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CHAPTER I 

 

INTRODUCTION 

 

Intracellular membrane trafficking overview 

Eukaryotic cells are highly compartmentalized with membranous organelles, 

which create enclosed compartments that serve specific functions critical to cell behavior 

and survival. The functional organization of organelles, including the protein and lipid 

composition, is required for proper cell function and depends on the accurate and 

efficient exchange of molecules mediated by vesicular transport. For example, cargo 

molecules present in endosomes (either newly synthesized or taken up by a cell from 

the outside) may be directed to the lysosome for degradation, the trans-Golgi network 

(TGN), or the cell surface.  

The accurate delivery of molecules to their appropriate membrane domain 

contributes to establishment and maintenance of cell polarity and other processes that 

are crucial for normal cell physiology and tissue homeostasis. Thus, it is expected that 

disruption of traffic regulation and coordination would result in human diseases. In fact, 

multiple human disorders including diabetes, cancer, heart disease and degenerative 

brain disorders are caused directly or indirectly by defects in the regulation of vesicular 

trafficking (Aridor and Hannan, 2002; Howell et al., 2006).  

In cancer, vesicle trafficking plays an important role in cancer development and 

progression in various aspects including invasion, metastasis, angiogenesis, tumor 

immune privilege, and multidrug resistance (Fletcher and Rappoport, 2009; Roberts and 

Kurre, 2013; Tsai et al., 2014). For example, the epidermal growth factor receptor 

(EGFR) plays key roles in essential cellular functions including proliferation and 

migration. Sorting of activated EGFR for lysosomal degradation serves as a mechanism 
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for signaling down-regulation, which in turn controls signaling duration and amplitude. 

Trafficking defects resulting in mislocalization and poor down regulation of the EGFR are 

associated with enhanced signaling (Sorkin and Zastrow, 2009), which can lead to 

development of cancer (Roepstorff et al., 2008). Matrix metalloproteinase (MMP) 

trafficking is another good example. MMPs are key enzymes in tumor invasion that 

remodel and breach extracellular matrix (ECM). Recycling of transmembrane MT1-MMP 

from endosomes has been proposed as a means of regenerating the active enzyme at 

the surface (Itoh and Seiki, 2006; Li et al., 2008). Indeed, recent studies have revealed 

that endosomal trafficking is critical for targeted delivery of MT1-MMP to promote cancer 

cell invasion (Castro-Castro et al., 2012; Clark et al., 2007; Monteiro et al., 2013; Rossé 

et al., 2014a). Therefore, a better understanding of how proper intracellular trafficking is 

achieved is important for human health. Ultimately, one could envision drug intervention 

in multiple diseases that are caused by malfunctioning of trafficking.  

The spatial organization of membrane trafficking requires coordination of a series 

of proteins including the actin cytoskeleton. In this study, I focus on the actin 

cytoskeleton and its role in the regulation of intracellular trafficking.  

 

Actin cytoskeleton and its function in mammalian cells 

The actin cytoskeleton is a dynamic structure that plays a vital role in numerous 

cellular activities, including motility, cytokinesis, vesicular trafficking, and signaling 

(Pollard and Cooper, 2009). During cell migration, coordinated polymerization of actin 

filaments drives the extension of flat membrane protrusions called lamellipodia and 

finger-like protrusions called filopodia. These protrusions organize cell-matrix adhesion 

and probe the environment for cues at the leading edge (Rotty et al., 2013) (Figure 1). 

During endocytosis, the actin cytoskeleton provides the force for generating membrane 

invagination and for the scission of endocytic vesicles from the plasma membrane 
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(Kaksonen et al., 2006). In addition, actin filaments together with myosin motors form 

contractile structures in cells. These include myofibrils of muscle cells and stress fibers 

found in many nonmuscle cell types (Tojkander et al., 2012).   

In cells, actin exists in two states, the monomeric globular (G)-actin and 

filamentous (F)-actin. F-actin is a polymer that grows at the barbed (or plus (+)) end by 

the spontaneous addition of adenosine triphosphate (ATP)-bound G-actin and shortens 

(depolymerizes) by dissociation of adenosine diphosphate (ADP)-bound monomers from 

the pointed (or minus (-)) end. This process is tightly regulated in time and space by 

signaling regulation of a number of actin-binding proteins including nucleation factors 

(e.g., Arp2/3 complex, formins), actin monomer-binding proteins, capping proteins, and 

stabilizing/destabilizing factors (Chesarone and Goode, 2009; Cooper and Sept, 2008; 

Ono, 2007; Paavilainen et al., 2004). Nucleation factors such as formins and the actin-

related protein 2/3 (Arp2/3) complex are crucial to initiate the formation of new filaments. 

Formins mediate actin nucleation of unbranched filaments, such as those in stress fibers 

(Figure 1). The Arp2/3 complex nucleates and organizes branched filament networks in 

lamellipodia and other structures as shown in Figure 1. By itself Arp2/3 has weak 

nucleation activity, thus Arp2/3 is activated by actin nucleation promoting factors (NPFs). 

Most mammalian NPFs are members of the Wiskott-Aldrich syndrome protein (WASP) 

family (Class I), including WASP, neural WASP (N-WASP), WASP family verprolin 

homologue (WAVE/SCAR), WASP homologues associated with actin, membrane, and 

microtubules (WHAMM), and WASP and SCAR homologue (WASH). Class I NPFs 

possess a verprolin homology, cofilin homology, and acidic (VCA) domain that allows for 

the binding of G-actin (through V motif) and Arp2/3 (CA motif). Class II NPFs, 

exemplified by cortactin, contain an Arp2/3-interacting acidic region but bind actin 

filaments instead of monomers. This leads to much weaker activation activity which may 

not be physiologically relevant in the absence of a Class I NPF. Instead the function 
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Figure 1. Cellular function of the actin cytoskeleton. 

The dynamic actin polymerization is involved in different processes. These processes 
include endocytic uptake at the plasma membrane, phagocytosis. At the leading edge 
actin provides the protrusive force that is required to generate and extend the broad 
sheet-like or finger-like protrusions known as lamellipodia and filopodia, respectively. In 
addition, actin assembly has a role in Golgi and vesicular membrane dynamics, and 
stress fiber formation. It also contributes to cytoplasmic streaming (represented by blue 
lines) and cell junction assembly. 
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of Class II NPF is likely to be synergistic activation of Arp2/3 complex together with 

Class I NPFs. WASP family proteins initiate actin polymerization in different subcellular 

locations. SCAR/WAVEs are responsible for activating the Arp2/3 complex in 

lamellipodia (Oikawa et al., 2004), whereas N-WASP usually regulates endocytosis at 

the plasma membrane and the formation of specialized invasive structures such as 

podosomes and invadopodia. WHAMM is important for Golgi function (Campellone et 

al., 2008)  and WASH is essential for endosomal sorting (Derivery et al., 2009; Gomez 

and Billadeau, 2009).  

 

Actin cytoskeletal control of intracellular vesicular trafficking 

The actin cytoskeleton is a critical regulator of membrane trafficking. Dynamic 

remodeling of the actin cytoskeleton at the surface of intracellular organelles has been 

shown to control endosomal motility, fission and fusion, and sorting (Anitei and Hoflack, 

2012; Lanzetti, 2007). The involvement of actin polymerization in the motility of 

intracellular organelles was initially suggested by the observation that certain 

intracellular bacterial and viral pathogens such as Listeria, Shigella, and Vaccinia exploit 

the host actin polymerization machinery to assemble an actin tail, also called as “comet-

tail”, that serves as propulsive force required for movement (Cudmore et al., 1995; 

Theriot et al., 1992). Subsequently, Merrifield et al. and others demonstrated that 

intracellular organelles such as endosomes and lysosomes also induce actin-rich tails at 

their surface, enabling movement through the cytoplasm (Merrifield et al., 1999; Taunton 

et al., 2000).  

In addition to controlling endosome motility, branched actin networks at the 

surface of endosomes play a role in cargo sorting by regulating membrane tubulation 

and fission. Thus, silencing of the Arp2/3 complex or inhibiting actin polymerization using 

inhibitory drugs result in enlarged endosomes with no tubules (Derivery et al., 2012). 



 6 

The branched actin networks have been shown to stabilize membrane tubule while it 

clusters cargos such as β2 adrenergic receptor (B2AR), whereas perturbation of actin 

assembly leads to a defective accumulation of B2AR in endosomes (Puthenveedu et al., 

2010). Recently WASH was identified as a major Arp2/3 NPF on endosomes that 

controls cargo sorting. Upon WASH knockdown, endosomes form exaggerated tubules, 

as if their fission was impaired (Derivery et al., 2009; Gomez and Billadeau, 2009). The 

exaggerated tubule phenotype in WASH knockdown cells is associated with defects in 

various cargo transport, including transferrin receptor, integrins, mannose-6-phosphate 

receptor, and EGFR (Derivery et al., 2009; Duleh and Welch, 2010; Gomez and 

Billadeau, 2009; Zech et al., 2011). 

Actin polymerization at Golgi membranes also controls protein transport. 

Overexpression and depletion studies on the Golgi localized Arp2/3 NPF, WHAMM, 

indicate that branched actin assembly facilitates anterograde membrane transport by 

promoting tubule elongation (Campellone et al., 2008). In addition, Arp2/3-mediated 

actin nucleation is linked to dynamin-mediated fission of transport vesicles at the trans-

Golgi network (TGN). Interference with dynamin2/cortactin or 

dynamin2/syndapin2/cortactin blocks post-Golgi protein transport (Cao et al., 2005; 

Kessels and Qualmann, 2004; Salvarezza et al., 2009).  

Another possible role of endosomal actin is to prevent clustering of endosome 

(Drengk et al., 2003). Indeed, in WASH knockout cells, endosomes and lysosomes are 

aggregated (Gomez et al., 2012). Actin assembly on endosome surface aids in 

concentrating membrane proteins into microdomains and actin remodeling may provide 

spatial constraints that restrict the fusion machinery to sites of membrane fusion. This 

suggests that endosomal actin structures form a positive shell that surrounds the 

organelles and prevents their membranes from uncontrolled vesicle fusion.   
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General features of cortactin 

Cortactin was first identified as an F-actin binding protein and a substrate of the 

Src tyrosine kinase (Kanner et al., 1990; Wu et al., 1991). Subsequently, it was 

discovered to be a binding partner of the Arp2/3 complex which facilitates de novo F-

actin nucleation and actin branch assembly (Uruno et al., 2001; Weaver et al., 2001). In 

vitro, cortactin is weaker activator of actin assembly than N-WASP (Weaver et al., 2001; 

Weed et al., 2000), yet it has a unique property. The Arp2/3 complex binds to the sides 

of pre-existing actin filament, in a step which contributes to its activation (Higgs and 

Pollard, 2001; Mullins et al., 1998). By binding to F-actin and Arp2/3 complex 

simultaneously, cortactin can promote the association of Arp2/3 complex with actin 

filament and also stabilizes the newly formed branches (Weaver et al., 2001). These 

unique features are important for the function of cortactin in numerous actin-dependent 

cellular processes. For example, cells expressing high levels of cortactin have enhanced 

cell motility (Bryce et al., 2005; Kowalski et al., 2005; Patel et al., 1998; Schuuring et al., 

1993). Our laboratory, in previous has shown that interaction of cortactin with Arp2/3 

complex and actin filament is required for resecretion of ECM from LE/Lys compartment 

to promote cell migration (Sung et al., 2011).  

Cortactin is comprised of four major domains (Figure 2): N-terminal acidic (NTA), 

tandem repeats, proline-rich, and Src homology 3 (SH3). The NTA domain of cortactin is 

important for cortactin localization to the cell periphery (Uruno et al., 2001; Weaver et al., 

2001; Weed et al., 2000). It binds to the Arp3 subunit of the Arp2/3 complex via a DDW 

motif and can synergize Arp2/3 complex activation in the presence of N-WASP in vitro to 

promote actin polymerization (Uruno et al., 2001; Weaver et al., 2001; 2002; Weed et al., 

2000). The NTA domain is followed by six and a half repeats that are each made up of a 

stretch of 37 amino acids, of which the fourth is the most important for F-actin binding 

(Weed et al., 2000). These interactions with Arp2/3 and F-actin are both necessary and 
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Figure 2. Cortactin domain structure and its interacting partners.  

Schematic diagram of cortactin domains. Specific cortactin domains are described in the 
text. N-terminus of cortactin directs activation of Arp2/3 complex and actin branch 
stabilization through direct interaction with branched actin nucleator Arp2/3 complex and 
actin filaments. C-terminus Proteins in light purple box represent kinases known to 
phosphorylate cortactin. Proteins in grey box represent SH3 binding partners. 
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sufficient for direct regulation of Arp2/3 complex mediated branched actin assembly 

(Uruno et al., 2001; Weaver et al., 2001). In addition to being important for regulation of 

branched actin assembly, localization of cortactin to sites of dynamic actin assembly in 

cells typically requires the Arp2/3 complex and F-actin binding sites (Bryce et al., 2005; 

Katsube et al., 2004; Uruno et al., 2001; Weed et al., 2000). Following the repeats region 

is an α-helical domain which is a site of calpain cleavage (Huang et al., 1997; Perrin et 

al., 2006)) and a proline-rich region that contains multiple phosphorylation sites. At the 

carboxy terminus is an SH3 domain that binds to a number of additional proteins. SH3-

binding partners include the Arp2/3 NPF N-WASP (Weaver et al., 2002), the WASP-

interacting protein WIP (Kinley et al., 2003), the membrane trafficking regulatory GTPase 

dynamin 2 (McNiven et al., 2000), the tight junction protein ZO-1 (Katsube et al., 1998), 

synaptic adaptor protein Shank2 (Du et al., 1998), the membrane scaffold protein 

CD2AP (Lynch et al., 2003), the contractility-enhancing myosin light chain kinase (Dudek 

et al., 2002), and Cdc42 activator guanine nucleotide exchange factor facio dysplasia 1 

(FGD1) (Hou et al., 2003).  All these interactions suggest that cortactin may function as 

a central element connecting actin branches to cytoskeletal, membrane trafficking and 

signaling machineries. 

 

Cortactin in cancer invasiveness 

The human cortactin gene (CTTN) is encoded in a segment 11q13 on 

chromosome 11, a region that is amplified in various cancers, including head and neck 

squamous cell carcinoma (HNSCC), breast, ovary, lung, and liver cancer (Akervall et al., 

1995; Buday and Downward, 2007; Chuma et al., 2004; Ormandy et al., 2003; Patel et 

al., 1996; Schuuring, 1995; Schuuring et al., 1993). Amplification of CTTN and the 

resulting overexpression of cortactin protein in tumors is significantly associated with 

poor patient prognosis, including decreased survival and increased tumor metastasis. 
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Many studies have thus focused on the role of cortactin in tumor invasion and 

metastasis. Studies using siRNA/or shRNA against cortactin or inhibitory cortactin 

antibodies to antagonize cortactin have shown that cortactin promotes both the 

formation and maturation of invadopodia, which are branched actin-rich protrusive 

structures formed by invasive cancer cells that degrade the extracellular matrix (ECM) 

(Weaver, 2008; Yamaguchi and Condeelis, 2007). One of proposed mechanisms by 

which cortactin regulates invadopodia is regulation of Arp2/3 activity at plasma 

membrane signaling sites (Ayala et al., 2008; Oser et al., 2009). Cortactin also regulates 

invadopodia-mediated ECM degradation through the regulation of MMP secretion at 

invadopodia. (Clark and Weaver, 2008; Clark et al., 2007). However, the underlying 

mechanism was unclear when my study began.  

 

Cortactin in membrane trafficking 

Increasing evidence indicates that actin associated with endosomes plays an 

important role in post-internalization events along the endocytic pathway in both yeast 

and mammals.  Dynamic actin assembly has been reported to regulate tubulation and 

generation of vesicles, transport, docking and fusion of vesicles, and motility of 

endosomes (Anitei and Hoflack, 2012; Lanzetti, 2007). It is not surprising that cortactin 

has been found to regulate many of these same events (Figure 3) since almost all of the 

cellular activities of cortactin require binding to the Arp2/3 complex and actin filaments. 

For instance, overexpression of cortactin inhibited the ubiquitylation and subsequent 

degradation of the EGF receptor, an effect that might contribute to the invasive 

phenotype of cortactin-overexpressing tumor cells (Timpson et al., 2005). Cao et al. 

showed cortactin-Dyn-2 interaction at the Golgi mediates vesicle scission and regulates 

cargo transport from the TGN (Cao et al., 2005). Puthenveedu et al. also showed that 

the depletion of cortactin leads to defective accumulation of β2 adrenergic receptor in 
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 Figure 3. Cortactin function in membrane trafficking. 
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endosomes (Puthenveedu et al., 2010). Furthermore, aPKC-mediated phosphorylation 

of cortactin has been shown to regulate MT1-MMP recycling to plasma membrane from 

late endocytic compartment by recruiting the membrane scission protein, Dyn-2 

(Monteiro et al., 2013; Rossé et al., 2014b). All of these studies implicate the importance 

of cortactin function in determining the fate of the endocytosed proteins. 

Cortactin has been detected on organelles in the endolysosomal system together 

with the Arp2/3 activator WASH (Derivery et al., 2009; Gomez and Billadeau, 2009; 

Monteiro et al., 2013). They may cooperatively regulate endosomal tubule formation and 

elongation through the regulation of actin dynamics. Silencing of the Arp2/3 complex or 

inhibiting actin polymerization using drug results in enlarged endosomes with no tubules 

(Derivery et al., 2012; Ohashi et al., 2011). Depletion of cortactin or WASH also results 

in endosome enlargement (Duleh and Welch, 2010; Kirkbride et al., 2012), but with 

opposite effects on endosome morphology, endosomes with no tubules at all or 

exaggerated tubulation, respectively (Derivery et al., 2009; Gomez and Billadeau, 2009; 

Puthenveedu et al., 2010).  However, it has been also reported that complete loss of the 

WASH leads to enlarged endosomes with no tubules at all (Gomez et al., 2012). Even 

with opposite phenotypes, it is clear that they act in same pathway of endosomal sorting, 

as suggested by the enlargement of endosomes, which reflects the accumulation of 

endosomal material.  

 

Phosphoinositides overview 

Phosphatidylinositol (PI) and its phosphorylated derivatives, phosphoinositides 

(PIPs), are minor components quantitatively of membranes but serve essential 

membrane associated signaling roles in eukaryotic cells (Di Paolo and De Camilli, 2006; 

Lemmon, 2008; Roth, 2004). PI is composed of an inositol headgroup, a glycerol moiety 

and two fatty acid chains that enable insertion into lipid membranes (Figure 4 A). The 
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inositol headgroup, a glycerol moiety and two fatty acid chains that enable insertion into 

lipid membranes (Figure 4 A). The inositol headgroup can be reversibly phosphorylated 

at 3-, 4-, and/or 5-hydroxy positions, generating 7 different phosphoinositide species: 

PI(3)P, PI(4)P, PI(5)P, PI(4,5)P2, PI(3,5)P2, PI(3,4)P2, and PI(3,4,5)P3.  A wide range of 

phosphoinositide kinases and phosphatases that are differentially localized within a cell 

mediate turnover of their target substrate (Figure 4 A). Therefore, different 

phosphoinositide species are enriched in particular subcellular compartments, and 

specify organelle identity that may provide the mechanism for fine-tuning the membrane 

trafficking flow (Figure 4 B). For example, PI(4,5)P2 and PI(3,4,5)P3 predominate on the 

plasma membrane, whereas PI(4)P is abundant at the Golgi complex and on post-Golgi 

vesicles (Panaretou and Tooze, 2002; Wang et al., 2003).  PI(3)P and its derivative 

PI(3,5)P2 confer identity to endosomal membranes, marking respectively early and late 

endosomes (Di Paolo and De Camilli, 2006; van Meer et al., 2008). Various human 

diseases, including cancer, bipolar disorder, metabolic syndrome, are caused by genetic 

mutations in phosphoinositides metabolizing enzymes (McCrea and De Camilli, 2009), 

indicating that phosphoinositide metabolism has a vital role in physiological and 

pathological conditions. Phosphoinositides play a central role in regulating actin 

dynamics at the membrane by directing subcellular localization and in many cases 

regulating activity of actin-binding proteins. For instance, PI(4,5)P2 binds to profilin, 

gelsolin, vinculin, α-actinin, and N-WASP and regulates their activities (Burn et al., 1985; 

Fraley et al., 2005; Janmey and Stossel, 1987; Miki et al., 1996; Papayannopoulos et al., 

2005; Saarikangas et al., 2010; van Rheenen et al., 2007; Yonezawa et al., 1991). In 

addition, PI(3,4,5)P3, which is produced by PI3K from PI(4,5)P2, recruits WAVE2 to the 

polarized membrane and this recruitment is essential for lamellipodia formation at the 

leading edge as it activates Arp2/3 to induce actin polymerization (Oikawa et al., 2004). 

During endocytosis PI(4,5)P2 promotes Arp2/3-mediated actin polymerization that  
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Figure 4. Structure, metabolism, and subcellular localization of 
phosphoinositides. (A) Phosphatidylinositol can be phosphorylated by 
phosphoinositide kinases or dephosphorylated by phosphoinositide phosphatase, 
generating the indicated phosphoinositide derivatives. The metabilic pathways shown in 
dotted lines indicate the uncertainty of physiological relevance in vivo. (B) Subcellular 
localization of phosphoinositides. Only predominant phosphoinositides are shown for 
simplicity. The majority of PI(4,5)P2 is located in the plasma membrane, and that is 
where it is converted to PI(3,4,5)P3. PI(4)P is highly enriched in the Golgi and in some 
endosomes that are part of the TGN. PI(3)P is formed on endosomes such as early 
endosomes (EE) and and is converted to PI(3,5)P2 at the level of sorting endosomes 
and regions that form the invaginating membranes destined to become luminal in late 
endosome/mutivesicular bodies (LE/MVB). 
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In addition, PI(3,4,5)P3, which is produced by PI3K from PI(4,5)P2, recruits WAVE2 to 

the polarized membrane and this recruitment is essential for lamellipodia formation at 

the leading edge as it activates Arp2/3 to induce actin polymerization (Oikawa et al., 

2004). During endocytosis PI(4,5)P2 promotes Arp2/3-mediated actin polymerization that 

provides the force for generating invagination from the plasma membrane by recruitment 

of dynamin interacting with actin binding protein such as cortactin and syndapin 

(Merrifield et al., 2005; 2004). PI(4)P also implicated in connecting actin cytoskeleton to 

Golgi membrane. A recent study has shown that GOLPH3, which is a PI(4)P effector at 

the Golgi, interacts with an unconventional myosin MYO18A that binds to F-actin, and 

this maintains a tensile force on Golgi required for vesicle budding for anterograde 

trafficking (Dippold et al., 2009). Together, these data implicate the importance of 

interplay between phosphoinositide and actin dynamics in the regulation of various 

cellular processes.  

 

PI(3,5)P2 and its function in membrane trafficking  

PI(3,5)P2 is much less abundant than most phosphoinositides, respectively 

present at about 0.1 and 0.04% of total PIs in yeast and mammals. PI(3,5)P2 is proposed 

to be mainly localized to late endosomes and lysosomes (Figure 4 B (Dove et al., 2009)) 

based on the location of its synthesizing enzyme complex. This enzyme complex in 

mammalian cells consists of the type III phosphatidylinositol phosphate kinase (PIPKIII) 

PIKfyve which phosphorylates the 5 position of the inositol ring of PI(3)P, the scaffold 

protein Vac14, and the opposing phosphatase FIG4 (Ikonomov et al., 2009b; Jin et al., 

2008; Sbrissa et al., 2008; Shisheva, 2008) (Figure 5). Genetic disruption of any of these 

components lead to decreases in cellular PI(3,5)P2 levels (Chow et al., 2007; Ikonomov 

et al., 2011; Zhang et al., 2007; Zolov et al., 2012). Many studies to elucidate the cellular 

function of PI(3,5)P2 have employed genetic and pharmacologic manipulation of its 
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Figure 5. The PI(3,5)P2 metabolizing enzyme complex.  The dynamic and rapid 
changes in PI(3,5)P2 is tightly regulated by its synthesizing enzyme complex, which 
consists of the phosphoinositide kinase, FYVE finger-containing (PIKfyve) the 
phosphatase FIG4 and the scaffold protein Vac14. 

  



 17 

metabolizing enzymes. Physiological functions of PI(3,5)P2 in yeast were originally 

discovered by studying the phenotype of mutants lacking Fab1 (known as PIKfyve in 

mammalian cell), the yeast orthologue of PIPKIII. Fab1-deficient yeast cells contain 

grossly enlarged vacuoles which are poorly acidified and show a defect in the ubiquitin-

dependent sorting of proteins into multivesicular bodies (Gary et al., 1998). In 

mammalian cells, studies using either dominant negative mutants, siRNA knockdown or 

pharmacological antagonists of PIKfyve, Vac14, or Fig 4 (Chow et al., 2007; de Lartigue 

et al., 2009; Ikonomov et al., 2001; 2009b; 2006; 2009a; Jin et al., 2008; Rutherford et 

al., 2006; Sbrissa et al., 2007; Zhang et al., 2007) have likewise found a significant 

defect in membrane dynamics that leads to enlarged endosomes.  

Through such studies, PI(3,5)P2 is now known to play an essential role in endo-

lysosomal transport. Knockdown of PIKfyve inhibits retrograde traffic of proteins from 

endosomes to the TGN (Rutherford et al., 2006), including sorting receptors (e.g., CI-

M6PR; cation independent mannose-6-phosphate receptor) and Soluble N-

ethylmaleimide-sensitive factor-activating protein receptor (SNARE) membrane fusion 

proteins (Bonifacino and Rojas, 2006).  Retrograde trafficking is coordinately regulated 

by the endosomal Rab family GTPase Rab9, the retromer protein complex that mediates 

cargo recognition and budding of endosomal membranes, and WASH-mediated actin 

nucleation (Dong et al., 2013). Interestingly, PIKfyve binds and promotes membrane 

association of p40, a Rab9 GTPase effector. Although p40 does not seem to bind 

PI(3,5)P2, interaction with PIKfyve may serve to coordinate PI(3,5)P2-dependent 

functions like membrane fission that is mediated by the PI(3,5)P2 effector Atg18 (Dove et 

al., 2004).  

PI(3,5)P2 controls the lysosome-dependent degradative pathway, autophagy. In 

C. elegans, mutations in Fab1 causes an increase in autophagosomes (Nicot et al., 

2006), suggesting decreased degradation. Similarly, pharmacological inhibition of 
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PIKfyve in mammalian cells causes an accumulation of autophagosomes and the 

autophagic marker microtubule-associated protein light chain 3 II (LC3-II) (Jefferies et 

al., 2008; Martin et al., 2013). Autophagic protein degradation occurs after fusion of 

autophagosome with lysosomes and requires functional lysosomes with low pH. Thus, 

the accumulation of autophagosomes could occur as a consequence of impaired 

capability of autophagosome to fuse with lysosome. In deed, it has been proposed that 

PI(3,5)P2 regulates Ca2+ release from vacuoles thereby triggering membrane 

fusion(Dong et al., 2010; Li et al., 2013). In addition, fab1 deficient yeast vacuoles and 

endolysosomes in mutant Drosophila and C. elegans are all poorly acidified (Nicot et al., 

2006; Rusten et al., 2006; Gary et al., 1998), suggesting that defective acidification may 

also contribute to autophagy failure in PI(3,5)P2 deficient cells. However, underlying 

mechanism how PI(3,5)P2 mediates endolysosome acidification is a complete mystery 

due to the lack of effector involved in acidification.  

PI(3,5)P2 is also implicated in membrane traffic to the plasma membrane. 

Impaired insulin-stimulated translocation of glucose transporter to the plasma membrane 

was observed in muscle-specific PIKfyve knock-out mice (Ikonomov et al., 2013). In 

addition, it has been shown that the formation of PI(3,5)P2 facilitates endosome transport 

to the plasma membrane leading to an increased abundance of AMPA-type glutamate 

receptor GluA1 protein in the plasma membrane (Seebohm et al., 2012).   

Despite its importance in endolysosomal membrane trafficking, the underlying 

mechanism by which PI(3,5)P2 regulates these processes are still unclear, largely due to 

the lack of  effectors. Therefore, identification of the new effector proteins that interact 

with PI(3,5)P2 is critical to unravel the mechanism.  
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Purpose of this study 

The branched actin regulator cortactin is a central protein connecting signaling 

pathways with the actin cytoskeleton and plays a role in diverse cellular processes, 

including cell motility, membrane trafficking, invasion, and cell morphogenesis. 

Previously, our laboratory demonstrated a role of cortactin-mediated actin assembly in 

the aggressiveness of cancer cells, including motility, invasiveness and tumor growth 

(Bryce et al., 2005; Clark et al., 2009; Sung et al., 2011). Mechanistically, we have found 

that most of those phenotypes are highly tied to the ability of cells to secrete molecules 

such as extracellular matrix, proteinases, and growth factors (Clark et al., 2009; 2007; 

Sung et al., 2011). These data are consistent with other recent studies demonstrating 

the importance of cortactin and the actin cytoskeleton in membrane trafficking (Cao et 

al., 2005; Kjeken et al., 2004; Lanzetti, 2007; Salvarezza et al., 2009). When this study 

began, it was unclear at intracellular membrane compartment was the source for 

secretion of proteinases and other factors that might promote cancer aggressiveness.  It 

was also unclear what activities of cortactin were important and how they might be 

coordinated on secretory organelles. I first focused on identifying which trafficking 

organelles were most affected by the loss of cortactin expression. I found that cortactin-

mediated branched actin assembly regulates LE/Lys compartment maturation and 

subsequent retrograde transport to the Golgi complex. This finding then leads me to ask 

the question of what is the upstream regulatory input is that might regulate cortactin 

activity on LE/Lys compartment. My study focusing on the interaction between PI(3,5)P2 

and cortactin should identify a key part of the mechanism by which PI(3,5)P2 controls 

membrane trafficking and reveal cortactin and branched actin as novel effector of 

PI(3,5)P2. The main objective of this work is to understand basic molecular mechanism 

underlying protein secretion that promotes cancer invasiveness. By understanding the 

underlying molecular mechanism that promotes secretion by aggressive cancer cells, 



 20 

this study will point towards future novel approaches to managing cancer invasiveness 

and metastasis.  
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CHAPTER II 

 

MATERIALS AND METHODS 

 

Constructs, antibodies, and reagents 

The construct encoding HRP-TGN38 was a gift from Dan Cutler (UCL) and the 

temperature-sensitive VSV-G (ts045-VSV-G-GFP) was a gift from Jennifer Lippincott-

Schwartz (NIH). Cortactin mutant cDNAs were obtained from Dr. J Thomas Parsons and 

subcloned into LZRS retroviral vector, as previously described (Bryce et al., 2005). The 

construct encoding human Vac14 was a gift from Dr. Lois Weisman (University of 

Michigan) and subcloned into pEGFP-N1 using BglII and Sal I site.  

Antibodies were as follows: Goat anti-HRP (123-005-021; Jackson 

Immunoresearch Labs), mouse anti-cortactin (clone 4F11; Millipore), rabbit anti-GST 

antibody (#2622; Cell Signaling), Rhodamine-phalloidin (Molecular probes). Calreticulin 

(ab2907) and mannosidaseII (ab12277) antibodies were from abcam. Rabbit anti-

cortactin (H-191), GRASP65 (sc-30093), ERGIC-53 (sc-32442), and mouse anti PIK5KIII 

(sc-100408) were from Santa Cruz Biotechnology. The GM130, p230trans (611280), rabbit 

anti-Rab7 (9367) antibodies were from BD Biosecience. The conformation-specific 

mouse monoclonal anti-VSV-G antibody (I14) was provided by Anne K. Kenworthy 

(Vanderbilt University, Nashville, TN). Rabbit anti-WASH was a gift from Daniel 

Billadeau (Mayo Clinic; (Gomez and Billadeau, 2009)). GCC185 was a generous gift 

from Irina Kaverina (Vanderbilt).  

PIP strips and polyPIPosomes were from Echelon Biosciences (Y-P003, Y-P005, 

and Y-P035). All liposome experiments in chapter IV used polyPIPosomes. 

Cycloheximide (Calbiochem Co.) was stored as 1 mg/ml stock solution in methanol. 
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Latrunculin A was purchased from Sigma. YM201636 (Selleckchem) and CK-666 

(Millipore) were stored as 10 mM and 100 mM, respectively, stock solutions in DMSO.  

Cell culture and generation of stable cell lines 

SCC61 cells were maintained in DMEM supplemented with 20% fetal bovine 

serum (FBS), 0.4 µg/mL hydrocortisone, and 4 µg/mL puromycin (for stable cell lines) 

and 600 µg/mL G418 (for stable cortactin rescue cell lines).  HeLa cells were maintained 

in RPMI 1640 supplemented with 10% bovine growth serum (BGS) and 4 µg/ml 

puromycin.  MCF10A cells were maintained in DMEM/F12 supplemented with 5% horse 

serum, cholera toxin (0.1 µg/mL), insulin (1 mg/mL), hydrocortisone (0.5 µg/mL) and 

EGF (20 ng/mL). MDA-MB-231 cells were maintained in DMEM supplemented with 10% 

FBS. All cells were maintained at 37°C in 5% CO2. Stable cell lines used in CHAPTER III 

were generated as previously described (Bryce et al., 2005; Clark et al., 2007).  Stable 

knockdown of cortactin or stable expression of mRFP-Rab7 in MDA-MB-231 cells was 

achieved using BLOCK-it Lentiviral RNAi expression system and ViralPower Lentiviral 

expression system (Invitrogen) according to manufacturer’s protocol.  

Transfection and Drug treatments 

For all assays, cells were plated on uncoated (HeLa and MDA-MB-231) or 

fibronectin-coated (50 µg/mL;SCC61) glass coverslips. For TGN-HRP, FLAG-tagged 

cortactin and GFP-Rab7 transfection, cells were transfected with 0.5 µg/well of cDNA 

using Lipofectamine2000. For mRFP-Rab7, mEGFP-F-tractin, and EGFP-Vac14 

transient transfections, MDA-MB-231 cells were transfected with 0.5 µg/well of cDNA 

with Lipofectamine 3000. For inhibition of PIKfyve and/or Arp2/3 activity, cells grown on 

coverslips were serum-starved (complete growth media lacking FBS) for 3 h before 

treating with YM201636 or CK-666, as previously described (Ikonomov et al., 2009a). 
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YM201636 and CK-666 dissolved in DMSO were diluted with DMEM and added to cells 

at a final concentration of 800 nM and 100 µM, respectively for 2 h.  

For siRNA assays of Golgi morphology, control (D-001210-02-05), cortactin (M-

010508-00-005), Rab7a (M-010388-00-0005), and Rab9 (M-004177-01) siGENOME 

SMARTpool siRNA constructs were obtained from Thermo Scientific. Control, cortactin 

(200 nM, 72h), Rab9 (200 nM, 96 h) or Rab7a (100 nM, 48 h) siRNA were transfected 

with SCC61 and HeLa cells using Oligofectamine (Life Technologies). For Rab9 

analysies, only cells with obvious loss of Rab9 expression determined by 

immunofluorescence were used in the quantification. PIKfyve knockdown was performed 

with an ON-TARGETplus siRNA SMARTpool (L-005058-00-0005; GE Dharmacon) using 

Lipofectamine RNAiMAX (Life Technologies). As a control for the knockdown, a non-

targeting control pool was used (D-001810-10-05; GE Dharmacon). Cells were seeded 

in six-well plates at a density of 2.0 x 105 cells/well prior to transfection using 

Lipofectamine RNAiMAX (Life Technologies) and 40 nM of siRNAs. After a 48 h 

incubation, cells were reseeded onto six-well plates at the same density or onto 

coverslips at a density of 3.5 x 104 cells/well and retransfected with 40 nM oligos for 24 

h. Cells were then processed for western blotting and immunofluorescence. 

Protein purification 

To purify GST-tagged proteins, E. Coli BL21DE3 were transformed with the 

appropriate plasmid. After growth to approximately OD600=0.8 expression was induced 

with IPTG (1 mM) for 20 h at 20°C. Cells were pelleted and resuspended in preparation 

buffer (300mM NaCl, 0.5mM EDTA, 50mM Tris, pH8.0) supplemented with 2mg/ml 

lysozyme and protease inhibitors, and lysed with sonication. The lysate was then 

centrifuged at 96,000 x g at 4 °C for 30 min. The supernatant was incubated overnight 

with glutathione-Sepharose at 4°C before elution with 25 mM glutathione, 150 mM NaCl, 
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50 mM Tris, pH 8.0. Purified proteins were aliquoted, snap frozen in liquid nitrogen, and 

stored at -80 °C.  Actin was purified from chicken pectoralis skeletal muscle and gel 

filtered as described in (Bryce et al., 2005). 

Lipid overlay assay 

PIP strips were blocked in PBST (0.1% Tween 20(v/v)) supplemented with 3% 

fatty acid-free BSA (Sigma) for overnight at 4°C and then incubated with 0.5 µg/ml GST 

fusion proteins for 1 h at room temperature. After washes with PBST-BSA, the 

membranes were blotted with Rabbit anti-GST for 1 h at room temperature followed by 

IRDye 800 Goat anti-Rabbit secondary antibody for 1 h.  

Liposome binding assay  

70 nM of purified GST fusion protein was incubated with 3 µM liposomes in 20 

mM HEPES, 120 mM NaCl, 1 mM EGTA, 0.2 mM CaCl2, 1 mM MgCl2, 5 mM KCl, 1 

mg/ml fatty acid-free BSA, pH 7.4 for 15 min at room temperature. Liposome-protein 

complexes were then further incubated with streptavidin-conjugated magnetic beads 

(Invitrogen) for 30 min at room temperature.  After washing with binding buffer and 

isolation with a magnet, liposome-bound protein was analyzed by SDS-PAGE. The 

intensity of bands was quantified by ImageJ software. Kd was calculated using a one-site 

binding hyperbola nonlinear regression analysis (Graphpad).  

PI(3,5)P2-F-actin competition assay 

3 µM F-actin was prepared from monomers by polymerization in 80 mM KCl, 2 

mM MgCl2, 20 mM HEPES, pH 7.4 for 1 h at room temperature.  Then, various 

concentrations of actin filaments (0-1.5 uM) prepared by dilution with polymerization 

buffer were incubated with 250 nM PI(3,5)P2-containing liposomes and 70 nM cortactin 

and then processed as for the liposome binding assay. Graphpad software was used for 
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nonlinear regression analysis of data sets and Ki was calculated using one-phase 

exponential decay equation. 

Actin assembly TIRF assay 

Glass flow chambers were constructed from glass coverslips (24 x 40 mm and 22 

x 22 mm; no. 1.5) using doubled sided tape (3M). Coverslips were cleaned for 10 min 

with plasma cleaner and 30 min bath in 0.1 M KOH, and then coated with methoxy-

polyethylene glycol-silane (mPEG-Silane-5K, Creative PEGworks; 0.1% in 95% ethanol, 

0.1% HCl) for overnight at room temperature. The mPEG-Silane coating was used to 

minimize filament binding to the chamber surface. The chambers were washed twice 

each with high then low salt buffer solutions (1 % (w/v) BSA, 50 mM Tris, pH 7.5, and 

600/150 mM NaCl, respectively), followed by two washes with 1 X TIRF buffer. The 1x 

TIRF buffer contained MKEI (100 mM KCl, 2 mM MgCl2, 2 mM EGTA, 20 mM imidazole 

pH 7.0), 15 mM Glucose, 100 mM DTT, 0.2 mM ATP, 0.5 % 4000 cP methylcellulose, 20 

µg/ml catalase, 0.1 mg/ml glucose oxidase, and 0.1 % BSA. Glucose oxidase, catalase, 

and BSA were added just before use. Actin polymerization reactions were initiated by 

adding a protein solution containing the proteins (Arp2/3 complex, GST-VCA, cortactin, 

or PI(3,5)P2-liposome) in 1 x TIRF buffer to a solution of 4.5 µM 33% Oregon-Green 

actin mixed with 50 µM MgCl2 and 200 µM EGTA to give a final reaction solution of  0.75 

µM 33% Oregon-Green actin. Images were collected on a Nikon TiE inverted 

microscope equipped with a Nikon 100x/1.49NA TIRF objective, and Photometrics 

Evolve EM-CCD camera (Photometrics, Tucson, AZ). The 1.5x optivar was used for all 

images to increase magnification. 488-nm laser was used to excite Oregon-Green. 

Images were acquired with Nikon Elements software.  
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Debranching assay 

Polymerization reactions were initiated by mixing 3 µM G-actin with 100 nM 

Arp2/3 complex and 600 nM GST-VCA in polymerization buffer, and incubated for 8 min 

to form fully polymerized actin branches. At this time, rhodamine-phalloidin (0 min 

sample), 500 nM cortactin, 500 nM cortactin plus 500 nM PI(3,5)P2-liposome, or buffer 

was added, then further incubated for 5, 10, 15, 20, or 30 min before adding equimolar 

(3 µM final concentration) rhodamine-phalloidin (from a 200 µM stock in methanol) to 

stop filament debranching and stain the actin filaments. After 4 min of incubation with 

rhodamine-phalloidin, filaments were diluted into fluorescence buffer containing MKEI, 

100 mM dithiothreitol, 20 µg/ml catalase, 100 µg/ml glucose oxidase, 3 mg/ml glucose, 

and 0.5% methylcellulose, 4000cp. 4 µl was applied to glass coverslips (Fisherbrand, 22 

x 22 mm, # 1.5). Image were acquired with an Eclipse TE2000-E widefield fluorescent 

microscope (Nikon) equipped with a Plan Apo 100x/1.4NA, oil immersion lens (used in 

combination with x1.5 optivar), and a cooled charge-coupled device camera 

(HAMAMATSU) by use of MetaMorph software. Branching was analyzed by manually 

counting unbranched filaments and number of branching of filaments with one or more 

branches. Percent branching was then calculated by the following equation: % branched 

filaments = (number of branched filaments per field/ number of total filaments) x 100. 

Immunofluorescence and Image analysis  

Cells were fixed in either 4% paraformaldehyde or methanol (Mannosidase II), 

permeabilized with TritonX100 or saponin (p230trans), incubated with primary and 

secondary antibodies for 1 h each at room temperature.  Hoechst was added on the last 

wash for 5 min and the coverslips were then mounted using Aqua Poly/Mount 

(Polysciences, Inc). Secondary antibodies used were: goat anti-mouse Alexa Fluor 488 

(GM130, cortactin (4F11), ERGIC-53, p230trans); goat anti-mouse Dylight 633 (for 
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p230trans); goat anti-rat Alexa Fluor 546 (for LAMP2); goat anti-rabbit Alexa 488 (for 

M6PR, calreticulin (Golgi area)); goat anti-mouse Alexa Fluor 594 (LAMP1); goat anti-

rabbit Alexa Fluor 594 (for FLAG, Mannosidase II, GRASP65, calreticulin 

(colocalization); cortactin (colocalization; H-191)); donkey anti-guinea pig 488 (GCC185); 

donkey anti-goat Alexa Fluro 488 (HRP). For Rab7 staining, cells were fixed for 15 min 

in 4% paraformaldehyde at 37°C and blocked and permeabilized with 5% normal goat 

serum containing 0.3% Triton X-100 for 1 hr at room temperature. Primary antibodies 

diluted in PBS containing 1% BSA and 0.3% Triton X-100 were added to cells for 

staining overnight at 4°C followed by secondary antibody incubation for 1 h at room 

temperature. For filipin staining, cells were plated on coverslips for 24 hours, fixed in 3% 

PFA for 1 hour, quenched with glycine (1.5 mg/mL) and stained with filipin (0.05 mg/mL) 

for 2 hours at room temperature and imaged under UV light. 

Images for quantification of Golgi area were acquired with an Eclipse TE2000-E 

wide-field fluorescent microscope (Nikon) equipped with a Plan Apo VC 60x, 1.4NA, oil 

immersion lens and a cooled charge-coupled device (CCD) camera (HAMAMATSU, 

C4742-80-12AG) by the use of Metamorph software.  Golgi area was quantitated by 

thresholding the images based on GM130 and a goat anti-mouse Alexa Fluor 

488 staining. Cell area was determined manually by tracing the cell perimeter in 

rhodamine-phalloidin stained images (not shown in most figures), and the ratio of Golgi 

to Cell area was calculated based on the thresholded area using Metamorph software. 

For colocalization experiments, images were acquired on a confocal laser scanning 

microscope (model LSM 510; Carl Zeiss, Inc.), using a Plan-APOCHROMAT 63x/1.4 oil 

DIC objective and either a Argon/2, HeNe1 and/or HeNe2 laser.  Z-axis sectioning was 

at 0.2 µm intervals.  Colocalization and intensity were quantitated using MetaMorph 

software after thresholding images to remove background. Colocalization Image J plugin 
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was used to show colocalized pixels between two images for M6PR localization 

analysis. Colocalized pixels were displayed as white on RGB overlay images.  

VSV-G Trafficking Assay  

SCC61 and HeLa cells were transiently transfected (0.75 mg/well in a 6-well dish 

containing glass coverslips) with a construct encoding ts045 VSV-G-GFP cDNA, and 

incubated for 16 h at 40℃. Cells were then treated with 100 µg/ml of cycloheximide for 

30 min to stop protein synthesis and then shifted to 32℃ for 0, 30, 45, 60, 120, or 180 

min prior to fixation to allow transport of the nascent VSV-G through the secretory 

pathway. For determination of surface VSV-G, live cells were incubated with an antibody 

(I14) directed against the luminal domain of VSV-G for 10 min at 4℃ , washed 

extensively, fixed, and stained with an Alexa 594 secondary antibody.  Average 

fluorescence intensity of cell surface VSV-G protein was used to calculate the extent of 

VSV-G transport 

Live cell imaging 

For visualization of the dynamic effect of YM201636 on endosomes, MDA-MB-

231 cells stably expressing mRFP-Rab7 were cultured on poly-D-Lysine-coated MatTek 

dishes overnight.  Before imaging they were serum starved for 3 h and then 800 nM 

YM201636 was added. 20 min after drug treatment, images were captured every 10 sec 

for 90 min on a confocal microscope (model LSM 710; Carl Zeiss, Inc.), using a 63x/1.40 

Plan-APOCHROMAT oil objective and Argon-488 and HeNe-561 laser under 5% CO2 at 

37°C. For the analysis the stability of actin on endosomes, MDA-MB-231 cells stably 

expressing mRFP-Rab7 were transfected with mEGFP-F-tractin. Then, cells were 

cultured on   35mm glass bottom dishes (In Vitro Scientific, no.1.5) overnight. After 2 h 

incubation of cells with DMSO or YM201636, 10 µM latrunculin A was added and images 
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were captured every 2 sec on a DeltaVision deconvolution microscope (Applied 

Precision) equipped with a CoolSNAP HQ2 camera (Photometrics), and a UPSLAPO 

100x/1.4 oil immersion objective. Individual raw files were deconvoluted using Applied 

Precision Softwork deconvolution package. Actin fluorescence intensity was manually 

tracked using manual tracking plugin of Fiji software.   

Electron Microscopy (Stable shRNA KD cells; Conventional TEM) 

Cells (1x106) were plated on 10 cm dishes and 24 h later were fixed in 2.5% 

glutaraldehyde in 0.1 M Cacodylate buffer with 1% CaCl for 1 h at room temperature.  

The fixation buffer was then replaced with fresh buffer and incubated overnight at 4℃.  

The samples were scraped and transferred to conical tubes and washed extensively 

followed by osmications for 1 h in 1% aqueous osmium tetroxide.  The samples were 

then washed extensively followed by en bloc stained in ethanolic uranyl acetate for 10 

min. The cells were dehydrated by passage through a graded series of increasing 

concentrations of ethanol.  Dehydration was continued through increasing 

concentrations of ethanol.  After the samples were embedded in epon resin and 

polymerized, cells were thin sectioned (50 nm) and imaged using a CM12 transmission 

EM (Philips) equipped with an AMT 542 camera. 

Morphometry analysis of organelle areas 

Point counting stereology was used to quantitate relative volume of cytoplasm 

occupied by Golgi or LE/Lys elements (Jerome et al. 1998; Weibel et al. 1969). Thin 

sections from two independent blocks per cell line were randomly imaged for analysis.  

Additionally, one of the blocks was analyzed using two different sections. The 

magnification of images was optimized such that a point of the grid would fall on 

identifiable organelle structures.  All micrographs used for stereology were 40,000x. A 

grid of intersecting lines (squares = 0.25 um2) was superimposed using ImageJ Grid 
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Plugin on each micrograph and the number of intersection points that fell on cytoplasm 

and organelles of interest were counted.  From each section ≥30 micrographs/cell 

line/section were collected in an unbiased manner and counted. The ratio: # points 

(organelle)/# points cytoplasm (minus the nucleus) was used to calculate a fractional cell 

cytoplasmic volume occupied by Golgi or LE/Lys. Student’s t-test was used to determine 

the significance of the data.  

Data presentation and statistical analysis 

Graphs were generated using Prism Graphpad version 5. Statistical analysis was 

performed using SPSS version 18 and 22. All data were tested for normality using a 

Kolmogorov-Smirnov normality test.  Data with a normal distribution were analyzed using 

a student t-test and plotted using mean +/ standard error bar graphs. Data with a non-

normal (non-parametric) distribution were analyzed using a Mann-Whitney U test (Mann-

Whitney U test with Bonferroni correction was used for Golgi area/cell area analysis).  

Data are presented as box and whiskers plots with the box indicating the 25th and 75th 

percentiles, solid line indicating the median, and the whiskers indicating the 95% 

confidence intervals.  
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CHAPTER III 

 

REGULATION OF LATE ENDOSOMAL/LYSOSOMAL MATURATION AND 

TRAFFICKING BY CORTACTIN AFFECTS GOLGI MORPHOLOGY 

 

Introduction 

Actin assembly is increasingly recognized to play an integral role in membrane 

trafficking events, including vesicle formation, fission, transport, and fusion (Lanzetti, 

2007).  The branched actin regulator and tumor-overexpressed protein, cortactin, is 

thought to be a key coordinator of membrane trafficking since it decorates branched 

actin networks throughout the cell and binds to a variety of membrane trafficking, 

signaling, and cytoskeletal proteins (Clark and Weaver, 2008; Kirkbride et al., 2011; 

Lanzetti, 2007). Indeed, a number of studies have shown that cortactin can regulate 

endocytic trafficking, including initial endocytosis from the plasma membrane (Cao et al., 

2010; 2003; Engqvist-Goldstein et al., 2004; Grassart et al., 2010; Merrifield et al., 2005; 

Sauvonnet et al., 2005; Zhu et al., 2007; 2005) and recycling (Puthenveedu et al., 2010; 

Sung et al., 2011). Cortactin has also been shown to regulate secretion of several 

proteins that promote aggressive tumor phenotypes (Clark et al., 2009; 2007; Sung et 

al., 2011) and might utilize either Golgi (Cao et al., 2005; Salvarezza et al., 2009) or 

endocytic (Steffen et al., 2008; Sung et al., 2011) trafficking pathways. Two studies have 

shown that expression of a dominant-negative cortactin molecule that lacks the SH3 

domain blocks exit of model cargo-containing vesicles from the trans-Golgi network 

(TGN) (Cao et al., 2005; Salvarezza et al., 2009),  suggesting an important role for 

cortactin in actin assembly and trafficking at the Golgi.  However, the overall role of 

cortactin in Golgi structure and function is poorly understood. 
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Perturbation of either actin assembly or actin binding to Golgi membranes leads 

to either compaction or fragmentation of the Golgi (Campellone et al., 2008; Dippold et 

al., 2009; Egea et al., 2006; Hayes and Pfeffer, 2008; Lanzetti, 2007; Lázaro-Diéguez et 

al., 2006; Valderrama et al., 1998); however, the underlying mechanisms are unclear.  

Although treatment with actin-targeting drugs typically leads to compaction of the Golgi 

by light microscopy, there is variation in the effects on cisternal ultrastructure including 

cisternal fragmentation or bloating depending on the drug (Lázaro-Diéguez et al., 2006; 

Valderrama et al., 1998). A variety of mechanisms have been proposed for these effects 

on the Golgi, including an essential role for actin in maintaining cisternal structure, 

intralumenal pH, and vesicular trafficking (Egea et al., 2006; Lázaro-Diéguez et al., 

2006; Matas et al., 2004; Valderrama et al., 1998; 2001; 2000).  Vesicular trafficking in 

particular seems a likely mechanism by which actin regulators control Golgi 

homeostasis, since a growing number of actin-associated molecules and actin regulators 

have been shown to affect both trafficking to or from the Golgi concomitant with Golgi 

morphology changes (Campellone et al., 2008; Hehnly et al., 2010; Warner et al., 2003). 

The endocytic system communicates with the Golgi apparatus at multiple points 

(Pfeffer, 2009).  In addition to receiving essential cargo from the Golgi, a number of lipid 

and protein cargoes are returned to the Golgi from early and late endosomes.  Indeed, 

proper homeostasis of the Golgi depends on intact function of endocytic trafficking.  For 

example, in certain lysosomal storage diseases (LSD) such as Niemann-Pick disease 

type C (NPC), accumulation of cholesterol and other cargo in immature late 

endosomal/lysosomal (LE/Lys) hybrid organelles can lead to defective retrograde 

trafficking of mannose-6-phosphate receptor (M6PR) and other cargo to the Golgi 

apparatus (Choudhury et al., 2002; Ganley and Pfeffer, 2006).  A potential mechanism 

for the disturbance of LE trafficking by LSD is aberrant accumulation of assembled 
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SNARE complexes that accompanies defective breakdown of cholesterol-rich lipid rafts 

(Fraldi et al., 2010). 

 In this chapter, we investigated the role of cortactin in regulating Golgi 

morphology, size and trafficking.  We found that knockdown (KD) of cortactin in several 

cell types leads to a substantial alteration in Golgi organization by light and electron 

microscopy; however stereology quantification indicated little alteration in Golgi 

apparatus size. In addition, trafficking of the model protein ts045-VSV-G (VSV-G) from 

the endoplasmic reticulum (ER) through the Golgi to the plasma membrane was 

unaffected, as was Brefeldin A (BFA)-induced assembly or disassembly of the Golgi in 

cortactin-KD cells. By contrast, EM studies revealed that cortactin-KD cells contained 

many enlarged LE/Lys hybrid organelles, suggesting a defect in LE/Lys maturation and 

trafficking. Likewise, cortactin-KD cells accumulated the retrograde LE-to-Golgi cargo 

M6PR as well as free cholesterol in LE.  Inhibition of LE/Lys maturation by siRNA-

depletion of the GTPase Rab7 or treatment with the lysosomotropic agent chloroquine 

induced a Golgi morphology phenotype that was identical to that of cortactin-KD cells. 

Furthermore, Golgi morphology defects of cortactin-KD cells were partially rescued by 

removing the LE/Lys cargo cholesterol from the culture media.  Reexpression of 

cortactin mutants in cortactin-KD cells revealed that cortactin binding to the actin-

nucleating Arp2/3 complex is essential for rescue of Golgi morphology defects. These 

data are consistent with a model in which cortactin indirectly regulates Golgi 

homeostasis by controlling LE/Lys maturation and trafficking. 

 

Results	
  

Cortactin regulates Golgi morphology 

To examine how cortactin regulates the Golgi, we began by immunostaining 

SCC61 head and neck squamous cell carcinoma (HNSCC) cells stably expressing either 
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human cortactin-specific shRNA (cortactin-KD1 or –KD2), a scrambled oligo shRNA 

(scrambled) or a cortactin-specific shRNA along with an shRNA-insensitive mouse 

cortactin gene (KD1/rescue) (Figure 6 A) (Bryce et al., 2005; Clark et al., 2007). By light 

microscopy, the Golgi in scrambled control SCC61 cells was dispersed around the 

nucleus, consistent with the reported Golgi morphology in aggressive cancer cells (Ayala 

et al., 1999).  By contrast, loss of cortactin expression resulted in a dramatic change in 

Golgi morphology to a more compact perinuclear cluster, which was rescued by 

reexpression of shRNA-insensitive cortactin.  Quantification of the ratio of total Golgi 

area to total cell area (Burman et al., 2010) showed that the Golgi occupies significantly 

less area within cortactin-KD SCC61 cells compared to scrambled oligo control cells and 

KD1/rescue cells (Figure 6 B). 

Analysis of cis- (GM130, GRASP65), medial- (Mannosidase II) and trans-Golgi 

(p230trans, GCC185) markers revealed that the morphology of the entire Golgi apparatus 

is altered in cortactin-KD cells. The ER-Golgi intermediate compartment (ERGIC; 

ERGIC-53 as a marker) was also more compact in KD cells.  There were no obvious 

changes in ER morphology, as assessed by immunostaining of calreticulin (Figure 7 A). 

We confirmed that our TGN antibodies mark the appropriate secretory compartment by 

low level transient expression of the TGN marker, TGN38–HRP (Connolly et al., 1994; 

Egorov et al., 2009), in both control and cortactin-KD cells.  The localization of TGN38-

HRP resembled that of p230trans and GCC185, and further confirmed the compact TGN 

morphology in cortactin-KD cells (Figure 7).  

Stable expression of cortactin shRNA in both HeLa cervical cancer and MCF10A 

breast epithelial cells also led to a more compact Golgi morphology, indicating that the 

effect of cortactin-KD was not unique to SCC61 or HNSCC cells (Figure 6 B). We also 

tested the effect of transient expression of cortactin-specific siRNA on Golgi morphology 
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 Figure 6. Figure legend on next page. 
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Figure 6. Cortactin regulates Golgi morphology.  (A) Immunoblot of cortactin 
expression (top panels) and β-actin loading control (bottom panels) in SCC61m Hela 
and MCF10A stable (3 left panels) or transient (2 right panels) KD cell lines. For the 
transient siRNA experiments NTC indicates nontargeting control and CTTN indicates 
cortactin-specific siRNA. (B) Representative images of SCC61 cells (top), HeLa cells 
(middle) and MCF10A cells (bottom) stably expressing control shRNA (scrambled), 
human cortactin-specific shRNA (KD1, KD2), or cortactin-KD1 plus shRNA-resistant 
wild-type mouse cortactin (rescue) and immunostained for the Golgi marker marker, 
GM130 (green), actin filaments (rhodamine-phalloidin, not shown) and the nucleus 
(Hoechst, blue). Graphs show quantification of the ratio of Golgi area to total cell area of 
individual cells. (C) Representative images and analyses of transient control (NTC) or 
cortactin-KD (CTTN) SCC61 or HeLa cells.  Scale bar = 25 mm. For each condition, n 
≥20 cells from each of 3 independent experiments. *p<0.05. 
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Figure 7. Cortactin affects the size of the Golgi, ERGIC, and TGN compartments. 
(A) SCC61 control (scrambled) and cortactin-knockdown (KD) cells were immunostained 
for cortactin or the indicated markers of the secretory pathway (green).  Nuclei are 
stained with Hoechst (blue). (B) Control and KD cells were transiently transfected with 
TGN38-HRP for 24 hours followed by immunostaining against-HRP (green) and Hoechst 
(blue). n = 2 independent experiments. 
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(Figure 6 C). In SCC61 cells transfected with cortactin-specific siRNA for 72 h, the 

phenotype was identical to that of stable cortactin shRNA expression with a decrease in 

Golgi area. By contrast, in HeLa cells, which under normal conditions have a more 

response to transient versus stable KD of cortactin.  However, we can conclude from 

these data that loss of cortactin affects Golgi homeostasis over both a short-term  

(Figure 6 C) and long-term (Figure 6 B) timescale. 

Cortactin is not essential for Golgi assembly from ER membranes or VSV-G 

transport to the plasma membrane. 

One possible explanation for the altered Golgi morphology of cortactin-KD cells is 

that cortactin affects membrane flow and/or Golgi assembly from ER membranes (Guo 

and Linstedt, 2006; Lowe, 2002), leading to a net decrease in the size of the Golgi 

compartment over time. To test the possibility of altered membrane flow from the ER to 

the Golgi, we performed a BFA washout assay in which control and stable cortactin-KD 

cells were incubated with 5 µg/ml BFA to disassemble the Golgi and allow fusion with 

the ER (Klausner et al., 1992).  After 30 min, the BFA was washed out and cells were 

fixed and immunostained for the Golgi marker GM130 (Figure 8) at various timepoints.  

In both control and cortactin-KD cells, the Golgi was effectively dispersed by treatment 

with BFA (compare “control” to “+BFA” images).  Likewise, the Golgi in both scrambled 

and cortactin-KD HeLa and SCC61 cells reassembled after BFA washout (compare “120 

min” to “+BFA” images). Note that the Golgi morphology of cortactin-KD cells is more 

compact after BFA washout, indicating a return to steady state morphology by 120 min 

(compare “120 min” to “control” images).  Overall, these data indicate that cortactin is not 

essential for BFA-induced Golgi disassembly or for reassembly from ER membranes.  

 To further test whether trafficking from the ER to the Golgi and forward to the 

plasma membrane (PM) was impaired in cortactin-KD cells, we analyzed synchronized 
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trafficking of the model constitutive cargo protein ts045-VSV-G-GFP (VSV-G) in stable 

KD and control SCC61 and HeLa cells. As previously described (Hirschberg et al., 1998; 

Presley et al., 1997), cells were transiently transfected with temperature-sensitive VSV-

G plasmid and incubated at the restrictive temperature (40oC) to induce retention of 

expressed VSV-G in the ER (Figure 9). A temperature shift to the permissive 

temperature (32oC) allows proper folding of the extracellular domain and subsequent 

transport of VSV-G to the Golgi and then to the PM (Hirschberg et al., 1998; Presley et 

al., 1997). At various time points after the temperature shift, live unpermeabilized cells 

were incubated for 10 min with a monoclonal antibody that recognizes the extracellular 

domain of VSV-G (I14, (Feinstein and Linstedt, 2008) and then fixed and processed for 

immunofluorescence. This method allows specifically detection of only the PM-localized 

pool of VSV-G (Feinstein and Linstedt, 2008) by I14 staining as well as intracellular 

localization using the GFP tag. At the 0 min time point, VSV-G on the PM was minimal 

as determined by I14 staining and retained in the ER in both SCC61 and HeLa cells 

(Figure 9 A). However, over time in both cell types, there was movement of GFP-VSV-G 

from the ER to the Golgi (compare localization patterns of VSV-G-GFP at 0 min and 60 

min) and an increase in PM VSV-G staining (Figure 9, A and B; I14 staining).  

Surprisingly, there was no difference between control and cortactin-KD cells in the rate 

of appearance of VSV-G at the PM as quantitated from I14 staining (Figure 9 C) (Cao et 

al., 2005). These data indicate that cortactin is not an essential regulator of ER-to-Golgi 

or Golgi-to-PM trafficking, at least for the major anterograde transport route utilized by 

VSV-G (Ponnambalam and Baldwin, 2003).   

EM analysis reveals minimal changes in Golgi ultrastructure or volume, and an 

abundance of immature LE/Lys hybrid organelles. 
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Figure 8. Loss of cortactin does not distrupt Golgi disassembly or reassembly.  
SCC61 (left panels) and HeLa (right panels) scrambled and KD1 cells were treated with 
Brefeldin A (5 µg/ml, “+BFA”) for 30 minutes, followed by replacing the media with 
serum-containing media (“wash-out”) for the indicated times. The cells were fixed and 
the Golgi and nuclei were stained using GM130 (green) and Hoechst (blue), 
respectively. Representative images are shown.  Compare 120 min timepoint to vehicle-
treated cells (“Control”).  n = 2 independent experiments. Scale bars = 25 µm. 
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Figure 9. Figure legend on next page. 
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Figure 9. Cortactin-KD does not affect transport of VSV-G to the plasma 
membrane.  (A, B)Transport of ts045-VSV-G-GFP (VSV-G) to the plasma membrane 
was assessed over a 3-h period following a shift of the cells to the permissive 
temperature of 32oC in SCC61 or HeLa cells expressing either control (scrambled) or 
cortactin-specific shRNA (KD1). Representative images showing total expressed VSV-G 
(green) and cell surface I14-detected VSV-G (red) in SCC61 cells (A) and HeLa cells 
(B). (C) Analysis of the average surface intensity of I14 VSV-G staining at each time 
point after the shift to 32oC for SCC61 (left) or HeLa (right) cells. n=3; >20 cells per 
independent experiment at each time point. N.S. = Not significant. Scale bar = 25 µm. 
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The changes in Golgi morphology identified in cortactin-KD cells by light 

microscopy could represent a variety of organizational, size, or structural changes in the 

Golgi apparatus. In order to determine whether cortactin affects Golgi structure or size, 

we performed transmission EM on 50 nm sections obtained from control and cortactin-

KD SCC61 and HeLa cells (Figure 10).  Surprisingly, loss of cortactin did not 

dramatically alter the structure of the Golgi stacks, although there was a subtle increase 

in cis- and trans-Golgi-associated coated and non-coated vesicles in KD cells (Figure 

10, A and B, zoom shows TGN-associated traffic).  To determine whether Golgi size was 

altered in cortactin-KD cells, we performed point counting morphometryanalysis on 

random thin sections (Jerome et al., 1998; Weibel et al., 1969) and quantitated the 

percent volume of the cytoplasm occupied by Golgi elements. For both SCC61 and 

HeLa cells, there was a small decrease in the Golgi volume; however this difference was 

only statistically significant in SCC61 cells, possibly due to variability in Golgi volume 

between HeLa samples.  A more obvious change in both SCC61 and HeLa cortactin-KD 

cells was a large and statistically significant expansion in the number and size of LE/Lys 

hybrid organelles (asterisks in images in Figure 10) containing excess membrane and 

undigested cellular elements.  This morphological phenotype is reminiscent of lysosomal 

storage diseases such as Niemann-Pick C, in which lamellar bodies, 

autophagolysosomes, and other immature LE/Lys hybrid organelles fill the cytoplasm. 

Consistent with our morphological identification of LE/Lys, by light microscopy cortactin-

KD cells contain enlarged Rab7/LAMP1-double positive LE/Lys compartments (Figure 

11 (Sung et al., 2011). Interestingly, when challenged by a dextran pulse, the large 

LE/Lys compartments in cortactin-KD cells are studded with small vesicles containing 

dextran, but do not contain dextran themselves (Figure 11), suggesting a storage-

disease-like fusion defect (Heard et al., 2010; Vitry et al., 2010). Overall, these data 

suggest that cortactin-KD cells exhibit a profound perturbation in LE/Lys maturation and/ 
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Figure 10. Figure legend on next page. 
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Figure 10 continued 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 10. Cortactin-KD cells contain many LE/Lys hybrid organelles and have 
little perturbation in Golgi structure or volume.  Transmission electron microscopy 
was performed on 50 nm thick cellular sections. (A, D) Representative images of the 
overall Golgi morphology in SCC61-scrambled and SCC61 cortactin-KD1 cells (A) and 
HeLa cells (D). Note the increase in LE/Lys and lamellar bodies (LB) within KD cells. 
NUC = nucleus.  Zooms of the Golgi shown below A. An increase in trans-Golgi-
associated vesicles in KD cells is indicated with a bracket. (B, E) Representative images 
of the cytoplasmic contents of control and cortactin-knockdown SCC61 (B) and HeLa 
cells (E). Note the large number of LE/Lys hybrid organelles filling the cytoplasm. LE/Lys 
and LB are indicated by *, M indicates mitochondria. Scale bar = 500 nm. (C, F) % 
Cytoplasmic volume occupied by Golgi or LE/Lys was analyzed by point counting 
stereology of random thin sections and plotted. N = 3 sections, from 2 independent 
blocks. Mean+/-SE shown.  *p<0.05, **p<0.01. 
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Figure 11. Enlarged hybrid compartments containing late LE/Lys markers are 
increased in cortactin-KD cells and these compartments are inaccessible to a 
fluid-phase marker. Control (scrambled) and cortactin-KD (KD1) SCC61 cells were 
transiently transfected with a GFP-Rab7 construct, then incubated for 15 minutes at 
37°C in serum free medium containing 1 mg/ml Alexa Fluor 546-conjugated Dextran 
10,000 followed by a 4 hour chase period in medium lacking dextran. Then, cells were 
fixed and immunostained for LAMP1 to label lysosome. (A) Representative images 
showing enlarged Rab7 (green) and LAMP1 (red) double positive compartments in KD1 
cells. Boxed areas are zoomed to show dextran (blue) at the LE/Lys compartments in 
control cells (top right) and to show Rab7 and LAMP1 double positive enlarged vesicles 
that are inaccessible for dextran in KD cells (bottom right). (B) Quantitation of the 
number of enlarged LAMP1-positive and Rab7-positive vesicles per cell with size > 1 
µm. n=20 from 2 independent experiments.  Mean +/-SE shown. ** p<0.01, *** p< 0.001. 
Scale bar = 20 µm. 
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or trafficking and more minor changes in Golgi size and organization. 

Cortactin colocalizes with a subset of late endosomal markers. 

Since loss of cortactin did not have a major effect on anterograde trafficking or 

Golgi ultrastructure, we hypothesized that cortactin may not act directly on the Golgi to 

regulate its morphology (the major Golgi phenotype that we observed).  Instead, the 

compact Golgi morphology that we observed in cortactin-KD cells might be the 

consequence of altered retrograde membrane flow back to the Golgi, potentially from 

LE/Lys. To determine which compartments cortactin is associated with and thus might 

be regulating, parental SCC61 cells were fixed and immunostained for cortactin and a 

variety of markers, including Golgi, ER, LE and Lysosomes.  Single confocal images 

were then analyzed for colocalization.  Consistent with previous reports, cortactin 

localizes to the cell periphery as well as to perinuclear puncta (Weed and Parsons, 

2001). There was no apparent overlap between cortactin staining and ER (calreticulin), 

ERGIC (ERGIC53), or cis/medial-Golgi (GM130, Mannosidase II) compartments (Figure 

12). For the TGN, there was a small amount of cortactin colocalization with GCC185 but 

not with p230trans (Figure 13 A; and Figure 12, respectively). In addition, we found that 

cortactin colocalizes with and is adjacent to a subset of Rab7-positive and LAMP1-

positive (Figure 13, B and C) vesicles.  Since retrograde trafficking to the Golgi from 

LE/Lys compartments involves docking with GCC185 at the TGN (Derby et al., 2007; 

Reddy et al., 2006), these colocalization data suggest that cortactin might be involved in 

LE/Lys-to-Golgi trafficking.   

Cortactin regulates localization of mannose-6-phosphate receptor (M6PR). 

To directly test whether cortactin promotes LE-to-Golgi trafficking, we analyzed in 

cortactin-manipulated cells the localization of a canonical marker of that pathway: 
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Figure 12. Cortactin does not localize with most ER or Golgi markers.  SCC61 
parental cells were fixed and stained for both cortactin (left panel, red) and the indicated 
markers of ER (Calreticulin), ERGIC (ERGIC53) or Golgi (GM130, Mannosidase II, 
p230trans) (green).  Images are overlaid and zoomed at 4x (white boxes indicate zoomed 
area, far right panel) to show subcellular localization of cortactin and the indicated 
markers.  Z-slices of specific lines through the cell (indicated by the white lines) are 
shown along the top and right side of the zoomed images.  Arrows indicate cortactin 
staining in lamellipodia. Scale bar = 25 µm. 



 49 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 13. Cortactin colocalizes with a subset of GCC185, Rab7 and LAMP1-
positive vesicles. (A) SCC61 parental cells were fixed and stained for cortactin (red) 
and the TGN marker GCC185 (green). Scale bar = 25 µm. (B, C) Representative images 
of endogenous (left) or exogenously expressed (Flag-tagged, right) cortactin (red) 
localization at GFP-Rab7- (B, green) or LAMP1-positive (C, green) late endosomal and 
lysosomal compartments in parental SCC61 cells. Scale bar = 20 µm. Boxed areas are 
zoomed to show colocalization (arrowheads) of cortactin with GCC185, Rab7 or LAMP1.   
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mannose-6-phosphate receptor (M6PR). M6PR molecules are required for transport of 

lysosomal hydrolases from the TGN and are returned to the TGN from LE (Pfeffer, 

2009). Consistent with the hypothesis that cortactin is critical for trafficking from LE to 

the TGN, there was a significant increase in M6PR localization to LE (marked by Rab7) 

in cortactin-KD cells compared to control cells (Figure 14).  Likewise, M6PR localization 

to the TGN (marked by Giantin) was significantly reduced in cortactin-KD cells compared 

to control cells (Figure 14). These data suggest that cortactin plays a role in trafficking of 

M6PR back to the Golgi from LE/Lys. 

Inhibition of LE/Lys maturation leads to a similar compact Golgi morphology as 

that of cortactin-KD cells  

To formally test whether inhibition of LE/Lys maturation and trafficking could 

affect Golgi morphology, we treated SCC61 cells with siRNA targeting the late 

endosomal GTPase Rab7. Rab7 is essential for maturation and trafficking from LE 

(Vanlandingham and Ceresa, 2009; Zhang et al., 2009) and a dominant negative mutant 

of Rab7 causes the accumulation of M6PR in early endosomes (Press et al., 1998). 

Similar to the effects of cortactin-KD, Rab7 siRNA transfection led to a compact Golgi 

morphology in SCC61 cells (Figure 15, A and B).  We also tested whether inhibition of 

LE/Lys maturation with the lysosomotropic agent chloroquine (Blok et al., 1981a; 1981b; 

Brown et al., 1984; Kokkonen et al., 2004) could affect Golgi morphology.  Indeed, 12 h 

treatment of SCC61 cells with 60 µM chloroquine led to an overall decrease in the Golgi 

area to cell area ratio measured by GM130 staining (Figure 15 C) that phenocopied the 

Golgi morphologies of cortactin-KD and Rab7 siRNA-treated cells (Figures 6 and 15 B).   

To further test whether LE maturation and trafficking regulates Golgi morphology, 

we determined the effect of Rab7 transient siRNA treatment in HeLa cells.  Whereas 

stable KD of cortactin in SCC61, HeLa, and MCF10A cells (Figure 6 B) and transient KD 
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of cortactin in SCC61 cells (Figure 6 C) all cause a compact Golgi morphology by light 

microscopy, transient cortactin-KD in HeLa cells instead causes an increase in the Golgi 

area to cell area ratio (Figure 6 C).  Thus, we reasoned that a robust test of whether LE 

maturation and trafficking regulates Golgi morphology would be to determine whether 

transient KD of Rab7 in HeLa cells mimics the paradoxical increase in Golgi area/cell 

area seen with transient cortactin-KD.  Indeed, transient Rab7-KD in HeLa cells (Figure 

15 A) did phenocopy transient cortactin-KD, causing an increase in the Golgi area/cell 

area ratio and greater distribution of the Golgi around the nucleus by light microscopy 

(Figure 15 D).   

Finally, we also tested the effect of Rab9 siRNA on Golgi morphology. Whereas 

Rab7 is critical for LE maturation, which is essential for subsequent LE trafficking, Rab9 

is critical for retrograde trafficking of M6PR and other cargo from Rab7-positive LE to the 

Golgi (Pfeffer, 2009; Vanlandingham and Ceresa, 2009). Therefore, we also tested the 

effect of Rab9 siRNA on Golgi morphology.  Interestingly, transient KD of Rab9 in 

SCC61 cells had no effect on Golgi morphology (Figure 16).  In HeLa cells, Rab9 siRNA 

treatment did lead to an increase in Golgi area/cell area, but the organization of the 

Golgi was distinct from that of HeLa cells treated with siRNA to Rab7 or cortactin (Figure 

16 B compared to Figure 6 C and B).  These data suggest that cortactin functions 

upstream of Rab9-mediated trafficking, at the level of LE maturation similarly or 

alongside Rab7.  Consistent with that model, our EM analysis revealed the presence of 

many enlarged immature LE/Lys in cortactin-KD cells (Figure 10).  

Regulation of cholesterol homeostasis by cortactin is linked to Golgi morphology 

changes. 
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Figure 14. Depletion of cortactin leads to accumulation of Mannose-6-Phosphate 
Receptor (M6PR) in a late endosomal compartment and depletion from the Golgi.  
HeLa cells were stained for M6PR (CI-M6PR) and either Golgi marker Giantin (A) or late 
endosomal marker Rab7 (B). Boxed areas are zoomed to show colocalization of M6PR 
with Giantin or Rab7. Colocalized single pixels (white) were visualized using 
colocalization ImageJ plugin. Scale bars = 20 µm. (C) Images were analyzed for % 
colocalization of M6PR with Giantin or Rab7. n=3; >15 cells per independent 
experiments. ***p<0.001. 
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Figure 15. Inhibition of late LE/Lys trafficking leads to a compact Golgi 
morphology.  (A) Representative immunoblot of Rab7 expression levels (top panels) in 
SCC61 parental cells and those transiently transfected with non-targeting control siRNA 
(NTC) or Rab7a-specific siRNA, along with a β-actin control. (B) Rab7-KD reduces Golgi 
size in SCC61 cells. Representative images (green=GM130, blue=Hoechst) and 
analysis.  (C) Chloroquine treatment in SCC61 cells reduces Golgi size.  Representative 
images and analysis of SCC61 parental cells treated with either vehicle (water, “control”) 
or chloroquine (60 µM, “CQ”) for 12 hours. (D) Rab7-KD causes an increase in Golgi 
size in HeLa cells.  Representative images and corresponding analysis. Scale bar= 25 
µm.  n=3, with >30 cells per independent experiment.*p<0.05. 
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Figure 16. Loss of Rab9 does not phenocopy cortactin-KD.  (A) Western blot 
analysis of Rab9 (top) and b-actin (bottom) from total cell lysates of SCC61 (left) or 
HeLa (right) cells transfected with the Rab9 siRNA. (B) Representative 
immunofluorescence images of GM130 staining (top panels) and Rab9 (bottom panels) 
in transfected cells.  Asterisk (*) indicates cells with Rab9 knockdown.  (C) Ratio of Golgi 
area to total cell area including all the data (>130 cells) from 3 independent experiments 
(>38 cells per independent experiment). Scale bar = 25 µm. ***p<0.001. 
  



 55 

A key function of LE is metabolism and trafficking of cholesterol-rich membranes. 

In lysosomal storage diseases, a buildup of free cholesterol in LE/Lys hybrid 

organellesbeen shown to affect endosomal dynamics, homeostasis of glycosphingolipids 

and retrograde trafficking to the Golgi (Choudhury et al., 2002; Ganley and Pfeffer, 2006; 

Kobayashi et al., 1999).  To determine whether cortactin affects cholesterol 

homeostasis, we stained control and cortactin-KD cells for free cholesterol using filipin.  

In both cell types, filipin stained intracellular vesicles as well as the plasma membrane 

(Figure 17).  Interestingly, compared with controls, SCC61 cortactin-KD cells contained 

enlarged and bright intracellular filipin-positive vesicles (arrows, Figure 17 A), suggesting 

a defect in cholesterol metabolism or trafficking.  In HeLa cells, the pattern of filipin 

staining was altered by cortactin-KD, with increased clustering of the filipin-positive 

vesicular pattern. 

To determine whether the buildup of cholesterol in cortactin-KD cells was 

connected to the Golgi morphology changes, we performed a rescue experiment in 

which exogenous cholesterol was removed from the cellular environment.  Control and 

cortactin-KD cells were cultured in media containing lipid-depleted or full serum for 96 h 

and Golgi area/cell area was analyzed.  In control SCC61 and HeLa cells, there was no 

significant effect on Golgi morphology of culturing in lipid-depleted serum (Figure 17, B 

and C).  By contrast, culturing cortactin-KD cells in lipid-depleted serum led to either a 

complete (SCC61 KD2, HeLa KD1) or partial (SCC61 KD1) rescue in Golgi morphology, 

as quantitated by Golgi area/cell area.  These data suggest that defective cholesterol 

homeostasis in cortactin-KD cells is responsible for Golgi morphology changes. 

Cortactin binding to the Arp2/3 complex is essential to regulate Golgi morphology. 

Cortactin is a well-known regulator of branched actin assembly and also binds a 

number of membrane trafficking and signaling proteins (Kirkbride et al., 2011).  Several  
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Figure 17. Lipid-depletion rescues Golgi morphology defects in cortactin-KD cells.  
(A) Representative images of SCC61 (top panels) and HeLa (lower panels) control (Scr) 
and cortactin-KD (KD1, KD2) cells stained for free cholesterol with filipin.  Arrows point 
to large filipin-positive vacuoles and vesicular compartments. (B) Representative images 
of GM130 immunofluorescence in cells cultured in full serum (top panels) and lipid-
depleted serum (LDS, bottom panels).  (C) Ratio of Golgi area to total cell area for 
SCC61 cells (left) and HeLa cells (right) in full serum or LDS. n = 3, with >22 cells per 
independent experiment; all data plotted (>85 cells per cell line). Scale bar = 25 µm. 
**p<0.01; ***p<0.001.  
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proteins known to interact with cortactin have also been shown to regulate Golgi  

morphology, including src family kinases , actin and Dynamin-2 (Bard et al., 2003; 

Valderrama et al., 1998; Weller et al., 2010). Both loss of expression of src family 

kinases (Bard et al., 2003) and treatment of cells with actin depolymerizing drugs 

(Valderrama et al., 1998) result in a compact Golgi morphology similar to that seen in 

cortactin-KD cells. To identify which binding interactions are required for regulation of 

Golgi morphology by cortactin, we re-expressed shRNA-resistant mouse cortactin 

constructs with point mutations or small deletions at key binding sites (Bryce et al., 2005; 

Kinley et al., 2003; Weed et al., 2000) in cortactin-KD SCC61 cells ( Figure 18, A and B).  

Re-expression of either wild-type cortactin or the src phosphorylation (3Y) mutant 

rescued the knockdown phenotype, with a redistribution of the Golgi around the 

periphery of the nucleus and an increase in Golgi area/cell area (Figure 18, C and D). In 

contrast, the Arp2/3-binding (W22A) mutant was unable to rescue the phenotype and 

retained the compact perinuclear cluster phenotype of cortactin-KD cells ( Figure 18, C 

and D). The SH3 domain (W525K) and actin-binding (Δ4RP) cortactin mutants had 

intermediate phenotypes that were difficult to classify as either rescued or not.  We 

suspect that there may be a dominant negative effect of these two mutants that leads to 

a large amount of cell-to-cell variability in terms of both cell and Golgi areas ( Figure 18 

C). Taken together, these data indicate that cortactin regulates Golgi morphology via 

interaction with the branched actin nucleator Arp2/3 complex.  Although src kinase may 

indeed be involved generally in regulation of Golgi morphology (Bard et al., 2003; Weller 

et al., 2010), phosphorylation of cortactin at the canonical src sites does not appear to 

be essential. 
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Figure 18. Cortactin binding to the Arp2/3 complex is critical for regulation of 
Golgi size. (A) Schematic of cortactin with mutant sites indicated: W22A (Arp2/3 binding 
mutant); 3Y (Src phosphorylation mutant); Δ4RP (F-actin binding mutant); and W525K 
(SH3 binding mutant).  NTA represents the N-terminal acidic domain, YYY represents 
Src phosphorylation sites, and circles represent cortactin repeat domains.  For B-D:  FL 
= wild-type cortactin, LZ = empty vector, Sc = scrambled oligo.  Others as indicated in A.  
(B) Western blot analysis of cortactin mutant expression (top panel) and actin as a 
loading control (bottom panel) in stable SCC61 cells.  (C) Representative widefield 
images of the Golgi (GM130, green), actin (rhodamine-phalloidin, red) and Hoechst 
(blue) in the cortactin mutants. (D) Quantitation of Golgi area to cell area ratio from n=3; 
>20 cells per independent experiment. Scale bar = 25 µm. *p<0.05  
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Discussion 

Cortactin is an actin regulatory protein that has recently been implicated in 

promoting of secretion of proteases, ECM and growth factors 

(Clark et al., 2009; 2007; Sung et al., 2011). Since a likely mechanism was control of 

Golgi-mediated secretion (Cao et al., 2005; Salvarezza et al., 2009), we examined the 

consequence of cortactin loss on Golgi function and homeostasis. To our surprise, we 

found that cortactin-KD in two different cell types did not affect the anterograde 

constitutive transport pathway utilized by VSV-G through the Golgi en route to the PM.  

Cortactin-KD also had no apparent effect on Brefeldin A-induced Golgi disassembly or 

reassembly from ER membranes and little effect on the structure of Golgi stacks.  

Instead, we found that a consistent and major effect of cortactin loss on the Golgi was to 

alter its light microscopy morphology, most likely by an indirect mechanism involving 

defective cholesterol trafficking at LE/Lys compartments.  Consistent with a block in 

LE/Lys maturation and/or trafficking, cortactin-KD cells contained enlarged LE/Lys and 

cholesterol-containing compartments and accumulation of the endosome-to-Golgi 

retrograde cargo M6PR in LE.  Furthermore, removal of cholesterol from the culture 

media rescued the Golgi morphology defects of cortactin-KD cells. Altogether these data 

suggest a model in which cortactin regulates LE/Lys cholesterol trafficking, which 

subsequently impacts Golgi homeostasis. 

The phenotype that we noted in cortactin-KD cells, with enlargement of an 

immature membrane-filled LE/Lys compartment, intracellular accumulation of free 

cholesterol, and alteration in Golgi homeostasis is reminiscent of that seen in cells with 

lysosomal storage diseases (Mukherjee and Maxfield, 2004).  For example, Niemann-

Pick C disease occurs due to a specific defect in cholesterol transport out of LE/Lys that 

results in defective transport of retrograde cargo to the Golgi, including 

glycosphingolipids and M6PR (Choudhury et al., 2002; Ganley and Pfeffer, 2006; 
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Kobayashi et al., 1999). Indeed we find that removal of cholesterol from the endocytic 

system by culturing cortactin-KD cells in lipoprotein-deficient serum led to a partial 

rescue of Golgi morphology defects. Interestingly, recent data shows that accumulation 

of cholesterol occurs in cells with diverse lysosomal storage diseases and leads to 

accumulation of aberrant assembled SNARE complexes on LE/Lys (Fraldi et al., 2010), 

which may explain how gross changes in retrograde trafficking (Choudhury et al., 2002; 

Ganley and Pfeffer, 2006; Kobayashi et al., 1999; Mukherjee and Maxfield, 2004) and 

Golgi morphology could occur. Since cortactin is an actin regulator that is known to 

regulate endosomal tubulation and trafficking (Ohashi et al., 2011; Puthenveedu et al., 

2010), it seems likely that cholesterol accumulation in cortactin-KD cells occurs 

secondary to LE/Lys maturation and/or trafficking defects rather than by direct regulation 

of cholesterol transport. Consistent with that idea, inhibition of LE/Lys maturation with 

Rab7 siRNA or chloroquine treatment (Huotari and Helenius, 2011; Vanlandingham and 

Ceresa, 2009; Zhang et al., 2009) led to a similar Golgi morphology change as cortactin-

KD. However, it will be important in the future to determine exactly how actin dynamics, 

regulated by cortactin, controls cholesterol homeostasis and trafficking at LE. 

To understand the morphological changes we observed by light microscopy in 

cortactin-KD cells, we performed point counting morphometry analysis of EM images.  

Although there was a small change in Golgi volume measured by this method, it was 

insufficient to fully account for the large changes in Golgi area/cell area that was 

observed by light microscopy. One possible reason for the discrepancy between the two 

methods is that light microscopy is detecting primarily changes in Golgi distribution 

(spread out versus compact). Since EM has higher resolution, it is a more accurate 

method for determining volume than light microscopy (Quinn et al., 1983; Weibel, 

1979).  Another possibility, which is not mutually exclusive, is that some of the Golgi 

marker staining is actually labeling the LE/Lys compartment because membrane flow is 
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altered.  Indeed, a compartment that includes both Golgi and LE/Lys components was 

first identified as the ‘GERL’ (Golgi–ER–lysosomal compartment) described by Alex 

Novikoff in 1964 (Novikoff et al., 1964) and may become expanded in certain situations, 

such as neuronal storage diseases (Vitry et al., 2010) and Ras-transformation (Narita et 

al., 2011).   Additional future studies are required to distinguish between these two 

possibilities; however our data indicate that either way LE/Lys dysfunction is responsible 

for the light microscopy Golgi morphology changes. 

Molecules that directly regulate the actin cytoskeleton have been previously 

shown to significantly affect Golgi morphology. In particular, studies by several different 

groups have shown that treatment with toxins that affect actin dynamics/stability or 

siRNA-mediated KD of actin-associated proteins leads to compaction of the Golgi in a 

similar manner to that described here in cortactin-KD and Rab7-KD cells (di Campli et 

al., 1999; Dippold et al., 2009; Egea et al., 2006; Lázaro-Diéguez et al., 2006; 

Valderrama et al., 1998). While it is certainly likely that some of the reported phenotypes 

are due to direct regulation of Golgi actin, we speculate that in some cases the common 

“compacted” morphology may be a secondary consequence of disturbed lipid trafficking 

secondary to LE/Lys maturation defects. The cortactin-KD phenotype depended on 

interactions with Arp2/3 complex, suggesting that regulation of branched actin networks 

is critical.  Interestingly, both the Arp2/3 complex and actin filaments have been shown 

to regulate late endosomal size, shape and maturation (Duleh and Welch, 2010; Hölttä-

Vuori et al., 2005), all phenotypes that are consistent with the expansion of LE/Lys in 

cortactin-KD cells and the reported role of cortactin in autophagosome-lysosome fusion 

(Lee et al., 2010).   Such alterations in late endosome maturation would necessarily 

affect trafficking to other sites, including the Golgi.  Indeed, Rab7-KD is known to block 

late endosomal maturation and trafficking (Vanlandingham and Ceresa, 2009) and in this 

study phenocopied the effect of cortactin-KD on Golgi morphology. Based on our data, 
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we speculate that LE/Lys maturation and trafficking may be particularly sensitive to actin 

dynamics. 

An unexpected finding of this study was that cortactin did not affect trafficking of 

VSV-G to the PM or, in our system, colocalize with most Golgi markers.  Interestingly, 

the one TGN marker for which we did observe cortactin colocalization is GCC185, a 

Golgin tether that binds M6PR-containing vesicles returning from late endosomes (Derby 

et al., 2007; Reddy et al., 2006). Our VSV-G transport data were unexpected since two 

previous studies found that expression of a dominant mutant of cortactin that lacks 50 

amino acids of the SH3 domain leads to a block in the exit of VSV-G (Cao et al. 2005) or 

p75-GFP cargo (Salvarezza et al., 2009) from the TGN.  Expression of the same mutant 

also led to bloated TGN cisternae, consistent with a Golgi exit block (Cao et al., 2005; 

Salvarezza et al., 2009).  By contrast, despite a >95% knockdown of cortactin levels in 

stable HeLa and SCC61 cells, we observed no difference in the rate of VSV-G arrival at 

the PM and Golgi ultrastructure was relatively normal (Figure 10), albeit with some 

accumulation of vesicles at the cis- and trans-Golgi. Our data suggest that in the 

absence of cortactin, molecular trafficking components regulating anterograde bulk 

transport remain functional.   The most probable explanation for the difference in our 

findings from those of previous studies is the use of dominant negative mutants versus 

knockdown of endogenous proteins. We speculate that the dominant-negative cortactin 

mutant decreases TGN exit by either sequestering critical factors (such as Arp2/3 

complex or Src kinase) or masking Golgi-associated branched actin networks that 

function as recruitment platforms for Dynamin-2 or other critical proteins (Cao et al., 

2005; Salvarezza et al., 2009). Additionally, it is certainly possible that cortactin 

regulates the transport of other cargo from the Golgi, similar to the cargo sorting role 

reported for cofilin (Blume et al., 2009). Finally, it is possible that cortactin functions at 

the Golgi are redundant with another similar protein, such as mAbp1 that can link actin 



 63 

filaments to dynamins (Kessels et al., 2001; Onabajo et al., 2008) and is recruited to 

dynamic actin at the Golgi (Fucini et al., 2002; Xu and Stamnes, 2006).  Indeed, the fact 

that we found little colocalization of cortactin with any Golgi marker in our squamous 

carcinoma (SCC61, HeLa) and basal mammary epithelial (MCF10A) cells suggests that 

other actin-binding proteins may be utilized for recruitment of the fission machinery to 

the Golgi.  Further studies will be required to distinguish between these possibilities.  

Cortactin is a prominent Src kinase substrate and is frequently involved in Src-

regulated cellular processes (Kirkbride et al., 2011; Wu et al., 1991).  Similar to cortactin-

KD cells, fibroblasts lacking the src family kinases Src, Yes, and Fyn exhibit a compact 

Golgi morphology (Bard et al., 2003). Likewise, expression of a constitutively active Src 

kinase was recently shown to lead to Golgi fragmentation (Weller et al., 2010).  

Therefore, we were surprised that a cortactin mutant that cannot be phosphorylated by 

Src kinase (Kinley et al., 2003) fully rescued the Golgi morphology defect of cortactin-KD 

cells.  One possibility is that both proteins still act in concert but that Src phosphorylation 

of cortactin is not necessary for cortactin regulation of Golgi morphology (Martinez-

Quiles et al., 2004). Consistent with that possibility, a large pool of Src kinase is 

associated with late endosomes (Sandilands and Frame, 2008) and may regulate 

movement and distribution of lysosomes (Nakayama et al., 1994; Vincent et al., 2007).  

Alternatively, Src kinase may directly regulate intra-Golgi and Golgi-to-ER trafficking 

(Bard et al., 2003; Pulvirenti et al., 2008).  

Cortactin is well-studied as a regulator of cancer aggressiveness and 

invasiveness (Kirkbride et al., 2011).  One particular focus of the field has been the role 

of cortactin as a regulator of invadopodia, specialized actin-rich structures with 

associated extracellular matrix (ECM)-degrading activity (Weaver, 2006).  Our interest in 

the role of cortactin in exocytosis stemmed from our finding that cortactin is essential for 

secretion of the invadopodia-localized proteinases, MMP2, MMP9, and MT1-MMP (Clark 
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and Weaver, 2008; Clark et al., 2009; 2007).  Thus, it was initially surprising that 

cortactin is not an essential regulator of Golgi exit, at least not for VSV-G.  However, 

MT1-MMP trafficking to invadopodia was recently shown to depend on the LE/Lys 

SNARE VAMP7 (Steffen et al., 2008).  In addition, both MT1-MMP and MMP9 have 

been localized to a LE/Lys compartment (Sbai et al., 2010; Steffen et al., 2008).  

Furthermore, we recently found that the extracellular matrix component fibronectin (FN) 

can be endocytosed and resecreted from a LE/Lys compartment to promote cell motility, 

dependent on cortactin (Sung et al., 2011).  Therefore, it seems likely that regulation of 

LE/Lys trafficking is a major function of cortactin that is important not only for Golgi 

homeostasis but also for cellular motility and invasiveness.   
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CHAPTER IV 

 

PI(3,5)P2 CONTROLS BRANCHED ACTIN DYNAMICS AT LATE ENDOSOMES BY 

REGULATING CORTACTIN-ACTIN INTERACTIONS 

 

Introduction 

Dynamic branched actin assembly occurs at cellular membranes and is 

nucleated by the Arp2/3 complex upon activation by a member of the Wiskott-Aldrich 

Syndrome protein (WASP) family (Goley and Welch, 2006).  Diverse WASP family 

members are recruited to distinct membranes in the cell by membrane-associated 

signaling complexes that function both as localization and activation factors.  A 

contributing factor to dynamic actin assembly is the molecule cortactin that localizes to 

all sites of branched actin assembly and both promotes WASP-induced actin 

polymerization and stabilizes actin branches after their formation (Goley and Welch, 

2006; Uruno et al., 2001; Weaver et al., 2001; 2002).   Most branched actin assemblies 

have lifetimes in the seconds-minutes scale and are much more dynamic than other 

forms of actin in the cell (Lai et al., 2008; Puthenveedu et al., 2010).  The dynamic 

nature of branched actin is likely critical for its functions in controlling dynamic 

protrusions and other membrane-based events. 

Increasing evidence indicates that actin plays an important role in post-

internalization events along the endocytic pathway, including endosomal tubulation, 

vesicle fusion and fission, and endosome motility (Derivery et al., 2009; Duleh and 

Welch, 2010; Monteiro et al., 2013; Ohashi et al., 2011; Puthenveedu et al., 2010; 

Tanabe et al., 2011). Consistent with its integral role in Arp2/3 complex-mediated 

branched actin assembly, cortactin has been shown to regulate many of these 

processes. Our previous studies showed that cortactin controls late 
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endosomal/lysosomal (LE/Lys) maturation and subsequent retrograde transport to the 

Golgi apparatus (Kirkbride et al., 2012). In addition, cortactin was also shown to regulate 

dynamic actin assembly on endosomes in coordination with Arp2/3 complex and 

Wiskott-Aldrich syndrome protein and Scar homologue (WASH) that is required for cargo 

sorting (Monteiro et al., 2013; Ohashi et al., 2011; Puthenveedu et al., 2010).  

Furthermore, it was reported that cortactin is essential for actin-mediated fusion of 

autophagosomes with lysosomes (Lee et al., 2010).   Taken together, these data 

indicate that cortactin is a key regulator of actin-dependent endosomal processes.  

However, how cortactin itself is controlled on endosomes is poorly understood. 

Phosphoinositides (PIs) are membrane phospholipids that are generated in small 

amounts at specific cellular membranes by distinct PI kinases. PIs decorate a given 

organelle with molecular identity and recruit specific effector proteins to confer a distinct 

set of functions (Behnia and Munro, 2005; Di Paolo and De Camilli, 2006; Kutateladze, 

2010), including regulation of the actin cytoskeleton (Janmey and Lindberg, 2004; 

Saarikangas et al., 2010).  Among different PIs, PI(4,5)P2 is the best-characterized 

regulator of actin organization.  PI(4,5)P2 binding to N-WASP is a key step in N-WASP 

activation by inducing a conformational change that releases the Arp2/3-binding VCA 

domain (Papayannopoulos et al., 2005; Rohatgi et al., 2000). PI(4,5)P2 also controls 

actin filament severing, capping, crosslinking and actin-membrane binding interactions, 

through interactions with actin-binding proteins such as cofilin, gelsolin, capZ, filamin, 

alpha-actinin, vinculin, and talin (Janmey and Lindberg, 2004; Yin and Janmey, 2003). In 

addition, PI(3,4,5)P3 regulates activation of the WASP family member WAVE2 to control 

lamellipodial protrusion (Suetsugu et al., 2006).  However, since PI(4,5)P2 and 

PI(3,4,5)P3 primarily mark the plasma membrane, the role of PIs in controlling actin 

dynamics at other membrane compartments is less well understood.  
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PI(3,5)P2 is a low-abundance PI that mainly localizes to late endosomes and 

lysosomes in higher eukaryotes (Ikonomov et al., 2006; Michell et al., 2006) and in the 

yeast vacuole (Rudge et al., 2004).  PI(3,5)P2 directs trafficking of cargo vesicles along 

the endosome-lysosome axis, and governs a plethora of associated cellular functions 

including endolysosome morphology, acidification, autophagy, stress-induced signaling 

and ion channel activity (de Lartigue et al., 2009; Dove et al., 2009; Shisheva, 2008; Yin 

and Janmey, 2003). Defects in the regulation of PI(3,5)P2 are linked to several human 

diseases including Charcot-Marie-Tooth Type 4 and Amyotrophic Lateral Sclerosis, 

which are thought to be caused by defective autophagy (Bolino et al., 2000; Chow et al., 

2007; Ferguson et al., 2009; Kotoulas et al., 2011; Otomo et al., 2012).  Despite the well-

characterized roles of PI(3,5)P2 in endolysosomal trafficking and disease, few molecular 

effector proteins of PI(3,5)P2 have been identified. 

In this study, we report and characterize a novel and direct binding interaction of 

cortactin with PI(3,5)P2. We show that purified cortactin interacts with PI(3,5)P2 through 

its filamentous actin (F-actin) binding domain.  Furthermore, PI(3,5)P2 competes with F-

actin for binding to cortactin, leading to inhibition of cortactin-mediated branched actin 

nucleation and stabilization.  Inhibition of PI(3,5)P2 synthesis in cells resulted in actin 

stabilization on late endosomes which is abolished by cortactin depletion. Based on 

these findings, we propose a model in which PI(3,5)P2 removes cortactin from nascent 

membrane-associated actin, limiting overall assembly of branched actin at late 

endosomes.  Cycles of conversion between PI(3)P and PI(3,5)P2 may allow fast actin 

dynamics on endosomal membranes and consequent membrane trafficking events. 
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Results 

Cortactin directly binds to PI(3,5)P2 

Cortactin regulates branched actin assembly at cellular membranes throughout 

the cell. Since cortactin has a putative PI binding site in its N-terminus (He et al., 1998), 

we hypothesized that PIs might regulate its recruitment or activity at specific membrane 

sites. To test this hypothesis and identify candidate PI binding partners, we performed a 

lipid overlay assay with glutathione S-transferase (GST)-tagged full-length cortactin.  

GST-fusion proteins (Figure 19 A, Coomassie staining) were incubated with 

phospholipids immobilized on a nitrocellulose membrane (PIP strip). Full-length cortactin 

interacted most strongly with PI(3,5)P2 (Figure 19 B), and to a lesser extent with PI(3)P, 

PI(4)P, PI(5)P, and PI(3,4)P2.  Hrs-FYVE and PLC-PH lipid binding domains were used 

as respective positive controls for PI(3)P and PI(4,5)P2 binding.   

PI(3,5)P2 is found with highest abundance on late endosomes (Di Paolo and De 

Camilli, 2006; Michell et al., 2006) where cortactin also has been shown to localize 

(Kirkbride et al., 2012; Rossé et al., 2014b; Sung et al., 2011). To further validate the 

interaction and determine whether cortactin interacts directly with PI(3,5)P2 in more 

physiologically relevant conditions, we performed a liposome pull-down assay.  

Commercial PolyPIPosome liposomes containing 5% PI (PI(3,5)P2, PI(3)P, or PI(5)P) 

and 1% biotin-phosphatidylethanolamine in a mixture of phosphatidylcholine and 

phosphatidylethanolamine were incubated with GST-cortactin and then isolated with 

streptavidin-coated magnetic beads. GST alone and the PI(3)P-binding protein GST-

2xFYVE were used as respective negative and positive controls.  Western blot analysis 

of the pull-downs revealed that full-length cortactin specifically co-sediments with 

liposomes containing PI(3,5)P2, but not with PI(3)P or PI(5)P (Figure 19, C and D). 

Analysis of binding isotherms with varying lipid input revealed an apparent equilibrium  
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Figure 19. Figure legend on next page. 
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Figure 19. Cortactin directly interacts with PI(3,5)P2.  (A) Coomassie stained gels of 
purified GST-tagged proteins. (B)The affinity of the full-length cortactin was examined 
using a protein-lipid overlay assay. The left panel indicates the identity of lipid species on 
the PIP strip. Cortactin binds most strongly to PI(3,5)P2. Binding of the FYVE domain of 
Hrs and PH domain of PLC-δ1 to PI(3)P and PI(4,5)P2, respectively, served as positive 
controls. (C) Pull-down of GST-tagged cortactin by liposomes bearing the indicated 
PIPs. GST-2x-FYVE, and GST alone is also shown as a positive and negative control. 
Western blots were probed with anti-GST antibody. (D) The relative binding of the GST-
fusion proteins to liposomes containing different PIPs was quantified by densitometric 
analysis of the GST immunoblots from three independent experiments, except for 
positive control GST-FYVE that was tested once for pulldown by PI(3)P.  Mean+/-SE 
plotted.  **P<0.01 (E) Cortactin binding to liposomes containing PI(3,5)P2  or PI(5)P as a 
function of lipid concentration.  70 nM cortactin was incubated with various 
concentrations of biotinylated liposomes composed of 5% PIP lipids before isolation with 
streptavidin-beads. Western blots of bound complexes were probed with anti-GST 
antibody and relative intensity are plotted as a function of PIP concentration. Data points 
in the PI(3,5)P2 and negative control PI(5)P binding curves represent means calculated 
from data points of five and two different experiments, respectively.  The Kd for cortactin- 
PI(3,5)P2 interaction obtained from nonlinear regression of the data is 30 nM. 
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dissociation constant (Kd) of 30 nM for cortactin-PI(3,5)P2 interactions (Figure 19 E). 

Taken together, these results indicate that cortactin directly and specifically binds to 

PI(3,5)P2. 

Inhibition of PI(3,5)P2 synthesis leads to accumulation of cortactin on late 

endosomes 

The enzyme complex that synthesizes PI(3,5)P2 localizes to both early and late 

endosomes and consists of the scaffold protein Vac14, the lipid kinase PIKfyve (which 

converts PI(3)P to PI(3,5)P2), and the counteracting lipid phosphatase Fig4 (Ikonomov et 

al., 2006; Nicot et al., 2006; Rudge et al., 2004; Rusten et al., 2006; Rutherford et al., 

2006).  To determine whether cortactin and PI(3,5)P2 are likely to be present in the same 

compartment, we immunolocalized cortactin with the scaffold protein Vac14.  This 

localization method was chosen due to lack of available antibodies that directly 

recognize PI(3,5)P2. Immunostaining of SCC61 and HeLa cells transiently expressing 

hVac14-EGFP (Jin et al., 2008) with antibodies against cortactin revealed that cortactin 

is indeed present on Vac14-positive vesicular structures (Figure 20 A).  

A central function of PIs on membranes is recruitment of cytosolic proteins, 

including cytoskeletal proteins (Janmey and Lindberg, 2004).  To investigate whether 

PI(3,5)P2 recruits cortactin to endosomes, we prevented cellular PI(3,5)P2 synthesis by 

knocking down PIKfyve expression with siRNA in MDA-MB-231 cancer cells (Figure 20 

B). Consistent with previous reports, inhibition of PIKfyve led to enlargement of late 

endosomes marked by Rab7 (Figure 20 C) (Nicot et al., 2006).  Surprisingly, silencing of 

PIKfyve led to a marked increase in cortactin localization to Rab7-positive late 

endosomes rather than the expected decrease (Figure 20, C and D).  Likewise, 

treatment of MDA-MB-231 or SCC61 cells with the specific PIKfyve inhibitor drug 

YM201636 (de Lartigue et al., 2009; Ikonomov et al., 2006; Jefferies et al., 2008), 
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phenocopied the effect of PIKfyve siRNA (Figure 21 A and C; Figure 22 A and B; and 

Video 1).  Immunofluorescence of YM201636-treated cells using early (EEA1) and late 

endosomal (Rab7) markers confirmed that the majority of the enlarged vesicular 

compartments were Rab7-positive only with some endosomes positive for both EEA1 

and Rab7, reflecting perturbation in late endosomal maturation and trafficking (Figure 22 

C) (Rutherford et al., 2006). These data indicate that PI(3,5)P2 does not function to 

recruit cortactin to late endosomes but may instead regulate its activity by removing it 

from the late endosome.  

Inhibition of PI(3,5)P2 synthesis leads to cortactin-dependent actin accumulation 

on Rab7-positive endosomes 

Cortactin has a unique role as a regulator of Arp2/3 complex by promoting both 

assembly and stability of branched actin networks (Uruno et al., 2001; Weaver et al., 

2001). Along with cortactin, inhibition of PI(3,5)P2 synthesis by MDA-MB-231 and SCC61 

cells with YM201636 or knockdown of PIKfyve caused a striking enrichment of actin on 

Rab7-positive endosomes (Figure 20 C; and Figure 21 A). Quantitative analysis of the 

imaging data demonstrated that actin intensity and the number of actin dots on Rab7-

positive endosomes were significantly increased in YM201636-treated cells (Figure 21, 

E and F).   Colocalization of actin with Rab7 was also increased in YM201636-treated 

and PIKfyve-KD cells (Figure 20 D, right; also Figures 21 D and 22 B, right: compare 

YM201636 and DMSO treatments in control cells;). The drug-induced accumulation of 

actin on late endosomes was reversed in cortactin-knockdown cells (Figure 21 D and 

Figure 22 B, right). These data indicate that PI(3,5)P2 synthesis on late endosomes 

attenuates actin accumulation.  Furthermore, in the absence of PI(3,5)P2, actin 

accumulates in a cortactin-dependent manner. 
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Figure 20. Knockdown of PIKfyve expression leads to accumulation of cortactin 
and actin at LE membranes.  (A) Representative images of endogenous cortactin (red) 
localized at discrete subdomains of hVac14-EGFP (green)-positive vesicular structures 
in SCC61 (left) and HeLa (right) cells. Scale bars indicate 20 µm.  Representative 
images of 3 independent experiments for each cell line. (B) Immunoblot of PIKfyve 
expression in transient knockdown MDA-MB-231 cells. NTC indicates non-targeting 
control. (C) siRNA against PIKfyve treated cells were processed for immunofluorescence 
using antibodies recognizing cortactin (green), actin (red), and Rab7 (blue). Scale bars = 
20 µm. (D) Quantification of % colocalization of cortactin or actin with Rab7. 3 
independent experiments, n≥ 61 cells in each condition. **** P<0.0001. 
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Figure 21. Inhibition of PI(3,5)P2 production leads to accumulation of cortactin and 
actin at LE membranes.  (A) Representative images showing cortactin (green) and 
actin (red) localization on Rab7-positive endosomes (blue) after 2 h treatment with 800 
nM YM201636 or DMS0 diluent control in control and cortactin-KD MDA-MB-231 cells. 
Scale bars = 20 µm. (B) Immunoblot of cortactin expression and beta-actin loading 
control in MDA-MB-231 cells. (C, D) Images were analyzed for % colocalization of 
cortactin or actin with Rab7, and average number and intensity of actin dots on Rab7-
positive endosomes. Three independent experiemnts, n≥ 55 cells in each condition. (E, 
F) The average number and intensity of actin dots on Rab7-positive endosomes were 
analyzed. Total > 170 vesicles from 12-19 cells were analyzed. **** P<0.0001. 
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Figure 22. Inhibition of PI(3,5)P2 production leads to accumulation of cortactin and 
actin at LE membrane in SCC61 cells.  (A) Immunolocalization of Rab7 (green), actin 
(red), and cortactin (blue) in DMSO or YM201636-treated SCC61 cells. Scale bars 
indicate 20 µm. (B) Quantitation of % colocalization of cortactin or actin with Rab7.  Note 
decrease in actin localization to late endosomes in cortactin-KD (KD) cells. 3 
independent experiments, n≥ 45 in each condition. ***P≤ 0.001 and ****P≤0.0001. (C) 
Representative images from MDA-MB-231 cells showing localization of early (EEA1, 
green) and late (Rab7, red) endosome markers upon 2 h treatment with 800 nM 
YM201636. Scale bars indicate 20 µm. 
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Cortactin localization to late endosomes depends on Arp2/3 complex activity 

One mechanism by which cortactin could promote accumulation of actin on 

endosomes is by regulating branched actin network assembly by the Arp2/3 complex 

(Uruno et al., 2001; Weaver et al., 2001).  To determine whether Arp2/3-mediated 

branched actin nucleation is required for recruiting cortactin to endosomal 

membranes,we treated cells with the the Arp2/3 complex inhibitor CK-666 (Hetrick et al., 

2013; Nolen et al., 2009). Treatment with CK-666 resulted in significantly reduced 

cortactin localization on Rab7-positive endosomes (Figure 23, A and B). Moreover, the 

accumulation of cortactin that occurs with inhibition of PI(3,5)P2 synthesis by YM201636 

was abolished in CK-666 treated cells. Likewise, Arp2/3 inhibition with CK-666 treatment 

inhibited actin accumulation on Rab7-positive late endosomes in both control and 

YM201636-treated cells (Figure 23, A and C).  These data suggest a model in which 

cortactin is recruited to late endosomes by interactions with branched actin networks and 

removed by interaction with PI(3,5)P2.   

The 4th repeat region of cortactin is necessary for PI(3,5)P2 binding 

Cortactin does not contain canonical phosphoinositide-binding motifs, such as 

PH (pleckstin homology) or FYVE domains. However, it has been predicted that a series 

of basic residues within the N-terminal 4th repeat domain of cortactin may bind 

phosphoinositides (He et al., 1998).  To map the PI(3,5)P2 binding site of cortactin, we 

tested the ability of the purified cortactin N-terminus and 4th repeat deletion mutant to 

bind PI(3,5)P2-containing liposomes (Figure 24 A). Consistent with the prediction, we 

found that the N-terminus of cortactin is sufficient to bind PI(3,5)P2 (Figure 24 B) while 

the 4th repeat deletion mutant of cortactin cannot bind PI(3,5)P2-liposomes (Figure 24 C). 

PI(3,5)P2 competes with actin filaments for binding to cortactin  

The 4th repeat region of cortactin is a critical F-actin binding site (Weed et al., 2000) and  
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Figure 23. Recruitment of cortactin to late endosomes depends on Arp2/3 complex 
activity.  (A) Representative images showing cortactin (green), actin (red), and Rab7 
(blue) localization after 2 h treatment of MDA-MB-231 cells with 800 nM YM201636 
alone in combination with 200 µM CK-666. Scale bars = 20 µm. (B) Images from cells 
treated with YM201636 and various concentrations of CK-666 were analyzed for % 
colocalization of cortactin or actin with Rab7. 3 independent experiments, n≥ 50 cells 
from each condition. **** P<0.0001.  
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Figure 24. PI(3,5)P2 regulates the interaction of cortactin with actin filaments.  (A) 
Schematic cartoon of wildtype (WT) and mutant cortactin constructs. (B, C) 
Representative Western blots from (B) GST-N-term and (C) GST-Δ4RP cortactin-pull-
down experiments.  Cortactin proteins bound to PI(3,5)P2-liposome were identified with 
an anti-GST antibody. Relative binding affinity was quantified by densitometric analysis 
of Western blot data from three independent experiments.  Mean+/-SE plotted. * P<0.05 
and **** P<0.0001 (D, E) F-actin competes with PI(3,5)P2 for binding to cortactin. (D) 
Increasing concentrations of actin filaments were incubated with 70 nM cortactin and 
250 nM PI(3,5)P2-containing liposomes. In the presence of F-actin, cortactin binding to 
liposomes was significantly reduced. (E) Data points show average binding from four 
independent experiments. Fit to hyperbolic decay model yields a Ki value of 0.461 µM. 
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binding to F-actin is required for cortactin to regulate Arp2/3-mediated branched actin 

assembly and stability (Uruno et al., 2001; Weaver et al., 2001). Thus, we hypothesized 

that PI(3,5)P2 may compete with actin filaments for binding to cortactin. To test whether 

this competition occurs, we performed in vitro binding assays using purified proteins and 

tested if the interaction between cortactin and PI(3,5)P2 is altered by actin filaments. As 

shown in Figure 24, D and E, the addition of increasingconcentrations of actin filaments 

to samples containing cortactin and PI(3,5)P2-liposomes led to a dose-dependent 

decrease in the amount of cortactin bound to the liposomes.  The Ki of 0.461 µM is 

consistent with the lower published affinity of cortactin for F-actin (Kd = 0.250 µM, (Bryce 

et al., 2005)) than for PI(3,5)P2 (Kd = 30 nM, Figure 19).  

PI(3,5)P2 affects in vitro activity of cortactin 

The finding that PI(3,5)P2 prevents cortactin from binding to actin filaments 

suggests that PI(3,5)P2 may inhibit the activity of cortactin in controlling branched actin 

dynamics.  To directly test the role of cortactin in branched actin nucleation, we used 

total internal reflection microscopy (TIRF) to monitor formation of branched actin 

filaments from purified proteins in real time (Videos 2-5). Consistent with previous 

reports (Helgeson and Nolen, 2013; Helgeson et al., 2014; Siton et al., 2011; Uruno et 

al., 2003; Weaver et al., 2001; 2002), addition of cortactin to reactions containing Arp2/3 

complex, the active VCA domain of N-WASp (GST-VCA), and G-actin increased the rate 

of actin branch formation (Figure 25, A and B). Addition of 200 nM PI(3,5)P2-liposomes 

significantly reduced the cortactin-induced enhancement of branched actin assembly, 

although it did not totally ablate it.  At higher concentrations of liposomes there was a 

greater inhibition of cortactin-mediated enhanced branched actin assembly; however 

there was also an effect on control reactions (data not shown). By contrast, at 

concentrations ≤ 200 nM PI(3,5)P2-liposomes had no effect on branching induced by 
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GST-VCA+Arp2/3 complex in the absence of cortactin, indicating a selective effect on 

cortactin.  Since cortactin is also known to stabilize actin branches (Weaver et al., 2001), 

we tested whether PI(3,5)P2 prevents branch stabilization by cortactin. Actin filaments 

were pre-polymerized in the presence of Arp2/3 complex and GST-VCA and then 

cortactin, PI(3,5)P2-liposomes, both cortactin and PI(3,5)P2-liposomes, or buffer were 

added to individual reactions.  At various time points, rhodamine-phalloidin was added to 

visualize and stabilize the filaments and images were obtained.  The number of 

branched actin filaments at each timepoint was quantitated. Consistent with previous 

observations (Weaver et al., 2001), the presence of cortactin inhibited debranching 

(Figure 25, C and D). In contrast, the addition of PI(3,5)P2-liposomes reversed branch 

stabilization by cortactin but had no effect on control networks (Figure 25, C and D). 

Together, these data indicate that PI(3,5)P2 can remodel branched networks by 

regulating interaction of cortactin with actin filaments. 

PI(3,5)P2 regulates actin stability on late endosomes  

The finding that PI(3,5)P2 competes with F-actin for binding to cortactin (Figure 

25, D and E)  suggests that synthesis of PI(3,5)P2 may regulate cortactin cycling on and 

off of branched actin networks on late endosomal membranes. Consistent with that 

model, we found that inhibition of PI(3,5)P2 synthesis leads to accumulation of cortactin 

on Rab7-positive endosomes (Figure 20 B-D; Figure 21; and Figure 22, A and B). In 

addition, PI(3,5)P2-mediated removal of cortactin from actin branchpoints could lead to 

decreased actin assembly and/or destabilization of branched actin networks associated 

with the endosomal surface. Indeed, in fixed cell analyses, we found that inhibition of 

PI(3,5)P2 synthesis led to cortactin-dependent accumulation of actin on Rab7-positive 

endosomes (Figure 21; and Figure 22, A and B).  To test whether endosomal actin 

turnover is regulated by cortactin and PI(3,5)P2, live imaging was performed on control  
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Figure 25. Figure legend on next page. 
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Figure 25. PI(3,5)P2 antagonizes the activity of cortactin in branched actin 
regulation.  (A) and (B) Synergistic activation of actin branching.  (A) TIRF microscopy 
images of reactions containing actin (0.75 µM 33% Oregon-Green labeled), 10 nM 
Arp2/3 complex, 50 nM GST-VCA and the indicated amounts of cortactin and PI(3,5)P2-
liposomes. Scale bar = 3 µm (B) Branch density was plotted as a function of time. Error 
bars represent SEM for at least three independent experiments. Branch density of 
cortactin + PI(3,5)P2-liposome were significantly decreased (p<0.05) as compared to that 
of + cortactin only condition for each time point after 150 sec, except for the 390 and 450 
sec timepoints. (C) and (D) Debranching. (C) Representative images of actin 
debranching over time. 3 µM G-actin was polymerized in the presence of 100 nM Arp2/3 
and 600 nM GST-VCA for 8 min. At that time, buffer, 500 nM cortactin, 500 nM 
PI(3,5)P2, or 500 nM cortactin + 500 nM PI(3,5)P2-liposome were added to individual 
reactions. Samples were incubated for additional min as indicated before the 
debranching reactions were stopped with equimolar rhodamine-phalloidin and 
visualized. Scale bar = 3 µm. (D) Data points represent the percentage of branched 
filaments per field from each condition, calculated from three or four independent 
experiments. Error bars represent SEM.  *(#) P<0.05, **(##) P<0.01. * compares cortactin 
vs. + buffer control and # compares +cortactin vs. +cortactin+PI(3,5)P2 condition. 
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Figure 26. Actin stability on endosomal membranes is controlled by PI(3,5)P2.  (A) 
MDA-MB-231 cells stably expressing mEGFP-F-tractin were treated with DMSO or 
YM201636 for 2 h, then imaged live after treatment with 10 µM latrunculin A for the 
indicated times. Scale bar = 5 µm (B) The change in endosomal actin fluorescence over 
time after latrunculin A was normalized to initial endosomal actin fluorescence (n= 10-15 
cells from three independent experiments of each condition). Data were fitted with one-
phase decay equation model using GraphPad Prism software to determine half-life (t1/2) 
of endosomal actin. 
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or cortactin-KD cells expressing the dynamic actin probe mEGFP-F-tractin in the 

presence or absence of the PI(3,5)P2 synthesis inhibitor YM201636 (Figure 26, Video 6). 

In order to specifically analyze actin turnover, cells were treated with 10 µM latrunculin 

A, a drug that prevents actin polymerization by sequestering monomeric actin (Morton et 

al., 2000). In control cells treated with DMSO as the diluent control for YM201636, 

endosomal actin fluorescence became undetectable within 40-50 s after Latrunculin A. 

When quantified across cells, endosomal actin fluorescence showed an exponential loss 

after latrunculin exposure in control cells, with a t1/2 of 20.8 s.  However, endosomal actin 

fluorescence in YM201636-treated cells decreased more slowly, yielding a t1/2 of 109.3 s, 

indicating that PI(3,5)P2 is important for dynamic turnover of late endosomal actin 

assemblies. DMSO-treated cortactin knockdown cells showed similar exponential loss of 

actin fluorescence (t1/2 = 15.6 s) compared to DMSO-treated control cells. Importantly, 

the delayed actin turnover observed in YM201636-treated control cells was not observed 

in cortactin knockdown cells with curve fits yielding t1/2 of 15.5 s.  These data indicate 

that PI(3,5)P2 controls endosomal actin turnover in a cortactin-dependent manner.  

WASH localization is regulated by PI(3,5)P2. 

Activation of Arp2/3 complex occurs upon binding of an activator in the WASP 

family of proteins (Millard et al., 2004).  At endosomes, the WASP family member WASH 

appears to be the main activator of Arp2/3 complex (Derivery et al., 2009; Duleh and 

Welch, 2010; Gomez and Billadeau, 2009) and should act in concert with cortactin to 

promote endosomal branched actin assembly.  Consistent with those reports, WASH, 

cortactin and actin show strong colocalization on endosomal membranes (Figure 27).  

By dot blot, the FAM21 component of WASH has been found to bind multiple 

phosphoinositides, including the major endosomal lipids PI(3)P and PI(3,5)P2 (Jia et al., 

2010).   However, the consequence of that interaction is unclear.  To assess the effect of 
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PI(3,5)P2 on WASH localization, MDA-MB-231 and SCC61 cells were treated with 

YM201636 and immunostained for WASH and cortactin and colocalized with either actin 

(Figure 27 A) or mRFP-Rab7 (Figure 27 B). Inhibition of PI(3,5)P2 synthesis led to an 

increase in the localization of WASH to cortactin- and actin-positive structures at Rab7-

positive endosomes, suggesting that similarly to cortactin, PI(3,5)P2 does not recruit 

WASH to endosomal membranes but instead may promote its removal.  However, the 

increase in WASH localization was small compared to the increase in cortactin 

localization in YM201636-treated cells (40% increase in WASH vs. 300% increase in 

cortactin colocalization with Rab7, compare Figures 28 C and 3 C).  Overall, PI(3,5)P2 

plays a concerted role to remove branched actin regulators from late endosomes and 

promote disassembly of endosome-associated actin assemblies (see model in Figure 

28). 

 

Discussion 

Dynamic actin assembly plays an important role in controlling cellular membrane 

trafficking. Here we identify a specific molecular mechanism that regulates actin 

dynamics on endosomes:  PI(3,5)P2-mediated removal of cortactin from actin filament 

arrays. In vitro biochemical studies revealed that cortactin preferentially and specifically 

binds to PI(3,5)P2 via its F-actin binding region. Furthermore, PI(3,5)P2  inhibits binding 

of actin filaments to cortactin as well as the activity of cortactin in branched actin 

assembly and stabilization. In cells, inhibition of PI(3,5)P2 synthesis leads to 

accumulation of stable WASH-cortactin-actin assemblies on Rab7-positive endosomes. 

Finally, the accumulation of actin that occurs in the absence of PI(3,5)P2 depends on the 

presence of cortactin, indicating a key role for the PI(3,5)P2-cortactin interactions in 

promoting turnover of late endosomal branched actin assemblies. These findings  

suggest a model in which actin dynamics on late endosomes are regulated by 
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Figure 27. WASH localization is controlled by PI(3,5)P2 levels.  (A) Representative 
images from MDA-MB-231 (upper) and SCC61 (bottom) showing localization of WASH 
(red), cortactin (green), and actin (blue) after 2 h treatment with 800 nM YM201636 or 
DMSO diluent control. Scale bars = 20 µm. (B) Representative images of MDA-MB-231 
cells stably expressing mRFP-Rab7 (pseudocolored blue) immunostained by WASH 
(red) and cortactin (green) after 2 h treatment with 800 nM YM201636 or DMS0 diluent 
control. Scale bars indicate 20 µm. (C) Images were analyzed for % colocalization of 
WASH with Rab7. Mean +/- SE. 2 independent experiments, n≥ 62 cells in each 
condition. **** P<0.0001. 
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Figure 28. Model of endosomal branched actin network regulation by PI(3,5)P2.  (A) 
Branched actin nucleation is initiated by the WASH complex which is bound to the 
surface of late endosomes by signaling molecules that likely include PI(3)P (Jia et al., 
2010).  WASH-induced activation of the Arp2/3 complex recruits cortactin to nascent 
branch points (Figure 23) where it synergistically promotes actin assembly. (B) 
Conversion of PI(3)P to PI(3,5)P2 is accomplished by the enzymatic activity of PIKfyve 
within the 3-member PIKfyve complex that includes the scaffold protein Vac14 and the 
opposing 5’ phosphatase Fig4 (Dove et al., 2009; Shisheva, 2008).  (C) PI(3,5)P2 binds 
to cortactin, releasing actin filaments (Figure 24) and potentially the WASH complex 
from endosomes (Figure 27).  (D) Without cortactin binding to the branchpoint, Arp2/3 
complex loses affinity for the mother filament (Uruno et al., 2001) causing debranching 
((Weaver et al., 2001) and Figure 25). Disassembly of branched actin networks leads to 
diminished recruitment of cortactin. (E) Conversion of PI(3,5)P2 back to PI(3)P should 
release cortactin from the endosome surface unless new branched actin networks are 
available for rebinding.   Interconversion of PI(3)P and PI(3,5)P2 by the PIKfyve complex 
may facilitate dynamic cycling of actin assembly and disassembly through control of 
cortactin–actin interactions. 
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PI(3,5)P2-induced cycling of cortactin on and off of actin filaments (see Model Figure 28).  

In cells, branched actin is very dynamic and controls rapid membrane events, 

including plasma membrane protrusions and membrane trafficking events. Our data 

indicate that the PI(3,5)P2-cortactin interaction we described is a major regulator of actin 

dynamics at the late endosome and provide a unique example of coordination of 

endosomal actin dynamics. Since we did not detect significant binding of cortactin to 

other PIs, it is possible that this specific mechanism of PI-cortactin interactions may be 

unique to the late endosome.  At the plasma membrane, other mechanisms may control 

branched actin dynamics including control of WAVE2-mediated actin polymerization by 

PI(3,4,5)P3 (Oikawa et al., 2004).  Conversely, disassembly of lamellipodial branched 

actin networks may occur by antagonism of cortactin by coronin and of antagonism of 

Arp2/3 complex by glial maturation factor (Cai et al., 2008; Gandhi et al., 2010; Luan and 

Nolen, 2013; Ydenberg et al., 2013). 

Cortactin can promote actin assembly by both enhancing the ability of WASP 

family members to activate Arp2/3 complex and by stabilizing actin branches after they 

are formed (Weaver et al., 2001).  Both of those activities require binding of cortactin to 

actin filaments and were inhibited by PI(3,5)P2 binding in vitro.  Since access to 

PI(3,5)P2 is intrinsically limited to the membrane surface where WASH also is localized, 

a possible consequence of PI(3,5)P2 binding to cortactin could be to limit co-activation of 

Arp2/3 complex.  This mechanism would be consistent with the strong colocalization of 

WASH and cortactin on the endosome surface (Figure 27) and is supported by in vitro 

evidence that cortactin and WASP family members uniquely act together to promote 

Arp2/3 complex activation (Helgeson and Nolen, 2013; Siton et al., 2011; Uruno et al., 

2003; Weaver et al., 2001).  However, our finding that PI(3,5)P2-cortactin interactions 

specifically promote turnover of endosomal actin in the absence of new actin 

polymerization (Figure 26) suggests that inhibition of debranching is a key cortactin 
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activity that is controlled by PI(3,5)P2.  Furthermore, inhibition of Arp2/3 complex but not 

PI(3,5)P2 synthesis (Figure 23) inhibited accumulation of cortactin at late endosomes.  

These data suggest a model in which activation of Arp2/3 complex leads to recruitment 

of cortactin to actin nucleation sites at the late endosome surface.  Local synthesis of 

PI(3,5)P2 promotes removal of cortactin and net disassembly of endosomal actin (Figure 

28). 

PI(3,5)P2 regulates maturation and trafficking from late endosomes.  

Interestingly, our previous studies with cortactin-knockdown cells identified a number of 

strong phenotypes that are similar to those in cells with defective PI(3,5)P2 formation, 

including enlargement of immature LE/Lys compartments and defects in retrograde 

trafficking from endosomes to the Golgi apparatus (Kirkbride et al., 2012; Sung et al., 

2011). Moreover, cortactin-mediated actin remodeling is also known to regulate EGFR 

trafficking (Lladó et al., 2008; Timpson et al., 2005) and autophagosome-lysosome 

fusion (Lee et al., 2010), both phenotypes controlled by PI(3,5)P2 (de Lartigue et al., 

2009). Our data suggest that control of branched actin dynamics through cortactin is at 

least one important mechanism by which PI(3,5)P2 controls endosomal function. 

In summary, we described a unique molecular mechanism that controls branched 

actin dynamics at late endosomes via PI(3,5)P2-mediated removal of cortactin from actin 

filament networks.  Dynamic cycling of phosphoinositides to orchestrate both assembly 

and disassembly of filament networks may be a powerful mechanism to control actin-

membrane interactions and downstream membrane trafficking events. 
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CHAPTER V 

 

CONCLUSION AND SIGNIFICANCE 

 

Conclusion 

Cortactin has emerged as a central element connecting signaling pathways with 

the actin cytoskeleton. Our laboratory, especially, has played a central role in 

understanding the role of cortactin-regulated actin assembly in the aggressiveness of 

cancer cells, including motility, invasiveness and tumor growth. My study focusing on 

cortactin function in membrane trafficking stemmed from our previous findings 

demonstrating that cortactin is essential for secretion of invadopodia-localized 

proteinases, MMP2, MMP9, and MT1-MMP (Clark and Weaver, 2008; Clark et al., 

2007). Since the Golgi complex serves as the major protein-packaging hub for secreted 

proteins, a likely mechanism for regulation of MMP secretion by cortactin was control of 

Golgi-mediated secretion (Kienzle and Blume, 2014). Furthermore, actin had been 

implicated in Golgi trafficking and the maintenance of Golgi morphology (Dippold et al., 

2009; Egea et al., 2006; Lázaro-Diéguez et al., 2007). In addition, we found that 

cortactin knockdown cells displayed a collapsed (compact) Golgi morphology and 

previous studies from other groups had implicated cortactin in Golgi trafficking (Cao et 

al., 2005; Salvarezza et al., 2009). Thus, we initially hypothesized that cortactin controls 

anterograde trafficking of MMPs to the plasma membrane. However, our study revealed 

that cortactin does not affect anterograde trafficking of the model protein VSVG. In 

addition, we found that the morphological alteration of the Golgi complex observed in 

cortactin-depleted cells occurs secondary to defective accumulation of cholesterol in late 

endosomes.  Thus late endosomes appeared to be the major membrane compartment 

sensitive to cortactin levels.  
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Recent studies have shown that the majority of internalized the key invadopodia 

proteinase MT1-MMP is located in a late endocytic compartment and recycled from 

there back to the plasma membrane invadopodia (Steffen et al., 2008; Williams and 

Coppolino, 2011), Based on these data, we hypothesized that cortactin controls MMP 

secretion by regulating late endosomal trafficking. Indeed, we found that cortactin 

localizes to late endosome and regulates LE/Lys maturation and trafficking.  Thus, 

cortactin-depleted cells accumulate enlarged LE/Lys hybrid organelles that are filled with 

undegraded organelles and membrane.  Furthermore, retrograde trafficking of CI-M6PR 

is defective in cortactin-depleted cells. Moreover, our laboratory has found that the ECM 

component fibronectin is recycled from a LE/Lys compartment in a cortactin-dependent 

way to promote cell motility (Sung et al., 2011). Taken together, these data suggest that 

regulation of late endosomal trafficking by cortactin is important not only for Golgi 

homeostasis but also for cell motility and invasiveness by regulating protein secretion.  

Cortactin bridges branched actin networks to various cellular processes including 

vesicular trafficking, likely functions through promotion of branched actin assembly. 

Importantly, we found that the cortactin knockdown phenotypes depend on interaction 

with the branched actin nucleator Arp2/3 complex, suggesting that regulation of 

branched actin networks is critical. Intriguingly, studies have suggested the importance 

of regulation of actin dynamics in endosome function (Carnell et al., 2011; Derivery et 

al., 2009; Gomez and Billadeau, 2009; Harrington et al., 2011; Puthenveedu et al., 2010). 

These studies support a model that Arp2/3-mediated actin assembly organizes 

endosomal membrane into functional subdomains and contributes to cargo sorting and 

formation of tubular transport intermediates.  Therefore, we speculate that cortactin 

plays a key role in MMP sorting and secretion by regulating LE/Lys maturation and 

trafficking through the regulation of Arp2/3-mediated branched actin assembly on 

endosomes.  
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Consistent with our finding of cortactin-mediated regulation of LE/Lys 

compartment maturation and trafficking, other studies indicated cortactin as a key 

regulator of actin dependent endosomal processes (Lee et al., 2010; Monteiro et al., 

2013; Ohashi et al., 2011; Puthenveedu et al., 2010). Although these studies emphasize 

the importance of cortactin-mediated actin dynamics in regulating endosomal processes 

the upstream inputs and the mechanisms how cortactin itself is controlled on endosomes 

still remain poorly understood. Phosphoinositide (PIP) conversion is known to control 

membrane trafficking and is frequently involved in recruitment of cytoskeletal proteins to 

membranes. Hence PIPs were attractive candidates for us that might connect cortactin 

to endosomal membrane and provide a molecular mechanism that regulates endosomal 

actin dynamics. In fact, cortactin was previously shown to interact with PI(4,5)P2 

resulting in dissociation from actomyosin II complex (He et al., 1998), yet interaction with 

other PIPs on intracellular membrane were not tested. In this study, we identified a novel 

interaction between cortactin and PI(3,5)P2. Our data suggest a unique mechanism for 

disassembly of actin networks on membranes in which removal of cortactin by PI(3,5)P2 

destabilizes actin assemblies at late endosomes.  

The endosome phenotype observed in cortactin depleted cells, enlarged 

endosomes with no tubule, suggests that cortactin may be necessary for endosomal 

tubulation at late endosomes. In fact, endosomal actin has shown to be concentrated at 

tubular domains of endosomes and to stabilize the tubules.  This may allow sufficient 

time for tubules to serve as scaffolding platforms for other molecules that are involved in 

cargo sorting (Puthenveedu et al., 2010). However, it has not been tested whether this 

tubular structure formation and/or stability is affected by cortactin-PI(3,5)P2 interaction. 

Thus, a future study should include live imaging movies at a sufficient frame speed to 

examine whether PI(3,5)P2-mediated regulation of actin dynamics participate in tubule 

formation and thus cargo sorting.  
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In addition, the enlarged endosomal phenotype of cortactin-KD cells is 

reminiscent of an endosomal fusion defect (Coen et al., 2012; Huotari and Helenius, 

2011; Rosenfeld et al., 2001).  Endosomal fusion is an essential step in vesicle 

trafficking that allows the efficient exchange of contents between compartments. Indeed, 

actin assembly has been previously implicated in promoting membrane fusion whereas 

disruption of actin dynamics has been shown to cause the formation of a greatly 

enlarged endocytic compartment that has been attributed to uncontrolled fusion between 

compartments (Gomez et al., 2012; Kjeken et al., 2004; Ohashi et al., 2011). Enlarged 

endosomes are also the hallmark of PI(3,5)P2-deficiency (Ho et al., 2011), suggesting a 

possible fusion defect in PI(3,5)P2-deficient cells that could be caused by the defective 

regulation of actin dynamics. To investigate whether vesicle fusion is modulated by 

PI(3,5)P2-mediated regulation of actin dynamics, future study should examine the effect 

of cortactin and PI(3,5)P2 on fusion between endosomes. Fluorescence microscopy 

based in vitro fusion assay using fluorescently labeled endosomes will address this 

question. 

Interestingly, the actin filaments have been shown to bind proteins involved in 

membrane fusion, including SNAREs (Band et al., 2002; Thurmond et al., 2003). 

Dynamic assembly and disassembly of SNARE proteins is required for preventing 

inappropriate fusion, and aberrant disassembly of SNARE proteins has been shown to 

result in the accumulation of vesicle in clusters (Fraldi et al., 2010; Shin et al., 2012).  

Since we frequently observe enlarged endosomes studded with small vesicles in 

cortactin-KD cells, it is possible that cortactin-regulated branched actin assembly is 

important for proper SNARE disasembly. Since the actin cytoskeleton also has been 

proposed to organize membrane domains via protein-protein or lipid-protein interactions 

(Liu and Fletcher, 2006; Winter et al., 2012), it is possible that spatial regulation of actin 

dynamics on membrane controls local assembly and/or disassembly of SNAREs. 
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Therefore, an important future direction is to determine whether PI(3,5)P2-mediated 

regulation of actin dynamics controls SNARE-mediated vesicle fusion by regulating 

SNARE assembly and/or disassembly. Pairing of target SNARE (t-SNARE) and vesicle 

SNARE (v-SNARE) and subsequent assembly of functional SNARE complex enables 

fusion of opposing vesicle and target membrane (Chen and Scheller, 2001). Hence, we 

could examine the late endosome associated SNARE pairing such as syntaxin 7 with its 

partner VAMP7 or VAMP8 (Pryor et al., 2004) by immunofluorescence or 

coimmunoprecipitation. In addition, biochemical fractionation assay will address whether 

PI(3,5)P2-regulated actin dynamics controls SNARE association with endolysosomal 

membrane domain.  

PI(3,5)P2 is known to regulate acidification of endolysosomes in yeast, C. 

elegans, Droshophila , and Arabidopsis (Bak et al., 2013; Nicot et al., 2006; Rusten et 

al., 2006; Gary et al., 1998) by unknown mechanisms.  The vacuolar H+-ATPase (V-

ATPase) has been suggested as a likely candidate of PI(3,5)P2 effector, as V-ATPase is 

best known for pumping protons across membrane to acidify intracellular compartment. 

Interestingly, it was shown that V-ATPase binds F-actin and that WASH-mediated actin 

assembly on endosomal surface leads to sorting of the V-ATPase, which in turn 

regulates membrane fusion and exocytosis, in Dictyostelium discoides (Carnell et al., 

2011; Holliday et al., 2000; Park et al., 2013). Our data showing PI(3,5)P2-mediated 

regulation of actin dynamics thus suggests the possibility that PI(3,5)P2 may regulate 

endosomal acidification by controlling V-ATPase recycling through the regulation of actin 

assembly on endosomal surface. In addition to direct binding to F-actin, V-ATPase 

directly interacts with SNARE proteins, consequently affecting SNARE pairing between 

membranes that promotes membrane fusion and/or exocytosis (Vavassori and Mayer, 

2014).  
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Membrane fusion is one of the important steps in exosome secretion. Exosomes 

are small vesicles derived from endosomal MVB, which has been studied extensively in 

recent as they participate in intercellular communication by carrying ligands, receptors, 

signaling molecules, lipids, and nucleic acid, thereby supporting or perturbing (in the 

case of cancer) different physiological processes (Azmi et al., 2013; Colombo et al., 

2014; Schorey and Bhatnagar, 2008). Fusion between endosomal MVBs carrying 

exosomes and the plasma membrane is critical step in the release of exosomes. In deed, 

V-ATPase has been proposed to regulate exosome secretion containing hedgehog 

related protein in C. elegans (Liégeois et al., 2006). Furthermore, our laboratory 

observed that treatment of HNSCC cells with selective V-ATPase inhibitor, bafilomycin A, 

inhibits exosomes secretion (data not shown). Based on these, my study also suggest 

the possible functional connection between localized endosomal actin assembly 

regulated by cortactin-PI(3,5)P2 interaction and late endosome/MVB-mediated secretion. 

Therefore, it will be interesting to investigate whether PI(3,5)P2 and cortactin work 

together to promote endolysosomal acidification and exosome secretion.  

Another important observation from our study is that cortactin deficient cells 

accumulate cholesterol in LE/Lys compartment. As an essential structural component in 

the cell membranes membrane cholesterol can facilitate protein-protein interactions and 

modulate the function of membrane proteins critical to cellular function (Maxfield and 

Tabas, 2005). Cholesterol transport between intracellular organelles is important since 

key cholesterol processing steps take place in different subcellular localization. Thus, the 

accurate delivery of cholesterol to appropriate membrane domains is vital for cholesterol 

homeostasis, and normal cellular function. Consequently, aberrant cholesterol trafficking 

has been linked to several human diseases, mostly neurodegenerative disorder (Ikonen, 

2006; Maxfield and Tabas, 2005). Interestingly, it has shown that multivesicular late 

endosomes serve as important regulators of cholesterol transport (Kobayashi et al., 
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1999). Since cortactin is an actin regulator that is known to regulate endosomal 

dynamics, we speculate that cholesterol accumulation in cortactin knockdown cells 

occurs secondary to LE/Lys maturation and/or trafficking defects. Importantly, it has 

been shown that the secretion of cholesterol by exosomes contributes to maintain 

cellular cholesterol homeostasis (Strauss et al., 2010). Given that cortactin regulates 

exosome secretion (data not shown, Sinha et al., submitted), it is plausible that defective 

secretion of exosomes that carry cholesterol may cause the accumulation of cholesterol 

in cortactin-KD cells. However, further investigations are required to determine molecular 

mechanism by which actin dynamics regulated by cortactin controls cholesterol 

homeostasis.  

 

Significance  

Cortactin has been shown to control tumor aggressiveness by regulation of 

protein secretion. However, it has been difficult to identify the specific molecular 

mechanism by which cortactin controls trafficking. My current study provides important 

insight into that mechanism. The major finding in the first part of my study is that LE/Lys 

maturation and trafficking is highly sensitive to cortactin-regulated branched actin 

assembly and the cytoskeletal-induced Golgi morphology changes can be a 

consequence of altered trafficking at late endosomes. This work is important for the 

following reasons: 1) I delineated fundamental cytoskeletal mechanisms that regulate 

Golgi size; 2) we identified retrograde trafficking from late endosome regulated by 

cortactin as a major regulation point for Golgi size homeostasis; and 3) we identified a 

novel mechanism for cortactin-mediated regulation of Golgi morphology which likely 

explains the findings of many previous reports.  

In the second part of my studies, I identified a key part of the mechanism by 

which phosphoinositides and the actin cytoskeleton interact on endosomal membranes 
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to control LE/Lys trafficking. I identified a unique mechanism to promote rapid 

disassembly of branched actin networks at membranes. I also identified cortactin as an 

effector of PI(3,5)P2, an understudied lipid with disease associations. These findings 

advance our understanding of Arp2/3-mediated regulation of endosomal actin dynamics 

and specifically assign a function for a relatively uncharacterized PIP, PI(3,5)P2.  

Overall, my studies give mechanistic insight to an important but poorly 

understood area of cell biology, how actin and membranes interface to control 

membrane trafficking and secretion. By understanding the underlying molecular 

mechanisms that promote secretion by aggressive cancer cells, this study may also 

point towards future targets for novel cancer therapies.  
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