anti-RFP (Chromotek, 1:1000 

western). The following secondary antibodies from Life Technologies were used: Goat 

anti-rabbit 594 (1:400), Goat anti-rabbit 488 (1:200), Goat anti-mouse 594 (1:200), and 
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Goat anti-mouse 488 (1:200). Goat anti-mouse HRP, anti-rabbit HRP and anti-rat HRP 

were used as secondary antibodies in western blotting (1:5000, Jackson Immunoresearch 

Laboratories). Western blot images were collected on a UVP BioSpectrumAP Darkroom. 

Aqua-Poly/Mount (Polysciences) was used as the anti-fade reagent. F-actin was 

visualized using either Phalloidin-TRITC (Sigma Aldrich, 1:400) or Phalloidin-FITC 

(Sigma Aldrich, 1:200). DNA was stained using either DAPI (Sigma Aldrich). Cell 

membranes were visualized using either Cell Mask (Life Technologies) or Fluorescein-

labeled Lycopersicon esculentum (tomato) lectin (1:100; Vector Laboratories). 

Cells were fixed in 1× PBS containing 4% formaldehyde for 5 min. Subsequently, 

the cells were permeabilized for 5 min in 1× PBST (PBS containing 0.1% Triton X-100). 

In the case of fluorescent protein expression, the cells were then stained to visualize DNA 

or actin, mounted onto slides, and imaged. In order to visualize the localization of non-

fluorescent proteins, the coverslips were blocked with 1× PBST containing 5% normal 

goat serum (Life Technologies, referred to as blocking solution) for 30 min. Next, the 

coverslips were incubated with primary antibody diluted in the blocking solution for 1 h 

at room temperature. The coverslips were then washed three times with 1× PBST. 

Subsequently, the coverslips were incubated for 1 h at room temperature with secondary 

antibody diluted in the blocking solution. This was followed by four washes in 1× PBST. 

After the last wash, the coverslips were mounted onto slides and imaged. 
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B. Cell culture 

 Drosophila S2 cells were obtained from Life Technologies and were grown in 

Schneider's media containing 10% Fetal Bovine Serum. In order to process cells for 

microscopy, S2 cells were spotted onto concanavalin A (Sigma Aldrich)-coated 

coverslips as previously described (Rogers & Rogers, 2008). For live imaging, cells were 

spotted onto glass bottom coverslip dishes (MatTek). In order to globally knockdown 

Sh3px1, S2 cells were treated with either control dsRNAs targeting gfp or with dsRNAs 

targeting sh3px1. The cells were processed for immunofluorescence or western blot 

analysis four days after dsRNA treatment. The dsRNAs were prepared and administered 

to the cells as described previously (Rogers & Rogers, 2008). DNA was transfected into 

S2 cells using Effectene (Qiagen) following the directions provided by the manufacturer. 

The shRNA constructs were also transfected using Effectene. 

C. DNA constructs 

 The cDNAs for sh3px1, wasp, and the pARW vector were obtained from the 

Drosophila Genomics Resource Center. The cDNA for snx9 was purchased from Open 

Biosystems. The cDNA construct for mouse snx18 was made by gene synthesis 

(Genewiz). The cDNA for snx33 was cloned from total RNA prepared from P3.5 mouse 

brain. The cDNA for wasp was cloned into the pARW vector by Gateway cloning (Life 

Technologies). In order to over-express constructs in S2 cells, cDNAs corresponding to 

GFP, Sh3px1, Snx9, Snx18 and Snx33 were cloned into the pUASp-attB-K10 vector 

(Koch et al., 2009). Expression of the tagged proteins was induced by co-transfection 

with a plasmid expressing Gal4 driven by the Actin5C promoter (gift of Jocelyn 
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McDonald, Kansas State University). TagRFPt versions of Snx9 and Sh3px1 were made 

by first obtaining a plasmid encoding TagRFPt-EEA1 from Addgene (Addgene plasmid # 

42635; donated by Silvia Corvera; (Navaroli et al., 2012). The TagRFPt sequence from 

this plasmid was then cloned into pUASp-attB-K10 (Koch, Ledermann, Urwyler, Heller, 

& Suter, 2009). The GFP-tagged F-BAR domains of Cip4, Nwk and Mim, as well as the 

mCherry-tagged F-BAR of Syndapin were kindly provided by Avital Rodal (Becalska et 

al., 2013). In order to visualize F-actin in live cells, a plasmid expressing mRuby2-

Lifeact was obtained from Addgene (Addgene plasmid # 54674; donated by Michael 

Davidson; (Lam, Mangos, Green, Reiser, & Huttenlocher, 2015). The sequence for 

mRuby2-Lifeact was subsequently cloned into pUASp-attB-K10. For knockdown studies, 

shRNAs targeting the desired gene were constructed as previously described (Ni et al., 

2011). The shRNA oligos were cloned into the Valium 20 vector (obtained from the 

DF/HCC Plasmid Resource Core at Harvard University). The following shRNA targeting 

sequences were used. sh3px1 shRNA1 (5′-ACCAGTGACTACGATAACAAA-3′); wasp 

shRNA-1 (5′-TCGGTGAAGCAATACAGTGTA-3′); wasp shRNA-2 (5′-

CGGGGTGGTGTGCTTCGTCAA-3′), and scar shRNA (5′-CTCGACAAGCTTAATG 

TCTAT-3′). The point mutations in sh3px1 were generated using the Q5 site-directed 

mutagenesis kit (NEB). Fly lines generated by the O’Connor-Giles laboratory include the 

sh3px1 A10 null allele, as well as the sh3px1 repair allele. scarDel37 (#8754) was 

purchased from Bloomington Drosophila Stock Center. Oregon Red flies were used as 

wild-type. 
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D. Lysates and western blotting 

 Soluble lysates were prepared by resuspending S2 cell pellets in RIPA buffer (50 

mM Tris HCl pH 7.5, 150 mM NaCl, 1% NP-40, 1 mM EDTA) containing protease 

inhibitors (Halt protease inhibitor cocktail kit, Pierce). The cell suspension was then 

passed several times through a 25-gauge needle. Lysates were cleared by centrifugation 

at 10,000 g for 5 min at 4°C. 50 µg of each lysate was run on a precast TGX gel 

(BioRad), transferred to nitrocellulose, and probed with the indicated antibodies. The 

chemiluminescent signal was captured using a UVP BioSpectrumAP Darkroom. 

E. Drug Treatments 

In order to destabilize actin filaments, cells were treated with 1 µM Latrunculin A 

(Life Technologies and Santa Cruz Biotechnology). In order to destabilize microtubules, 

cells were treated with 2 µg/ml Colcemid (Sigma Aldrich). Both drug treatments were 

performed for 2 h. 

F. Microscopy 

Fixed samples were imaged on a Leica 510 upright confocal microscope or on a 

Leica 780 upright confocal microscope. For the live cell imaging experiments, cells 

adhered to No.0 glass bottom dishes (MatTek) were imaged on a Leica 780 inverted 

confocal microscope. Fixed and live images were processed and analyzed using the open 

source software, Fiji. Quantification of co-localization (Pearson's coefficient) was done 

using the Zen software on the Leica 780 upright confocal microscope. All imaging 

experiments were performed at the Augusta University Cell Imaging Core Laboratory.  
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III. RESULTS 
 

A. Localization of Endogenous Sh3px1 in Drosophila S2 Cells 
 

In order to begin our analysis of Sh3px1, we generated a polyclonal antibody 

against full-length Sh3px1. The rabbit serum was purified against recombinant Sh3px1 

and tested for activity and specificity. Drosophila Schneider 2 (S2) cells that were treated 

with either a control dsRNA or with dsRNA against sh3px1 were spotted onto 

concanavalin A (con A)-coated coverslips. A coating of con A, a lectin that encourages 

lamellipodia formation, is required for the normally semi-adherent S2 cells to attach 

firmly to coverslips (DeGeorge, Slepecky, & Carbonetto, 1985; Rogers & Rogers, 2008). 

The cells were fixed and processed for immunofluorescence using the Sh3px1 antibody. 

Abundant signal could be detected with control cells, but not with cells treated with 

dsRNA against sh3px1 (Fig. 9A,B). As a further test, lysates were prepared from S2 cells 

treated with a control dsRNA or with dsRNA against sh3px1. The lysates were separated 

by electrophoresis and analyzed by western blotting. As expected, the antibody detected a 

single band of approximately 70 kD in control lysates (Fig. 9C, lane 1). The intensity of 

this band was significantly reduced in the dsRNA treated sample (Fig. 9C, lane 2). We 

therefore conclude that S2 cells express Sh3px1, and that the antibody is capable of 

detecting the protein in a native and denatured form. 
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Figure 9: Localization of endogenous Sh3px1 in S2 cells. 
(A,B) Drosophila S2 cells were treated with dsRNAs 
against gfp (A) or sh3px1 (B). Four days after dsRNA 
treatment, the cells were spotted onto concanavalin A-
coated coverslips and allowed to adhere for 2 h. The cells 
were then fixed and analyzed using an antibody against 
Sh3px1 (green). The cells were also counterstained with 
DAPI to reveal nuclei (red). (C) S2 cells were treated with 
dsRNAs against gfp (lane 1) or sh3px1 (lane 2). Lysates 
were prepared from these cells and separated by SDS-
PAGE. The proteins were transferred to nitrocellulose and 
processed for western blot analysis using the indicated 
antibodies. Scale bars are 50 µm. 
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Figure 10: Sh3px1 colocalizes with Wasp and Scar at the cell cortex. (D) S2 cells were spotted onto 
con A-coated coverslips and allowed to adhere for 2 h. The cells were then fixed and processed for 
immunofluorescence using an antibody against Sh3px1 (green). The cells were also counterstained 
with TRITC conjugated Phalloidin to reveal F-actin (red). Sh3px1 localized adjacent to the cortical 
actin network (arrow) as well as to internal foci. (E) S2 cells were transfected with a plasmid 
expressing RFP-tagged Wasp. Four days after transfection, the cells were spotted onto con A-coated 
coverslips and allowed to adhere for 2 h. The cells were then fixed and processed for 
immunofluorescence using an antibody against Sh3px1 (green). Sh3px1 partially colocalized with 
RFP-Wasp at the cell cortex (arrow). (F) S2 cells were spotted onto con A coverslips and allowed to 
adhere for 2 h. The cells were then fixed and processed for immunofluorescence using an antibody 
against Sh3px1 (green) and Scar (red). Sh3px1 partially colocalized with endogenous Scar at the cell 
cortex (arrow). In addition, a perinuclear enrichment of Sh3px1 could be detected in approximately 
45% of cells (arrowhead). Scale bars are 15 µm. 
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 We next examined the intracellular localization of Sh3px1. Upon attaching to con 

A-coated coverslips, S2 cells flatten and extend circumferential lamellipodia (Rogers, 

Wiedemann, Stuurman, & Vale, 2003). The net result is a cell with a centrally placed 

nucleus and a cortical band of filamentous actin (F-actin) that surrounds the entire cell 

(Rogers et al., 2003). Electron microscopic studies have demonstrated that the cortical 

band consists of dendritically branched actin filaments (Biyasheva, Svitkina, Kunda, 

Baum, & Borisy, 2004). Sh3px1, as well as its human ortholog Snx9, have been shown to 

associate with nucleators of actin filament formation such as Wasp and the Apr2/3 

complex (Badour et al., 2007; Shin et al., 2008; Worby et al., 2001). Consistent with 

these reported interactions, Sh3px1 was enriched at the cell cortex, adjacent to the 

lamellipodia (Fig. 10D). Interestingly, Sh3px1 is found slightly internal to the cortical F-

actin band (Fig. 10D). In addition, Sh3px1 partially co-localized with RFP-tagged Wasp 

and endogenous Scar at the cell cortex (Fig. 10E,F, arrow). Diffusely distributed puncta 

of Sh3px1 were also observed in most cells (Fig. 10D-F). Furthermore, approximately 

45% of cells displayed a peri-nuclear enrichment of Sh3px1 (Fig. 10F, arrowhead; 

n=100). This signal was not found to display much colocalization with organelle markers 

for the Golgi apparatus, endoplasmic reticulum, or lysosomes (data not shown). 

B. Sh3px1 is required for lamellipodia formation. 

In order to determine the in vivo function of Sh3px1, S2 cells were transfected 

with either a control short hairpin RNA (shRNA) or an shRNA targeting sh3px1. The 

control shRNA was designed against a yeast gene, and as such, the targeting sequence is 

not present in the Drosophila genome. Cells expressing the control shRNA displayed the 

normal round morphology with a prominent cortical band of actin, indicative of 
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lamellipodia (Fig. 11A). By contrast, the morphology of cells expressing the shRNA 

against sh3px1 was significantly altered (Fig. 11B). The Sh3px1-depleted cells were able 

to attach to the coverslips. However, spreading of cells and lamellipodia formation were 

defective. As such, the cortical band of actin was not observed (Fig. 11B). 

 A similar phenotype has been observed in cells depleted of Scar, the actin 

nucleating factor that functions in lamellipodia formation (Biyasheva et al., 2004; Kunda, 

Craig, Dominguez, & Baum, 2003; Kundagrami & Lubensky, 2003; Rogers et al., 2003). 

Our results are consistent with these previous reports (Fig. 11C,D). Collectively, these 

observations suggest that Sh3px1 might function together with Scar in forming 

lamellipodia. Consistent with this notion, the cortical localization of Scar was lost in cells 

depleted of Sh3px1 (Fig. 12E,F). Similarly, the cortical localization of Sh3px1 was 

disrupted in Scar-depleted cells (Fig. 12G,H). 

 

C. Formation of tubules and protrusions upon over-expression of Sh3px1 

The domain organization of Sh3px1 is shared by its mammalian orthologs: Snx9, 

Snx18 and Snx33. As suggested by its name, Sh3px1 contains a Src-homology 3 (Sh3) 

domain as well as a phox-homology (PX) domain (Fig. 18A). In addition, Sh3px1 also 

contains a C-terminal BAR domain (Fig. 18A). BAR domains are known for 

sensing/inducing curvature in membranes (Mim & Unger, 2012). Pylypenko et al. have 

solved the structure of the Snx9 PX-BAR domain (Pylypenko, Lundmark, Rasmuson, 

Carlsson, & Rak, 2007). The PX-BAR of Snx9 dimerizes and adopts a concave 

conformation typically seen with classical BAR domain proteins (Pylypenko et al., 2007). 
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Figure 11: Depletion of Sh3px1 results in defective lamellipodia formation. (A,B) S2 cells were 
transfected with a plasmid expressing a control shRNA targeting the yeast gal80 gene (A) or with a 
plasmid expressing shRNA targeting sh3px1 (B). The cells were also transfected with the Act5c-Gal4 
plasmid in order to induce expression of the shRNA. Three days after transfection, the cells were 
spotted onto con A-coated coverslips and allowed to adhere for 2 h. The cells were then fixed and 
processed for immunofluorescence using an antibody against Sh3px1 (green). The cells were also 
counterstained to reveal F-actin (red). The percentage of Sh3px1 depleted cells displaying the 
lamellipodia defect is indicated in panel B. (C,D) S2 cells were transfected with a plasmid expressing 
the gal80 control shRNA (C) or with a plasmid expressing an shRNA targeting scar (D). Three days 
after transfection, the cells were fixed, processed using an antibody against Scar (green), and were 
counterstained to reveal F-actin (red). Scale bars are 15 µm. 
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Figure 12: Scar localization is disturbed in Sh3px1 knockdown experiments. (E,F) S2 cells were 
transfected with a plasmid expressing the gal80 control shRNA (E) or with a plasmid expressing an 
shRNA targeting sh3px1 (F). Three days post-transfection, the cells were fixed and processed using 
antibodies against Scar (red) and Sh3px1 (green). (G,H) S2 cells were transfected with a plasmid 
expressing the gal80 control shRNA (G) or with a plasmid expressing an shRNA targeting scar (H). 
Three days later, the cells were fixed and processed using an antibody against Sh3px1 (green). The 
cells were also counterstained to reveal F-actin (red). Scale bars are 15 µm. 
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A commonly used strategy for examining the membrane shaping properties of 

BAR domain proteins is to over-express the protein in cells. For instance, over-

expression of Snx9 in HeLa and Cos7 cells results in formation of long membrane 

tubules (Pylypenko et al., 2007; Shin et al., 2008). A similar phenotype is observed upon 

over-expressing other BAR domain proteins such as Amphiphysin and Endophilin 3, and 

F-BAR proteins such as FBP17 and CIP4 (Itoh et al., 2005; Lee et al., 2002). By contrast, 

over-expression of inverse BAR (I-BAR) domain proteins result in cell protrusions 

(Mattila et al., 2007; Yamagishi, Masuda, Ohki, Onishi, & Mochizuki, 2004; Zhao, 

Pykalainen, & Lappalainen, 2011). 

In order to determine whether Sh3px1 is capable of inducing membrane 

curvature, we over-expressed full-length GFP-Sh3px1 in S2 cells. Consistent with the 

properties of its mammalian ortholog, tubules decorated with GFP-Sh3px1 could be 

detected in over-expressing cells (Fig. 13B,I). Tubular structures were rarely observed in 

cells over-expressing GFP alone (Fig. 13A,I). Tubules generated by Snx9 are known to 

arise from the plasma membrane (Shin et al., 2008). We therefore attempted to determine 

whether this was also true of tubules generated by GFP-Sh3px1. Cells over-expressing 

GFP-Sh3px1 were labeled with numerous membrane dyes such as FM4-64, DiI, wheat 

germ agglutinin, and Cell Mask. Unfortunately, these reagents labeled internal 

membranous structures in S2 cells and convincing plasma membrane labeling was not 

observed. Thus, at this time, it is unclear whether the tubules generated by GFP-Sh3px1 

are originating from the plasma membrane. 

 Surprisingly, however, the tubule phenotype was only observed in approximately 

15% of GFP-Sh3px1 over-expressing cells (Fig. 16I). The majority of these cells 
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displayed long protrusions (Fig. 13C, Fig. 14D,E, Fig. 16I). Within this group, a few 

variations were observed. Most protrusions were branched (Fig. 13C). Occasionally, 

protrusions containing bulges or nodules were observed (Fig. 14D). A small number of 

cells also displayed internal vesicular structures that were positive for both GFP-Sh3px1 

and actin in addition to long protrusions (Fig. 14E). The reason for this phenotypic 

variation is unclear. For purposes of quantification, all three groups depicted in panels C 

of Fig. 13, and D and E of Fig. 14 were scored as cells containing ‘protrusions’. Similar 

results were obtained by over-expressing an untagged version of Sh3px1. To the best of 

our knowledge, this is the first description of a classical BAR domain protein that is 

capable of inducing both tubules and protrusions.  

The actin cytoskeleton has been implicated in formation of tubules and 

protrusions by BAR domain proteins (Itoh et al., 2005).  We therefore examined F-actin 

in cells over-expressing GFP-Sh3px1. As noted previously, untransfected cells or cells 

over-expressing GFP, attach to con A-coated coverslips, flatten and form lamellipodia 

(Fig. 13A). Thus, control cells display a strong cortical band of F-actin. The localization 

of F-actin was relatively unchanged in GFP-Sh3px1 over-expressing cells that displayed 

the tubule phenotype (Fig. 13B). However, in GFP-Sh3px1 over-expressing cells that 

formed protrusions, the cortical band of actin was not observed and most of the signal for 

F-actin was observed in the tips of the protrusion (Fig. 13C, Fig. 14D,E). 
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Figure 13: Formation of tubules and protrusions by GFP-Sh3px1. (A-E) S2 cells were transfected 
with a plasmid encoding GFP (A) or GFP-Sh3px1 (B-E) and the Act5c-Gal4 plasmid that was 
required for driving expression of the fusion proteins. Two days after transfection, the cells were 
spotted onto con A-coated coverslips and allowed to adhere for 2 h. The cells were then fixed, 
counterstained with Phalloidin-TRITC, and imaged. Cells pictured in B-E represent the range of 
phenotypes observed. Scale bars are 15 µm. 
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Figure 14: Examples of GFP-Sh3px1 localization in protruding cells. (A-E) S2 cells were transfected 
with a plasmid encoding GFP (A) or GFP-Sh3px1 (B-E) and the Act5c-Gal4 plasmid that was 
required for driving expression of the fusion proteins. Cells pictured in B-E represent the range of 
phenotypes observed. Scale bars are 15 µm. 
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In order to determine whether the protrusions represent very long lamellipodia or 

filopodia, cells over-expressing RFP-Sh3px1 were fixed and stained using antibodies 

against Scar and Enabled (Ena). Scar has been used as a marker for lamellipodia and Ena 

has been used to mark filopodia (Biyasheva et al., 2004). Scar and Ena were not excluded 

from the protrusions induced by Sh3px1 over-expression. However, unlike F-actin, they 

were not specifically enriched at the tips of the protrusions. We therefore propose that 

these structures are neither purely lamellipodia nor filopodia, but rather a neomorphic 

actin-rich structure produced as a consequence of Sh3px1 over-expression. 

We next determined whether microtubules were also present within GFP-Sh3px1 

induced protrusions. Fixed cells were stained using an antibody against alpha-tubulin. 

Many, but not all, of the protrusions contained microtubules (Fig. 15F, red). The long 

protrusions usually contained microtubules, but the shorter branches were often negative 

for alpha-tubulin staining (Fig. 15F′, arrow vs. arrowhead). One interpretation of this 

result is that microtubules are not the driving force behind protrusion formation. Rather, 

it is likely that microtubules gradually grow into the protrusions once they are formed. 
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Figure 15: Some GFP-Sh3px1 overexpression protrusions are tubulin-rich. (F) S2 cells were 
transfected with a plasmid encoding GFP-Sh3px1 and spotted onto con A coverslips as noted above. 
The cells were then fixed in methanol at −20°C and stained with an antibody against Alpha-tubulin to 
reveal the microtubule network (red). Panel F′ represents a magnified view of the region outlined by 
the rectangle in F. Scale bar is 15 µm. 
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Tubules generated by BAR domain proteins and protrusions formed by I-BAR 

proteins are dynamic (Guerrier et al., 2009; Shin et al., 2008). We therefore examined 

whether this was also true of the membrane deformations induced by Sh3px1. S2 cells 

that over-expressed either GFP or GFP-Sh3px1 were imaged live. As noted upon imaging 

fixed cells, GFP over-expressing cells did not form tubules or protrusions. By contrast, 

both types of membrane deformations were observed with GFP-Sh3px1 over-expressing 

cells. Fig. 16G depicts a time series of a cell over-expressing GFP-Sh3px1. At the start of 

the imaging experiment, several tubules are visible within the cell. Within three minutes, 

we observed the formation of small protrusions at the cell periphery. Importantly, GFP-

Sh3px1 was enriched within these protrusions (Fig. 16G, 168 s, arrows). At the end of the 

five-minute imaging experiment, the cell displayed both tubular structures and 

protrusions (Fig. 16G, 300 s). Thus, not only can GFP-Sh3px1 induce the formation of 

tubules and protrusions, this can even happen in the same cell. The last panels on the 

right in Fig. 16 are temporal color-coded images, where the images at the start of the 

experiment are depicted in blue and those at the end of the experiment are shown in 

white. Fig. 16H depicts a similar time series of a cell over-expressing GFP-Sh3px1. This 

cell has already formed long protrusions. However, live imaging reveals that even these 

longer protrusions are dynamic (Fig. 16H, arrows). As before, the panel on the right 

displays a temporal color-coded image. 

Our results thus far demonstrate that GFP-Sh3px1 is able to induce the formation 

of tubules and protrusions in S2 cells. Although this was not observed in GFP over-

expressing cells, we wished to further test the specificity of this phenotype. Consistent 

with published results, over-expressing the F-BAR domain of Cip4 formed long tubular 
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structures (Fig. 17J) (Becalska et al., 2013; Fricke et al., 2009). Over-expressing the F-

BAR domain of Syndapin formed internal membrane clusters (Fig. 17K). A similar 

phenotype was also observed by Becalska et al. (2013). Syndapin is the Drosophila 

ortholog of mammalian Pacsin. As expected, over-expressing the I-BAR domain of 

Missing in metastasis (Mim) resulted in long protrusions (Fig. 17L) (Becalska et al., 

2013). Similarly, consistent with published results, over-expressing the F-BAR domain of 

Nervous wreck (Nwk) also induced the formation of long protrusions (Fig. 17M) 

(Becalska et al., 2013). Tubular structures were not observed in cells over-expressing 

Mim or Nwk (data not shown). Based on these results we conclude that S2 cells do not 

spontaneously form tubules and protrusions. Additionally, Sh3px1 appears unique in its 

ability to form these seemingly opposing structures. 

 

D. The PX-BAR domain is required for tubule and protrusion formation 

Sh3px1 contains four recognizable domains: Sh3, Low complexity, PX, and BAR 

domains (Fig. 18A). As noted previously, this overall organization is shared by its 

mammalian orthologs. The greatest levels of identity and similarity between Sh3px1 and 

its mammalian orthologs lie within the Sh3, PX and BAR domains (Fig. 18A, and data 

not shown). We next attempted to define the critical domains and residues required for 

tubule and protrusion formation. 
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Figure 16: Protrusions result from GFP-Sh3px1 overexpression are highly dynamic structures. 
(G) S2 cells were transfected with a plasmid encoding GFP-Sh3px1. Two days after 
transfection, the cells were spotted onto con A-coated glass bottom dishes and allowed to 
adhere. The cells were then imaged live. Select time points (0 s, 168 s, and 300 s) from one 
such imaging experiment are shown. The panel on the far right represents a temporal color-
coded image. Images at the start of the experiment are depicted in purple and those at the end 
of the experiment are shown in white. The arrows indicate accumulation of GFP-Sh3px1 in 
small membrane protrusions that continue to elongate during the course of the experiment. (H) 
Similar treatment as panel G. Select time points (0 s, 72 s, and 150 s) from a live imaging 
experiment are shown here. The panel on the far right represents a temporal color-coded 
image. Arrows indicate membrane protrusions that continue to elongate during the time course 
of the experiment. Scale bars are 15 µm. (I) Quantification of the phenotypes observed in 
panels A-E. Cells in which no particular localization pattern was detected were counted as 
‘Diffuse’. Cells in which membrane protrusions were observed were scored as ‘Protrusions’. 
Cells containing tubular structures were scored as ‘Tubules’. The graph represents data from 
three independent experiments. For each experiment, 100 cells were counted for each 
construct. The error bars represent standard deviation. **P=0.0007, ***P≤0.0001, Unpaired t-
test. 
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Figure 17: Overexpression phenotypes of generic BAR domains in S2 cells. (J-M) S2 cells were 
transfected with the following expression constructs, Cip4-GFP (J), Syndapin-mCherry (K), Mim-
GFP (L), and Nwk-GFP (M). Two days after transfection, the cells were spotted onto con A-coated 
coverslips and allowed to adhere. The cells were then fixed and counterstained to reveal F-actin, and 
imaged. Scale bars are 15 µm. 
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The first construct we examined was one containing the minimal BAR domain of 

Sh3px1 fused to GFP. The BAR domain of Sh3px1 was not capable of forming either 

tubules or protrusions (Fig. 18B, 15G). S2 cells over-expressing the minimal Sh3px1 

BAR domain were able to attach and form lamellipodia, as indicated by the cortical band 

of F-actin (Fig. 18B). 

By contrast, the PX-BAR domain of Sh3px1 fused to GFP was able to form 

protrusions and tubules, much like the full-length protein (Fig. 18C, 20G). S2 cells 

express endogenous Sh3px1 (Fig. 9A), and BAR domains are known to dimerize. It was 

therefore possible that the PX-BAR domain construct was dimerizing with endogenous 

Sh3px1 and forming protrusions and tubules via the activity of endogenous Sh3px1. In 

order to address this point, we depleted endogenous Sh3px1 using an shRNA. 

Importantly, the sequence targeted by the shRNA is present in the full-length protein but 

not within the PX-BAR construct (Please see Materials and Methods for details). Cells 

co-expressing the PX-BAR construct along with a control shRNA or with an shRNA 

targeting sh3px1 formed protrusions and tubules with similar frequency (Fig. 18D, 

120G). Thus, the PX-BAR domain of Sh3px1 appears to be necessary and sufficient to 

form these structures in S2 cells. A potential limitation of this conclusion is that the 

shRNA does not completely eliminate endogenous Sh3px1 (Fig. 9B). The residual 

Sh3px1 that persists might dimerize with the PX-BAR construct to generate tubules and 

protrusions. 
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Figure 18: The PX-BAR domain is required for tubule and protrusion formation. (A) Schematic of 
the domain organization of Sh3px1. The amino acid residues that comprise the domains are listed. 
Also shown is a comparison of the percent identity and similarity in the BAR domains between 
Sh3px1 and Snx9, Snx18 and Snx33. (B) S2 cells were transfected with a GFP-BAR construct. Two 
days after transfection, the cells were spotted onto con A-coated coverslips, allowed to adhere, fixed 
and counterstained to reveal F-actin (red). (C,D) S2 cells were co-transfected with a GFP-PX-BAR 
construct and a control shRNA (C) or an shRNA targeting endogenous sh3px1 (D). Three days after 
transfection, the cells were treated as in panel B. 64.7% (±8) cells expressing the control shRNA 
formed protrusions in comparison to 63% (±3) for cells expressing shRNA targeting sh3px1. This 
difference is not statistically significant (P=0.7477). Scale bars are 15 µm. 
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eliminate endogenous Sh3px1 (Fig. 9B). The residual Sh3px1 that persists might 

dimerize with the PX-BAR construct to generate tubules and protrusions. 

With regard to Snx9, tyrosine residue 287 lies within the phosphoinositide 

binding pocket of the PX domain (Pylypenko et al., 2007). Mutation of this residue to 

alanine results in a protein that is unable to form membrane tubules when over-expressed 

in cells (Pylypenko et al., 2007). In order to test the importance of the PX domain in 

membrane deformation, we introduced a similar mutation in the corresponding tyrosine 

residue of Sh3px1 (Y256A). As predicted from studies of the human protein, PX-BAR 

(Y256A) was not able to efficiently form tubules or protrusions (Fig. 20G). Rather, this 

protein was either diffusely distributed throughout the cell or accumulated in a peri-

nuclear region (Fig. 19E, 20G). 

With regard to Snx9, tyrosine residue 287 lies within the phosphoinositide 

binding pocket of the PX domain (Pylypenko et al., 2007). Mutation of this residue to 

alanine results in a protein that is unable to form membrane tubules when over-expressed 

in cells (Pylypenko et al., 2007). In order to test the importance of the PX domain in 

membrane deformation, we introduced a similar mutation in the corresponding tyrosine 

residue of Sh3px1 (Y256A). As predicted from studies of the human protein, PX-BAR 

(Y256A) was not able to efficiently form tubules or protrusions (Fig. 20G). Rather, this 

protein was either diffusely distributed throughout the cell or accumulated in a peri-

nuclear region (Fig. 19E,20G). 
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Figure 19: Overexpression of the PX and BAR domains with key mutations do not induce full-length 
overexpression phenotypes. (E,F) S2 cells were transfected with GFP-PX-BAR mutant Y256A (E) or 
with GFP-PX-BAR mutant K496E, R500E (F). Two days after transfection, the cells were treated as 
in panel B. Scale bars are  15 µm. 
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We next examined mutants within the BAR domain. The Snx9 dimer adopts a 

curved conformation with positively charged residues positioned on the concave 

membrane-binding surface (Pylypenko et al., 2007). Within the human protein, residues 

K522 and K528 appear to be important for tubule formation. When these residues are 

mutated to aspartic acid, the mutant protein is no longer able to form tubules in cells, but 

still retains the capacity to bind membranes (Pylypenko et al., 2007). We introduced 

comparable mutations into Sh3px1 (K496E, R500E). For simplicity, we will refer to this 

mutant as PX-BAR-mut. As predicted, PX-BAR-mut had a reduced ability to form 

tubules and protrusions in comparison to wild-type (Fig. 9G). However, it was not 

completely compromised and cells containing small tubules and protrusions were 

observed (Fig. 9F,G; Protrusion formation in BAR alone versus PX-BAR-mut, P<0.0001; 

Tubule formation in BAR alone versus PX-BAR-mut, P<0.0001). As with the PX 

mutant, PX-BAR-mut also often accumulated in a peri-nuclear region (Fig. 19F, 20G). 

We next examined mutants within the BAR domain. The Snx9 dimer adopts a 

curved conformation with positively charged residues positioned on the concave 

membrane-binding surface (Pylypenko et al., 2007). Within the human protein, residues 

K522 and K528 appear to be important for tubule formation. When these residues are 

mutated to aspartic acid, the mutant protein is no longer able to form tubules in cells, but 

still retains the capacity to bind membranes (Pylypenko et al., 2007). We introduced 

comparable mutations into Sh3px1 (K496E, R500E). For simplicity, we will refer to this 
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Figure 20: Proportions of phenotypes of each Sh3px1 construct. (G) Cells from the experiments 
represented in panels Fig. 118B-19F were quantified. As before, cells in which GFP-Sh3px1 
displayed no particular localization pattern were counted as ‘Diffuse’. Cells in which membrane 
protrusions were observed were scored as ‘Protrusions’. Cells containing tubular structures were 
scored as ‘Tubules’. Cells containing a strong enrichment of GFP signal close to the cytoplasmic face 
of the nuclear envelope were scored as ‘Perinuclear’. For each experiment, 100 cells were counted for 
each construct. The experiment was performed three times. 
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mutant as PX-BAR-mut. As predicted, PX-BAR-mut had a reduced ability to form 

tubules and protrusion in comparison to wild-type (Fig. 9G). However, it was not 

completely compromised and cells containing small tubules and protrusions were 

observed (Fig. 4F,G; Protrusion formation in BAR alone versus PX-BAR-mut, P<0.0001; 

Tubule formation in BAR alone versus PX-BAR-mut, P<0.0001). As with the PX 

mutant, PX-BAR-mut also often accumulated in a peri-nuclear region (Fig. 19F, 20G). 

Full-length Snx9 has been shown to co-localize with numerous vesicular 

structures in mammalian cells including the Golgi (Soulet, Yarar, Leonard, & Schmid, 

2005). We therefore examined whether the peri-nuclear enrichment of PX-BAR (Y256A) 

and PX-BAR-mut corresponded to Golgi. Both constructs localized adjacent to Golgi 

vesicles, but rarely co-localized (data not shown). Similarly, minimal co-localization was 

observed between these constructs and markers for lysosomes and mitochondria (data not 

shown). At present, it is unclear with which structure or organelle PX-BAR (Y256A) and 

PX-BAR-mut is localizing. 

E. Over-expression of mammalian sorting nexins in S2 cells 

As noted previously, over-expression of Snx9 in mammalian cells results in the 

formation of long tubules (Pylypenko et al., 2007; Shin et al., 2008). Cell protrusions 

were not observed. Why then does the Drosophila ortholog, Sh3px1, induce the 

formation of protrusions? One explanation is that this property is unique to Sh3px1. 

Alternatively, S2 cells might be more conducive to protrusion formation than HeLa or 

Cos7 cells. For instance, as noted previously, Cip4 forms tubules in Cos7 cells and 

protrusions in cortical neurons (Saengsawang et al., 2012). In order to distinguish 
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between these possibilities, we over-expressed GFP-tagged versions of the three 

mammalian Snx9 family members in S2 cells. 

Consistent with published findings in mammalian cells (Pylypenko et al., 2007; 

Shin et al., 2008), cells over-expressing GFP-Snx9 formed tubules (Fig. 21A, 22G). 

However, a small percentage of GFP-Snx9 over-expressing cells also formed protrusions 

(Fig. 21B, 22G). The protrusions that were formed upon GFP-Snx9 over-expression were 

typically shorter than those formed upon over-expressing GFP-Sh3px1 (Fig. 21B vs. Fig. 

18C). 

Snx18 produced a phenotype that was most similar to Sh3px1, with 

approximately 60% of cells forming long protrusions and 15% of cells forming tubules 

(Fig. 21C,D, 22G). Snx33 was also capable of forming protrusions and tubules (Fig. 

22G). However, the tubules formed upon over-expressing GFP-Snx33 was often shorter 

than those formed upon over-expressing GFP-Snx9 (Fig. 22E vs. Fig. 21A). In addition, 

protrusions induced by GFP-Snx33 over-expression were shorter than those induced by 

over-expressing GFP-Snx18 (Fig. 22F vs. Fig. 21D). 

In order to determine whether these phenotypes were independent of endogenous 

Sh3px1, cells were co-transfected with plasmids encoding GFP-tagged versions of the 

three sorting nexins and an shRNA targeting sh3px1. This analysis revealed that 

depletion of Sh3px1 did not significantly alter the ability of Snx9, Snx18 or Snx33 to 

induce tubules and/or protrusions in S2 cell (Fig. 22G). As noted previously, a limitation 

of this experiment is that we cannot completely eliminate endogenous Sh3px1. The 

 



 

66 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 21: Localization of Snx9 and Snx18 in S2 cells. (A,B) S2 cells were transfected with a plasmid 
encoding GFP-Snx9. Two days after transfection, the cells were spotted onto con A-coated coverslips 
and allowed to adhere. The cells were then fixed and counterstained with Phalloidin to visualize F-
actin (red). Panel A represents an example of a tubule containing cell and panel B represents a cell 
that has formed protrusions. (C,D) S2 cells were transfected with a plasmid encoding GFP-Snx18. 
The cells were treated as in the above panels. C is an example of a GFP-Snx18 cell that has formed 
tubules and panel D is an example of a cell with long protrusions. Snx33 images are found in the next 
figure. Scale bars are 15 µm. 



 

67 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 22: Phenotype quantification of the three human Snx9 family proteins. (E,F) S2 cells were 
transfected with a plasmid encoding GFP-Snx33 and treated as above. E is an example of a tubule- 
containing cell and panel F is an example of a cell that has formed protrusions. Scale bars are 15 µm. 
(G) Quantification of phenotypes observed upon over-expressing GFP-Snx9, Sxn18 and Snx33. The 
quantification criteria for determining Diffuse, Tubule or Protrusion was the same as previously 
described. The graph represents data from three independent experiments. For each experiment, 100 
cells were counted per construct. The error bars represent standard deviation. 
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residual Sh3px1 might cooperate with its mammalian orthologs to induce these 

membrane deformations. 

Previous studies suggest that only highly similar BAR domains are able to decorate the 

same membrane deformation (Becalska et al., 2013). For instance, a protein with a 

classical BAR domain and a protein with an F-BAR domain will typically not be able to 

decorate the same tubule due to distinct membrane-sensing properties of their BAR 

domains. Although the structure of the PX-BAR domain of Sh3px1 has not been solved, 

the prediction program Phyre2 suggests that it folds into a very similar structure as Snx9 

(Kelley & Sternberg, 2009). In order to test this prediction, we examined the localization 

of endogenous Sh3px1 in S2 cells over-expressing GFP-tagged versions of the three 

mammalian sorting nexins. Most tubules and protrusions formed by the mammalian 

sorting nexins also contained endogenous Sh3px1 (Fig. 23A-E). These results suggest 

that the BAR domain of Sh3px1 very likely folds into a similar conformation as its 

mammalian orthologs. By contrast, the tubules formed upon Cip4 over-expression did not 

contain endogenous Sh3px1 (data not shown). Similarly, endogenous Sh3px1 was not 

found in the protrusions induced by GFP-Mim or GFP-Nwk over-expression (Fig. 

19F,G). The Pearson's co-localization coefficient between the GFP-tagged proteins and 

endogenous Sh3px1 is shown in Fig. 24H. 
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Figure 23: Co-localization between endogenous Sh3px1 and Snx9 family constructs. (A-G) S2 cells 
were transfected with GFP-Snx9 (A,B), GFP-Snx18 (C,D), or GFP-Snx33 (E). Two days after the 
transfection, the cells were fixed and processed for immunofluorescence using an antibody against 
endogenous Sh3px1 (red). Scale bars are 15 µm. 
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Figure 24: Co-localization between endogenous Sh3px1 and domain constructs. (A-G) S2 cells were 
transfected with GFP-Mim (F) or GFP-Nwk (G). Scale bars are 15 µm. (H) The Pearson’s co-
localization coefficient was quantified for endogenous Sh3px1 and the indicated GFP-tagged 
constructs. For each construct, 25 cells were imaged and quantified. The co-localization was 
quantified for the entire cell rather than using a specific region within the cell. The error bars 
represent standard deviation. 
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F. The role of actin in protrusion formation 

As noted previously, F-actin is localized at the tips of protrusions formed by GFP-

Sh3px1 over-expression (Fig. 13C). This finding is not surprising given the numerous 

links between Sh3px1, Snx9, and the actin cytoskeleton. We have shown in this report 

that Sh3px1 is required for spreading of S2 cells and formation of lamellipodia (Fig. 

6A,B). Sh3px1 as well as Snx9 have been shown to interact with Wasp (Badour et al., 

2007; Worby et al., 2001). Wasp is a regulator of the Arp2/3 complex, which in turn 

stimulates the formation of F-actin. In addition, Snx9 has also been shown to bind 

directly to the Arp2/3 complex (Shin et al., 2008). Lastly, Snx9 is required for dorsal 

ruffle formation and for actin-dependent fluid phase endocytosis (Yarar et al., 2007). 

Apart from these interactions, the process of protrusion formation by I-BAR and F-BAR 

proteins also appears to require actin (Suetsugu and Gautreau, 2012). 

In the case of F-BAR proteins that induce protrusions, the model proposed by 

Becalska et al., and Shimada et al., suggests that the F-BAR protein initially generates a 

small inward tubule or invagination. Subsequent recruitment of actin nucleators to this 

site results in filament assembly and outward growth of a protrusion (Becalska et al., 

2013; Shimada et al., 2010). We envisioned that a similar mechanism might also account 

for protrusion formation by Sh3px1. According to this model, the main role of Sh3px1 is 

to generate the small inward tubule or invagination. Thus, the expectation is that GFP-

Sh3px1 would be enriched at the base of the protrusion. Unexpectedly, this was not what  
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Figure 25: The potential involvement of F-actin in protrusion formation. (A,B) S2 cells were 
transfected with a plasmid encoding GFP-Sh3px1. Two days after transfection, the cells were spotted 
onto con A-coated coverslips, allowed to adhere, and then fixed. Next, the cells were counterstained 
with Phalloidin-TRITC (red) to reveal F-actin. Panel A depicts a cell with long protrusions and panel 
B depicts a cell that is just starting to form protrusions. A′ and B′ represent magnified views of the 
regions outlined by rectangles in A and B, respectively. The arrows in A′ indicate that signal for 
Sh3px1 could be detected on the membrane of the long protrusions, whereas F-actin was observed 
more internally. The arrow in B′ indicates a short protrusion that contains more signal for Sh3px1 
than F-actin. Scale bars are 15 µm. 
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Figure 26: Time-course imaging and actin dynamics. (C,D) Panels C and D represent select time 
frames from two independent live imaging experiments. S2 cells were co-transfected with plasmids 
encoding GFP-Sh3px1 (green) and mRuby2-Lifeact (red). Individual and merged images are shown. 
The arrows indicate protrusions that form and elongate during the course of the experiment. (E,F) S2 
cells were co-transfected with the following combination of plasmids; GFP-Sh3px1 and the gal80 
control shRNA (E) and GFP-Sh3px1 and wasp shRNA-2 (F). Three days after transfection, the cells 
were spotted onto con A coverslips, allowed to adhere, and then fixed. Scale bars are 15 µm. (G) 
Quantification of phenotypes from the experiment depicted in panels E and F. The quantification 
criteria for determining Diffuse, Tubule, and Protrusion were as described previously. The graph 
represents data from three independent experiments. For each experiment, 100 cells were counted per 
construct. The error bars represent standard deviation. ***P=0.0018, unpaired t-test. 
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we observed. In fact, GFP-Sh3px1 was detected on the membrane of the protrusion along 

its entire length (Fig. 25A,A′, arrows). 

Another prediction of the model is that F-actin would be observed in all 

protrusions. This is indeed the case for cells containing long protrusions. However, closer 

examination of cells that were just starting to form protrusions revealed a subtle 

difference. Whereas all protrusions contained signal for GFP-Sh3px1, F-actin was 

missing from the tips of some of the smaller protrusions (Fig. 25B,B′, arrow). In this 

experiment, F-actin was visualized using fluorescent Phalloidin. A caveat of this 

interpretation is that there might exist a population of F-actin at the tips of these smaller 

protrusions that is not efficiently labeled with Phalloidin. 

 In order to independently examine the role of actin in protrusion formation, we 

examined live cells that co-expressed GFP-Sh3px1 and mRuby2-Lifeact. Lifeact 

corresponds to a 17 amino acid peptide that binds to F-actin in live cells without affecting 

actin dynamics (Riedl et al., 2008). Figures 13C and 14D correspond to time frames from 

two different cells co-expressing GFP-Sh3px1 and mRuby2-Lifeact. As noted under 

fixed conditions, GFP-Sh3px1 was present in all protrusions (Fig. 13C, 14D). During the 

course of this experiments, we observed the formation of new protrusions. Interestingly, 

whereas the new protrusions contained GFP-Sh3px1, they were negative for mRuby2-

Lifeact (Fig. 26C,D, arrows). As with Phalloidin, a limitation of this experiment is that F- 

actin might indeed be present within these protrusions but not efficiently bound by 

Lifeact (Munsie, Caron, Desmond, & Truant, 2009). 
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Figure 27: Illustration of the protrusion generation model. Upon binding to the cytosolic face 
of the cell membrane, some positively-curved BAR proteins may be able to recruit actin 
nucleators to the rim of membrane pits. Extension of the actin cytoskeleton could then produce 
outward membrane protrusions.  
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We next examined whether protrusion formation by Sh3px1 required Wasp. As 

mentioned previously, Wasp is a known interacting partner of Sh3px1 (Clemens et al., 

2000; Worby et al., 2001), and functions in the nucleation of actin filaments via the 

Arp2/3 complex. Cells were transfected with GFP-Sh3xp1 as well as a control shRNA or 

an shRNA targeting wasp. Two different shRNAs were designed against wasp. wasp 

shRNA-2 was found to be more effective at reducing the target protein level in 

comparison to wasp shRNA-1 (data not shown). We therefore used this shRNA construct 

in our transfection experiment. In comparison to cells expressing GFP-Sh3px1 and the 

control shRNA, the cells expressing wasp shRNA-2 were unable to efficiently form 

protrusions (Fig. 26E,F,G. P=0.0018, unpaired t-test). It therefore appears that efficient 

protrusion formation by Sh3px1 requires Wasp activity. 

We also attempted to determine whether protrusion formation by Sh3px1 required 

the actin nucleation factor, Scar. However, these results were difficult to interpret. 

Published findings, as well as our own experiments, indicate that Scar is required for 

spreading of S2 cells and lamellipodia formation (Fig. 11C,D) (Biyasheva et al., 2004; 

Kunda et al., 2003; Rogers et al., 2003). Thus, upon depleting Scar, an upstream defect in 

cell spreading precludes examining a potential role for Scar in Sh3px1-mediated 

protrusion formation. Interaction of Sh3px1 with Scar has been explored further in the 

tissues of the Drosophila ovary. 

 

G. Loss of Sh3px1 results in reproductive defects in the fly ovary. 

 The sequence of egg chamber development in Drosophila melanogaster generates 

a tissue for the differentiation and growth of the oocyte (Fig. 28A). Towards this end, 
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nurse cells actively transport many essential cargos into the oocyte (Becalska & Gavis, 

2009). Yolk protein is produced in follicle cells and internalized by the oocyte (Barnett et 

al., 1980). During stages 7 through 10, a cluster of somatic follicle cells called border 

cells migrate from the anterior egg chamber to the oocyte. Our polyclonal rabbit antibody 

against full-length Sh3px1, described in our published studies (Hicks et al., 2015), 

identifies Sh3px1 in all cell types of wild-type Oregon Red (OR) Drosophila ovariole 

(Fig.6B). In addition to ubiquitous expression, Sh3px1 is found to be highly enriched in 

certain cell types such as escort cells within the germarium and the migratory border cells 

(asterisk). The expression pattern of Sh3px1 was also confirmed using a strain expressing 

endogenously tagged FLAG-Sh3px1 (Fig. 29D). 

 

 Consistent with the reduced fertility results, gross degeneration of ovarioles was 

observed in 7 days post-eclosion (dpe) ovaries (Fig. 29B).  To control for any phenotypes 

generated by transgenic techniques, CRISPR was also used to repair the sh3px1 A10 null 

by reinserting sh3px1 into its endogenous locus. This repair line expressed Sh3px1 and 

rescued the ovariole degeneration phenotype and phenotypes discussed later in this 

document; therefore, the phenotypes are in fact due to specific loss of Sh3px1.  
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Figure 28: Sh3px1 in the Drosophila ovary. A. Stages of egg chamber development in an ovariole. 
Drosophila oocytes develop at the posterior pole of egg chambers. A group of somatic follicle cells 
called border cells migrates from the anterior egg chamber to the oocyte around stages 7 through 10. 
Scale bars are 30um unless marked otherwise. B. Sh3px1 is ubiquitously expressed in all stages of egg 
chamber development, but highly enriched at the cortex of certain cell types such as border cells 
(marked by asterisk). 7 days post-eclosion (dpe) sh3px1 A10 egg chambers exhibit gross morphology 
defects.  Repaired sh3px1 homozygotes are rescued from the null phenotypes. C. Western blot confirms 
null and restored Sh3px1 levels in the respective fly lines.  
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Figure 29: Antibody confirmation and ovariole defect quantification. D. Endogenous Flag-tagged 
sh3px1 validates our Sh3px1 antibody immunofluorescence. E. While wild-type and rescued females 
increase egg laying in the first week of adulthood, sh3px1 A10 females begin adulthood laying few eggs 
and decrease laying to near zero at 7dpe.  F. Nearly all ovarioles of wild-type and repaired females 
develop normally through the first week of adulthood.  A large majority of ovarioles in 7dpe sh3px1 
A10 females display degenerative ovarioles. At 4dpe a smaller but observable portion of ovarioles are 
degenerative in sh3px1 A10 females.  Scale bar is 30 µm. 
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In order to determine the effect of age on female reproduction, we examined the 

number of eggs laid daily by females of each fly line during the first week of adulthood 

(Fig. 29E). While OR and repaired females increase egg laying in the first 7 days post 

eclosion (dpe), sh3px1 A10 females begin laying far fewer eggs and rates fall to near zero 

by 7dpe. Upon closer observation of ovarian tissues, nearly all ovarioles of OR and repair 

females develop normally through the first week of adulthood (Fig. 29F). By 7dpe, a 

majority of ovarioles in A10 null females displays degenerative ovarioles. At an earlier 

time point of 4dpe, a smaller but observable portion of ovarioles is degenerative in A10 

null females. In order to determine primary causes of egg chamber degeneration, we 

chose to study the defects at 4dpe. At this time point, a large percentage of egg chambers 

appear morphologically normal, thus enabling us to examine processes such as 

endocytosis and actin regulation. 

 

H. Endocytic failure does not account for the severity of the egg chamber 

defects. 

 As noted in the introduction, sh3px1 is the single Drosophila ortholog of the 

mammalian Snx9 family. Snx9 family members are known for their roles in late stages of 

Clathrin-mediated endocytosis (CME) (Lundmark & Carlsson, 2005; Soulet et al., 2005). 

Vitellogenesis involves the CME-dependent uptake of Yolk protein by the oocyte for 

future embryo nutrition (Yan & Postlethwait, 1990). Yolk protein is endocytosed by the 

oocyte upon binding to the surface receptors called Yolkless, and then condensed into 

yolk granules in later stage endosomes (Yan & Postlethwait, 1990). We initially 

hypothesized that a loss of Sh3px1 would compromise CME in egg chambers. Yolk 
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granules autofluoresce, and this autofluorescence is often used as a measure of endocytic 

activity. In testing this hypothesis, we recorded no difference in the autofluorescence of 

yolk granules between sh3px1 A10 nulls and OR at 4dpe (Fig. 30A). As a further test for 

yolk endocytosis, uptake of a Yolkless psuedoligand, RAP possessing an mRFP tag, was 

examined (G. Liu et al., 2015). RFP-RAP pulses displayed efficient clathrin-mediated 

endocytosis in sh3px1 A10 oocytes (Fig. 30B). These results suggest that CME is not 

overtly compromised in the absence of Sh3px1. 

 

Early egg chamber abnormalities could also be the result of defective uptake in 

somatic tissues or in other Clathrin-independent endocytic processes (Hemalatha, 

Prabhakara, & Mayor, 2016; Mayor, Parton, & Donaldson, 2014). In order to monitor 

these processes, we examined the uptake of Texas Red-Avidin. This dye is endocytosed 

in a Clathrin-independent manner and serves as a reliable marker for fluid phase 

endocytosis (Michael Danielsen & Hansen, 2016). The uptake of Texas Red-Avidin by 

the oocyte and follicle cells was essentially the same between control and sh3px1 A10 

egg chambers. 

 

The Snx9 family interacts with factors of the late endocytic pathways (Soulet et al., 

2005); however, if CME was disrupted then there would likely be downstream 

endosomal abnormalities. Thus, we attempted to discover differences in the patterning of 

endosomes by examining the immunofluorescence of GTPases Rab5 and Rab11,  
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Figure 30:  Endocytosis in the sh3px1 null egg chamber. A. Despite egg laying defects beginning at 
4dpe, sh3px1 A10 oocytes display autofluorescent yolk at normal levels. Scale bars are 30um unless 
marked otherwise. B. A pulse of yolk receptor psuedoligand RFP-RAP marks efficient clathrin-
mediated endocytosis in sh3px1 A10 oocytes. C. Fluid uptake marker Texas Red-Avidin in sh3px1 
A10 egg chambers displays normal uptake into the germline oocyte as well as somatic follicle cells. 
Scale bars are 30 µm unless noted otherwise. 
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Figure 31: Localization of endosomal GTPases in the sh3px1 null. Rab5 and Rab11 appear unaffected 
by the absence of Sh3px1. Scale bars are 30 µm. 
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Figure 32: mRFP-RAP in live Drosophila egg chambers. At the oocyte, exogenous mRFP-RAP binds 
the yolk receptor called Yolkless. The complex is internalized and sorted alongside endogenous yolk 
proteins secreted from follicle cells. 
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respectively (Giansanti, Belloni, & Gatti, 2007; Mateus, Gorfinkiel, Schamberg, & 

Martinez Arias, 2011). Defects in maturation of late endosomes or recycling endosomes 

may result in disruptions of Rab5 and Rab11, respectively. In each case of defect, the 

phenotype of disruption would direct our research toward a mechanism of Sh3px1 action. 

In agreement with previous results, however,  Rab5 and Rab11 localized to the cortex of 

control and sh3px1 null oocytes (Fig. 31). Taken together, these data suggest that CME 

dependent and independent endocytic processes are largely intact in sh3px1 nulls.   

 

I. Collective border cell migration is attenuated in the absence of Sh3px1. 

 In addition to endocytosis, the mammalian Snx9 family has also been implicated 

in the regulation of actin dynamics (Daste et al., 2017). For instance, Snx9 has been 

shown to associate with the actin nucleator Wasp and the branching complex, Arp2/3 

(Yarar et al., 2007). In addition, Snx9 overexpression has been shown to correlate with a 

malignant phenotype in certain cancers (Bendris, Williams, et al., 2016). In support of 

this idea, knock down of Snx9 in these cancer cells reduced their ability to migrate. 

Lamellipodia are branched networks of actin filaments typically found at the leading edge 

of migrating cells (Yang & Svitkina, 2011). These findings are consistent with our 

previous observations of Sh3px1 function of lamellipodia formation in Drosophila S2 

cells.  

 

 Border cells in the Drosophila egg chamber are a good model system to examine 

actin dynamics and cell migration. A wild-type border cell cluster will complete 

migration from the anterior pole to the oocyte by approximately stage 10 (Fig. 28A). In 



 

86 
 

light of Sh3px1’s actin network interactions, and it role in cell migration, we examined 

border cell migration in sh3px1 A10 nulls. Defects of border cell migration from 4dpe 

sh3px1 A10 females range from only partial migration to a complete failure to leave the 

anterior follicle cell layer.  

 

 Furthermore, at Stage 9, extension of lamellipodia at the leading edge of the 

border cell cluster is a crucial initial step in its collective migration (Fig. 33B). All 

observed wild-type border cell clusters, labeled with border cell marker Singed antibody, 

begin extending lamellipodia between nurse cells by Stage 9. By contrast, about half of 

the A10 null border cell clusters failed to extend towards the oocyte during the same 

stage. We next examined the polarization of the border cells prior to lamellipodia 

extension.  

 

 Phosphotyrosine has been previously shown to be a leading edge marker of border 

cell clusters (Geisbrecht et al., 2013). In our studies, phosphotyrosine antibody correctly 

identified the active leading edge of OR border cell clusters at the beginning of migration 

(Fig. 34C). As defined previously (Wan et al., 2013), border cell cluster polarity was 

calculated as fluorescence intensity of the leading edge divided by the trailing edge. 

Consistent with migration defect data, the border cell clusters of 4dpe sh3px1 A10 were 

more uniformly stained, while sh3px1 A10 border cell clusters were significantly less 

polarized than age-matched OR flies (Fig. 34D). In addition to the phosphotyrosine 

polarity defect, we also observed a significantly reduced polarity of actin organization in 

the early border cell clusters of our A10 null flies (Fig. 34).  



 

87 
 

 

 

 

 

 

 

 

  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 33: Border cell migration defects of sh3px1 null flies. A.  A wild-type border cell cluster will 
complete migration from the anterior pole to the oocyte by approximately stage 10. Defects of border 
cell migration from 4 dpe sh3px1 A10 females range from partial migration to complete failure to leave 
the anterior follicle cell layer. B. At Stage 9, extension of lamellipodia at the leading edge of the border 
cell cluster is a crucial initial step in its collective migration. All observed wild-type border cell clusters, 
labeled with singed antibody, begin extending between nurse cells. About 62% of the null border cell 
clusters fail to extend towards the oocyte during Stage 9. Scale bars are 30 µm. 
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Figure 34: A phosphotyrosine polarization defect of sh3px1 null border cell clusters. C. 
Phosphotyrosine antibody identifies the active leading edge of OR border cell clusters at the 
beginning of migration. The border cell clusters of 4 dpe sh3px1 A10 were more uniformly stained. 
Scale bars are 5 µm . D. Polarity of border cell clusters was calculated as fluorescence intensity of the 
leading edge divided by the trailing edge. sh3px1 A10 border cell clusters were significantly less 
polarized than age-matched OR border cell clusters. Error bars represent standard error and p-values 
are calculated by an un-paired t-test. 
 



 

89 
 

J. Scar directly binds with Sh3px1 and is upregulated in sh3px1 nulls. 

 Depletion of Sh3px1 compromises the ability of S2 cells to flatten and extend 

lamellipodia (Fig. 11) (Hicks et al., 2015). Our results suggest that Sh3px1 might 

function along with the actin nucleation factor, Scar, in formation of lamellipodia. The 

Snx9 family is known to interact with another actin-nucleator, Wasp, via its Sh3 domain 

(Shin et al., 2007). Broader lamellipodia depend on nucleation of branched actin 

networks by the Wasp family member Scar (Law et al., 2013). We, therefore, 

hypothesized that Scar would physically interact with Sh3px1. In order to test whether 

Scar interacts with Sh3px1, we first attempted to pull down Scar in a GFP-Sh3px1 

immunoprecipitation prepared from Schneider 2 (S2) cell lysate. Scar did co-

immunoprecipitate with GFP-Sh3px1 suggesting that the two proteins physically interact 

in vivo (Fig. 35A). However, the interaction of Scar and Sh3px1 may be mediated by a 

third factor or dependent on an entire complex. We, therefore, tested their interaction in 

vitro using the ProMega TNT Transcription and Translation System. Indeed, GST-

Sh3px1 bound directly to Scar in the absence of other cellular factors (Fig. 35B).  

 

 The reproductive defect in sh3px1 A10 null females is age dependent. With Scar 

now known to directly bind Sh3px1, we hypothesized that Scar levels would be 

modulated in the sh3px1 A10 nulls. Furthermore, an upregulation of Scar might 

contribute to rescuing some sh3px1 null phenotypes including fertility in young female 

flies. When blotting for Scar in 3,7, and 14 dpe ovarian and non-ovarian lysates, young 

A10 null bodies of female nulls display upregulated Scar over OR levels (Fig. 35C,D). 

This non-ovarian Scar upregulation tapered in 7 and 14 dpe time points. Quantification of 
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Figure 35: Scar interacts with Sh3px1. A.  Scar co-immunoprecipitates with GFP-Sh3px1. B. GST-
Sh3px1 also is shown to directly bind with Scar in vitro. C. Asterisks indicate young sh3px1 null 
ovaries and bodies of female nulls that display upregulated Scar by western blot. Kinesin Heavy 
Chain (KHC) is the loading control. D. Quantification of western blot intensities from C. shows 
upregulation of Scar in non-ovarian tissues at earlier time points. Error bars represent standard error. 
Two-tailed t-test was used to find marked p-values. 
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western blot intensities shows essentially no change in ovarian Scar through the first two 

weeks of the A10 null adulthood (Fig. 35D). Accordingly, Scar transcripts are also 

upregulated in sh3px1 A10 females (Fig. 36). Based on these observations, we conclude 

that elevated Scar levels are not solely due to decreased degradation of Scar in Sh3px1’s 

absence. An upregulation of Scar may partially contribute to temporarily viability and 

fertility of sh3px1 null female flies. 

 

K. A mutation of Scar enhances many reproductive defects in sh3px1 nulls. 

 Scar has been shown to be essential for efficient border cell migration (Law et al., 

2013). We predicted that loss-of-function mutants essential to pathways involving 

Sh3px1 function would be expected to dominantly modify the phenotypes of the sh3px1 

A10 null flies. In order to study these effects single mutant scarDel37 allele was crossed 

into the homozygous sh3px1 A10 null background. scarDel37 contains a partial deletion 

of Scar which is innocuous in the heterozygous state and embryonic lethal in the 

homozygous state (Zallen et al., 2002).  We observed a large number of scarDel37; 

A10/A10 dying during eclosion (Fig. 37A). More precisely, while less than half of 

sh3px1 A10 flies survive through the pupal stage, an even greater number of scarDel37; 

A10/A10 flies perish as pupae or during eclosion (Fig. 37B).  
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Figure 36: Scar transcription is upregulated in sh3px1 A10 null females. Quantitative PCR was 
performed in triplicate.  Error bars represent standard error.  Two-tailed t-test finds p=0.0191. 
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Figure 37: scarDel37 enhances reproductive defects in sh3px1 null flies. A.  A single mutant 
scarDel37 allele in the homozygous null background results in large numbers of deaths during 
eclosion. B. Less than half of sh3px1 A10 flies survive through the pupal stage, while nearly all wild-
type eclose properly. An even greater number of scarDel37;A10/A10 flies perish as pupae or during 
eclosion. C. Ovary size of A10 nulls is dramatically reduced. scarDel37;A10/A10 ovaries are slightly 
smaller  than A10 nulls.  
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 Additionally, we recorded the size of ovaries of each fly strains as a general 

measure of female reproductive health (Fig. 37C). The typical size of an sh3px1 A10 null 

ovary is considerably smaller than the typical OR ovary. scarDel37;A10/A10 ovaries are 

slightly smaller than those of A10 null flies.  

 

 Increased attenuation of border cell migration was also hypothesized for 

scarDel37; A10/A10 egg chambers. At 4dpe nearly all wild-type control Stage 10 egg 

chambers exhibit complete migration of their border cell clusters (Fig. 38D). Null border 

cell clusters fail to migrate at least partially in approximately one quarter of the collected 

egg chambers. scarDel37;A10/A10 ovaries display enhanced migration failure in about 

half of their egg chambers.  
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Figure 38: Border cell migration defect is enhanced in the Scar mutant. D. Colors of stacked bars 
represent the progress of border cell migration by Stage 10. At 4dpe nearly all wild-type control Stage 
10 egg chambers exhibit complete migration of their border cell clusters. Null border cell clusters fail 
to migrate at least partially in about a quarter of egg chambers. scarDel37;A10/A10 ovaries display 
enhancement of migration failure to about half of their egg chambers. The deficiency allele is a third 
chromosome that contains a large deletion including sh3px1. Similar phenotype controls for off-target 
effects of null generation or more recent mutations of the null allele. 
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IV. DISCUSSION 
 

1. Project introduction 
 

Actin remodeling and endocytosis are essential functions for most cells. Defects 

in these processes present in a variety of diseases. Sorting nexins are known to contribute 

to endocytic uptake, cytokinesis, the retromer complex, and autophagy. The focus of my 

thesis dissertation was on Sorting nexin 9 (Snx9). Snx9 is known to be in a complex with 

Ocrl, a protein mutated in oculocerebrorenal syndrome of Lowe. Snx9 interacts with 

proteins involved in regulation of actin cytoskeleton dynamics and also binds endocytic 

factors. The exact roles of Snx9 in basic cellular processes and disease mechanisms are 

not known. Mechanistic studies in mammalian cells are complicated by the presence of 

two additional paralogs, Snx18 and Snx33, which could potentially substitute for Snx9 

function. In contrast to mammals, the snx9 family is represented by a single gene in 

Drosophila, sh3px1. The goal of these studies was to determine the in vivo function of 

Sh3px1 in membrane organization and actin dynamics using the Drosophila 

melanogaster model system. We hypothesized that Sh3px1 is essential to several 

developmental processes in Drosophila via its involvement in either endocytosis, actin 

regulation or both. 

 

The first aim of this project was to use the Drosophila Schneider 2 (S2) cell line 

as an in vitro model system in which to explore the function of Sh3px1. We found that S2 

cells that are depleted of Sh3px1 fail to form lamellipodia, a process that is also 

dependent on the actin nucleation factor, Scar (Fig. 11,12). In addition, over-expression 
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of Sh3px1 in S2 cells results in the formation of tubules and also long membrane 

protrusions (Fig. 13). This finding was surprising because Sh3px1 contains a classical 

BAR domain. Proteins with this domain are known to form tubules, but not protrusions. 

Sh3px1 represents the first example of a BAR domain protein that is capable of forming 

both tubules and protrusions. Deletion constructs revealed that an intact PX-BAR domain 

is required for these phenotypes (Fig. 18,19).  

The second aim of my project was to examine the in vivo functions of Sh3px1 

using a genetic null allele. Female sh3px1 null mutants are viable and fertile within the 

first few days after eclosion. However, they rapidly become infertile, and their egg 

chambers show many morphological defects. The most prominent defect is an age-

dependent degeneration of the egg chamber. Our initial hypothesis was that compromised 

endocytic trafficking underlies the degenerative phenotype observed in sh3px1 null flies. 

However, endocytic assays revealed no overt defect in these mutants (Fig. 30). Our 

genetic studies suggest that perturbation of actin dynamics might underlie the egg 

chamber degenerative phenotype (Fig. 37,38). 

Although the localization of Sh3px1 in wild-type egg chambers is ubiquitous, it is 

highly enriched in certain cell types such as border cells. Border cells are epithelial cells 

that translocate through the egg chamber for the development of structures essential for 

sperm entry. These cells are known for their reliance on endocytosis and modulation of 

actin dynamics for migration. Egg chambers of sh3px1 nulls show defects in the ability of 

border cells to reach their destination at the oocyte (Fig. 33). Our studies indicate that 

defective lamellipodia formation likely underlies the border cell migration defect 

observed in sh3px1 nulls. 
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2. Sh3px1 in Schneider 2 cells 
 

This report begins with the examination of depletion and over-expression of  

Sh3px1 in Drosophila S2 cells. Upon attaching to concanavalin A-coated coverslips, S2 

cells flatten and spread by forming circumferential lamellipodia (Rogers et al., 2003). 

Lamellipodia are actin-rich structures that are often found at the leading edge of 

migratory cells. However, despite forming lamellipodia, S2 cells do not display 

directional motility. Within lamellipodia, F-actin is present in a dendritically branched, 

Arp2/3-mediated organization (Svitkina & Borisy, 1999). This is in contrast to filopodia, 

in which actin filaments are organized as parallel bundles (Wood & Martin, 2002). 

Filopodia are rarely observed in S2 cells (Rogers et al., 2003). 

S2 cells that were depleted of Sh3px1 were able to attach to con A coated 

coverslips but were deficient in lamellipodia formation (Fig. 11A,B). A similar 

phenotype was observed in cells depleted of the actin nucleation factor, Scar (Fig. 11C,D) 

(Biyasheva et al., 2004; Kunda et al., 2003; Rogers et al., 2003). We hypothesize that 

Sh3px1 functions in concert with Scar in forming lamellipodia. Consistent with this 

hypothesis, Scar was delocalized from the cortex in Sh3px1-depleted cells, and Sh3px1 

was delocalized in Scar-depleted cells (Fig. 12E-H). In addition, Sh3px1 has been shown 

to interact with Nck, a well-known regulator of Scar (Worby et al., 2001). An intriguing 

possibility is that Sh3px1 functions as a scaffold to coordinate signaling events at the 

plasma membrane with actin regulatory pathways that are required for forming 

lamellipodia. 
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Snx9, the human ortholog of Sh3px1, is known to dimerize and fold into a 

conformation that closely resembles a classical BAR domain (Pylypenko et al., 2007). 

Consistent with this finding, over-expression of full length Snx9, or the PXBAR domain, 

results in formation of membrane tubules (Pylypenko et al., 2007; Shin et al., 2008). 

Although the structure of Sh3px1 has not been solved, the primary sequence of its BAR 

domain is highly conserved with Snx9 (Fig. 18A). Thus, as expected, a small percent of 

cells over-expressing Sh3px1 formed tubules (Fig. 13B). Surprisingly, however, the 

majority of cells over-expressing Sh3px1 formed long protrusions (Fig. 13C-14E). 

How does over-expression of Sh3px1 result in the formation of protrusions? 

Answering this question is an important next step. The F-BAR protein Pacsin2 forms 

micro-spikes upon over-expression in mammalian cells (Shimada et al., 2010). In 

addition, the F-BAR domain of Nervous wreck (Nwk) has been shown to form long 

membrane protrusions upon over-expression in Drosophila S2 cells (Becalska et al., 

2013). Although the precise mechanism of protrusion formation by these F-BAR proteins 

is not known, the authors have suggested a two-step mechanism. In the first step, the F-

BAR protein binds to the membrane and generates a small invagination or tubule. In the 

next step, actin nucleators are recruited to this site, and local filament assembly drives 

protrusion formation (Becalska et al., 2013; Shimada et al., 2010). 

3. Actin in Sh3px1-driven protrusions 

An actin-nucleation mechanism of protrusion would also fit quite well for Sh3px1 

because of its unusual overexpression activity of protrusion generation. We therefore 

tested whether F-actin was the driving force behind protrusion formation. Unfortunately, 
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our results were inconclusive. On the one hand, protrusion formation by Sh3px1 was 

attenuated if the cells were simultaneously depleted of Wasp (Fig. 26E-G). This suggests 

a central role for actin in protrusion formation. However, visualization of F-actin using 

fluorescent Phalloidin indicated that whereas long protrusions were all positive for 

Phalloidin, some of the shorter protrusions displayed relatively little Phalloidin signal 

(Fig. 25A,B). We also used mRuby2-tagged Lifeact to visualize F-actin. Using this 

approach as well, we observed that some protrusions contained Lifeact, whereas others 

did not (Fig. 26C,D). One interpretation of these results is that protrusions might form 

independently of F-actin. However, a caveat with this interpretation is that a type of F-

actin might be present at the tips of these protrusions that is not efficiently labeled using 

either Phalloidin or Lifeact. 

Perhaps the best way to test the involvement of actin in protrusion formation 

would be to globally destabilize F-actin. Unfortunately, treating S2 cells with agents such 

as Cytochalasin D or Latrunculin A resulted in the formation of ubiquitous cell 

protrusions by a different mechanism (Ling, Fahrner, Greenough, & Gelfand, 2004). 

When untransfected S2 cells, or cells transfected with GFP, are treated with these F-actin 

destabilizing drugs, they lose cortical lamellipodia, and unrestrained microtubule 

polymerization results in the formation of protrusions (data not shown) (Ling et al., 

2004). We attempted to block these microtubule-based protrusions by co-treating S2 cells 

with actin and microtubule-destabilizing drugs. However, this co-treatment resulted in 

excessive cell death (data not shown), thus complicating any mechanistic analysis. 

Therefore, due to technical reasons, we are not able to determine the precise role of F-

actin in Sh3px1-mediated protrusion formation. 
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Our findings also suggest that Sh3px1 is not a passive player in forming tubules 

and protrusions. We identified specific residues within the PX and BAR domain that 

were critical for forming these membrane deformations. Thus, protrusion formation is not 

simply a consequence of aberrant actin polymerization. The ability of Sh3px1 to shape 

membranes appears to be just as important. Ultimately, we believe that the model 

proposed by Becalska et al., 2013 and Shimada et al., 2010 also applies to protrusion 

formation by Sh3px1. It is difficult to imagine that Sh3px1 is capable of forming these 

long and dynamic protrusions without the aid of the underlying actin cytoskeleton. 

Conclusively proving this point, however, will require further experimentation. One such 

experiment to further determine the presence of actin in these protrusions would be gold 

antibody labeling of actin recorded by electron microscopy.  

4. Similarities of the human Snx9 family to Sh3px1 in S2 cells 

In order to determine whether Sh3px1 possesses unique properties not shared by 

its mammalian orthologs, we over-expressed GFP-tagged versions of Snx9, Snx18 and 

Snx33 in S2 cells. This revealed differences between the mammalian proteins. Snx9 

mostly formed long tubules, whereas Snx18 formed protrusions. Snx33 over-expression 

produced an intermediate phenotype consisting of short tubules and protrusions. In 

contrast to S2 cells, over-expression of Snx18 and Snx33 in Cos7 and HeLa cells 

respectively, resulted in tubule formation; protrusions were not observed (Dislich, Than, 

& Lichtenthaler, 2011); Park et al., 2010). Thus, the type of membrane deformation 

induced by these proteins also depends on the cell type in which they are examined. S2 

cells have a circumferential band of lamellipodia, whereas HeLa and Cos7 cells do not. 

Several factors, such as differences in organization of the actin cytoskeleton, composition 
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of the plasma membrane, and expression and post-translational modification of 

interacting partners, could all effect the type of membrane deformation that is produced 

by a BAR domain protein. 

5. Despite serious defects, loss of sh3px1 is viable. 

 Loss of Sh3px1 in the whole fruit fly results in severe reproductive and 

neurological defects; however, many flies homozygous for this allele are still viable. This 

resilience is likely a testament to the redundancy of factors in these most basic of cellular 

functions. For example, the minimal endocytic phenotype may be due to rescuing by 

other BAR proteins able to sense and induce similar membrane curvatures (Gallop & 

McMahon, 2005). In fact, the sequential recruitment of variously curved BAR proteins to 

an endocytic membrane is well understood (Mim & Unger, 2012). The field 

acknowledges some redundancy in the spectrum of BAR curvatures. Many BAR mutant 

phenotypes are milder than initially expected. The subtlety of BAR mutant phenotypes 

may be accounted for by redundant interactions of similarly curved BAR proteins.  

 

 A significant finding of this project is that a loss-of-function Scar mutant 

enhances sh3px1 A10 null phenotypes, indicative of a genetic defect. In order to 

determine the interaction of Sh3px1 and Scar, single mutant scarDel37 allele was crossed 

into the homozygous sh3px1 A10 null background. A large number of scarDel37; 

A10/A10 flies died during eclosion, many more than in the A10/A10 controls (Fig. 37). 

Wasp, a Scar relative, is known to interact directly with Snx9 (Yarar et al., 2007). Wasp 

and Scar contain many common domains to execute their actin nucleation functions. 

Thus, we hypothesized that Scar would interact with Sh3px1.  
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 Although both Wasp and Scar belong to the same protein family, the two actin 

nucleators are associated with different actin-based membrane structures (Pollitt & Insall, 

2009). In general, an actin network of bundled filaments requires Wasp, while a 

branching actin network requires Scar for side filament nucleation (Machesky et al., 

1999). Both nucleators are now known to bind to Sh3px1, which may result in competing 

function between the two networks to locally generate different protrusion structures.  

  

 Wasp and Scar share many domains and motifs. Both Wasp and Scar contain a 

conserved proline-rich domain (Pollitt & Insall, 2009) and exhibit conformational 

autoinhibition (Ura et al., 2012). In addition, Wasp contains a Wasp homology (WH1) 

domain and a CDC42-binding CRIB domain not found in Scar (Pollitt & Insall, 2009). 

Distinctly, Scar’s Src homology domain (SHD) is essential for its initiation of branching 

actin nucleation (Pollitt & Insall, 2009). In addition, the Sh3 domain of Snx9 is the 

known binding site for Wasp (Badour et al., 2007). We have, therefore, begun 

experiments testing whether Scar binding also occurs at the Sh3px1’s Sh3 domain. In S2 

cells, we found that a knockdown of Sh3px1 prevents the formation of lamellipodia, a 

phenotype that is similar to what was previously shown with Scar knockdown (Rogers et 

al., 2003). Taking into account these S2 construct expression results, we predicted in vivo 

Scar and Sh3px1 phenotypes to be linked. Consistent with this idea, Scar levels in non-

ovarian tissues were increased in the absence of Sh3px1 (Fig. 35). Furthermore, elevated 

Scar levels were found to be a likely consequence of increased protein production, not a 

decrease in protein degradation (Fig. 36). Protein clearance could be confirmed by a 
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study of Scar levels over time after halting transcription. The feedback mechanism that 

increases Scar production in Sh3px1’s absence is intriguing and unknown at this time. 

Additionally, because most Scar is expressed in neural tissues, we observed the greatest 

expression differences in gross non-ovarian tissues (Fig. 35C). To speculate, it is likely 

that the relatively mild neurological sh3px1 null phenotypes of our collaborator Dr. 

O’Connor-Giles was due to compensation by Scar upregulation (Ukken et al., 2015).  

 

6. Efficient phosphotyrosine polarization in border cells requires 
Sh3px1. 

 
 Phosphotyrosine (pY) is found in high abundance at the leading edge of border 

cell clusters, especially before initial extension of lamellipodia (Assaker, Ramel, Wculek, 

Gonzalez-Gaitan, & Emery, 2010). It is not entirely known which phosphorylated 

proteins are being recruited or generated at the leading edge. Some have speculated that it 

is a variety of kinases and other factors (Pocha & Montell, 2014). The prime candidate as 

the target for the antibody was originally hypothesized to be PVR; however, PVR 

staining is not observed to be polarized at endogenous levels (Janssens, Sung, & Rorth, 

2010).  We have found that pY polarization in the border cells of sh3px1 nulls is 

significantly impaired (Fig. 34). This pY depolarization defect is also associated with 

defective border cell migration.  Thus, Sh3px1 is essential for the generation of pY 

polarization. Moreover, several examples of actin cytoskeleton regulators have shown a 

similar border cell phenotype (Kim et al., 2011; Lucas et al., 2013). Therefore, the 

hypothesis of a major connection between Sh3px1 and actin is further strengthened. 
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 Additionally, a single Sh3px1-overexpressing cell may display tubules and 

protrusions. Control of these fundamentally different structures may be under control of a 

posttranslational modification such as phosphorylation. Snx9 paralogs contain several 

predicted phosphorylation sites which have not been explored. The one Snx9 

phosphorylation site functions in Aldolase release during Dynamin recruitment  

(Lundmark & Carlsson, 2004). Studies of other sites may yield other specialized 

functions of the Snx9 family. 

 

7. Cell autonomous functions of Sh3px1. 
 
 One possible explanation of age-dependent phenotypes is the disruption of global 

development cues driven by endocrine factors (Meiselman et al., 2017). The egg chamber 

phenotypes that are observed in sh3px1 nulls could be due to specific loss of Sh3px1 in 

these cells. Alternatively, these phenotypes might be a secondary consequence due to loss 

of Sh3px1 in other unknown cells in non-ovarian tissues.  In order to distinguish between 

these possibilities, sh3px1 null cells can be restricted to clusters in otherwise wild type 

egg chambers. This approach is being used by our collaborator, Dr. Elizabeth Ables. Dr. 

Ables has found that egg chambers containing sh3px1 null follicle cells and a wild type 

germline displays a degenerative phenotype (E. Ables, personal communication). Thus, 

loss of Sh3px1 in follicle cells underlies egg chamber degeneration. In addition, she has 

found that border cell clusters containing sh3px1 null clones in an otherwise wild-type 

egg chamber fail to complete their migration towards the oocyte (E. Ables, personal 

communication). Based on these results, we conclude that the phenotypes we have 

described arise due to a specific requirement for Sh3px1 in follicle and border cells. 
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8. Ongoing experiments  
  

 My studies have shown that a repair allele of sh3px1 rescues the egg chamber 

degeneration and border cell migration phenotypes. As noted previously, Sh3px1 

contains three important domains: Sh3, PX and BAR. At present, it is unclear which 

domain of Sh3px1 is most critical for mediating its various in vivo functions. In order to 

address this issue, we have designed four rescue constructs; full length wild-type Sh3px1, 

a construct lacking the Sh3 domain, a construct in which critical resides of the PX 

domain have been mutated and a construct in which critical residues within the BAR 

domain have been mutated. The expression of these constructs is driven using the GAL4-

UAS system. All four constructs have been generated and have been crossed into the 

sh3px1 null background. Hannah Neiswender, a research associate in the lab, will be 

taking over this project and will be performing these rescue experiments in the coming 

months. We expect that the full length Sh3px1 construct will rescue egg chamber 

degeneration and border cell migration. If one or more of the domain constructs fails to 

rescue these phenotypes, it will indicate that the deleted or mutated domain is critical for 

Sh3px1 function in vivo.   

 

9. Sh3px1 interactions in disease 
  

 Outside of Drosophila melanogaster, the independent and redundant functions of 

mammalian Snx9 family members may present entirely new combinations of 

interactions. In mammals, the Snx9 family is composed of Snx9, Snx18, and Snx33 (Ma 
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& Chircop, 2012). Vertebrate Wasp family members include a paralog N-Wasp, three 

Scar paralogs, and a single Wiskott-Aldrich Syndrome Protein and SCAR Homolog 

protein (WASH) (Linardopoulou et al., 2007). These Wasp family members participate in 

a robust interaction network for the generation of actin-based structures.  

 

 Despite the functional redundancy of endocytic and cytoskeletal interactions, 

these processes are misregulated in many human diseases (Clarkson, Costa, & Machesky, 

2004; Ellinger & Pietschmann, 2016). The sorting nexins themselves are involved in 

many diseases (Teasdale & Collins, 2012). More specifically, the sorting nexins are 

found to be misexpressed and mislocalized in many cancer types (Bendris, Stearns, et al., 

2016; Bendris, Williams, et al., 2016; Cervantes-Anaya et al., 2017; Nguyen et al., 2006; 

Rivera, Megias, & Bravo, 2010). Cancer is a major health problem around the world 

(Prager et al., 2018). One hallmark of some of the most serious tumors is their ability to 

metastasize from their origin to a secondary niche (Steeg, 2016). Many failures in the 

ability to treat this deadly hallmark of cancer could be attributed to the lack of 

understanding of the basic biology of the tumor as it moves from one tissue to another. 

The Snx9 family is just one of many protein families that form the intricate biological 

communication system that results in metastasis. Modulation of Snx9 levels is observed 

in varying cancer types, as well as other human disease (Bendris, Stearns, et al., 2016; 

Bendris, Williams, et al., 2016). Increased levels of Snx9 have been published to promote 

migration through a collagen matrix (Bendris, Williams, et al., 2016). Consistent with 

these findings, we showed that a knockdown of Sh3px1 in S2 cells resulted in an inability 

to produce lamellipodia, an essential early step in cell migration (Fig.11). In addition, 
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preliminary results from our collaborator, Dr. Derek Applewhite, indicate that knock-

down of Sh3px1 in the migratory Drosophila cell line D25 is associated with reduced cell 

motility (D. Applewhite, personal communication). 

 

 

10.  Future perspectives 
 

 Our studies and those of our collaborator, Dr. Kate O’Connor-Giles, indicate that 

while loss of Sh3px1 is not lethal, the surviving flies are severely compromised. The 

O’Connor-Giles lab has shown that the neuromuscular junction is disorganized in sh3px1 

null flies (Ukken et al., 2015). Our results indicate a role of Sh3px1 in egg chamber 

maturation and border cell migration. In addition to these defects, there might be other 

phenotypes that are also present in these mutants. For example, our preliminary results 

indicate that sh3px1 null males are infertile (data not shown). In addition, a significant 

number of surviving sh3px1 null flies display flight defects. Further studies will be 

required to define the molecular pathways that contribute to these phenotypes. 

 An additional area of study involves Sh3px1 interacting partners, OCRL and 

IPIP27 (Nandez et al., 2014). The mammalian homologs of these three proteins have 

been shown to be present in a complex in vivo. Mutations in OCRL are associated with 

the human disease, Lowe syndrome. In addition, a mis-sense mutation in IPIP27 was 

identified in a patient with an undiagnosed disease, the symptoms of which bore some 

similarities to patients with Lowe syndrome (Swan, Tomasini, Pirruccello, Lunardi, & De 

Camilli, 2010). Future work will delve into the in vivo functions of these three proteins 

using Drosophila as a model system.  
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V. SUMMARY 
 

 

A. Sh3px1 background 

 Actin remodeling and endocytosis are essential functions for most cells. Defects 

in these processes present in a variety of diseases. Sorting nexins are known to contribute 

to endocytic uptake, cytokinesis, the retromer complex, and autophagy. Sorting nexin 9 

(Snx9) interacts with major endocytic factors and proteins involved in regulation of actin 

cytoskeleton dynamics. Nonetheless, Snx9’s exact in vivo roles in these basic cellular 

processes and disease mechanisms are not known. By examining the roles of Sh3px1, we 

will better understand the mechanism by which this protein contributes to endocytosis 

and actin remodeling in vivo. Two additional paralogs, Snx18 and Snx33, complicate 

studies in mammalian models due to potential redundant mechanisms. Utilizing the single 

ortholog in Drosophila, Sh3px1, this report describes the function of Sh3px1 in 

membrane organization and actin dynamics.  

 

B. Morphology Studies in Schneider 2 Cells   

 Drosophila S2 cells that are depleted of Sh3px1 fail to form lamellipodia, a 

process that is also dependent on the actin nucleation factor, Scar. In addition, over-

expression of Sh3px1 in S2 cells results in the formation of tubules and also long 
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membrane protrusions, atypical of a classical BAR domain protein. An intact PX-BAR 

domain is required for overexpression phenotypes. 

 

C.  Sh3px1’s in vivo function is mainly in actin coordination rather than 

endocytosis. 

 sh3px1 null flies are viable; however, mutant females have significantly 

compromised fertility. Female sh3px1 nulls quickly become infertile and their egg 

chambers show many morphological defects. The age-dependent degeneration of the null 

egg chamber is not likely due to compromised endocytosis. Additionally, collective 

border cell migration is attenuated in the absence of Sh3px1. These cells are known for 

their reliance on endocytosis and modulation of actin dynamics for migration. We found 

that sh3px1 null border cell clusters were defective in establishing initial lamellipodia and 

in completing their migration. Our findings also suggest that Scar directly interacts with 

Sh3px1 and is upregulated in sh3px1 null flies. Both Wasp and Scar contain a proline-

rich regulatory domain (Pollitt & Insall, 2009). Branching actin nucleation requires 

Scar’s Src Homology Domain (Pollitt & Insall, 2009). Mutation of Scar enhances many 

reproductive defects in sh3px1 null female flies. We have begun experiments testing 

whether Scar binding also occurs at Sh3px1’s Sh3 domain. In S2 cells, we found that a 

knockdown of Sh3px1 prevents the formation of lamellipodia similar to previously 

published Scar knockdown results. According to our findings, the main in vivo function 

of Sh3px1 is regulation of actin dynamics for the production of structures such as 

lamellipodia. Overall, our work reveals novel functions of Sh3px1 beyond endocytosis.  
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