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ABSTRACT

The lipid kinase phosphatidylinositol 4-kinase III § (PI4KIIIB) phosphorylates
phosphatidylinositol (PtdIns) to generate PI(4)P in the Golgi. PI4KIIIp is likely involved in
the development of breast cancer as it has been reported genetically amplified in a subset of
human breast tumours and is a downstream effector of the eukaryotic elongation factor 1
alpha 2 (eEF1A2), a transforming gene that is amplified and highly expressed in
approximately 60% of human breast tumours. The goal of my thesis is to investigate a role
for PI4KIIIp in breast oncogenesis.

We show that PI4KIIIp is highly expressed in approximately 20% of primary human
breast tumours. Overexpression of PI4KIIIp in an invasive breast ductal carcinomas cell line,
BT549, increased the production of filopodial actin filament protrusions and enhanced in
vitro proliferative capacity. Enhanced PI4KIIIP expression did not impact the migratory rate
of these breast cancer cells.

We found that PI4KIIIB expression activates Akt kinase in the BT549 breast cancer
cell line. PI4KIIIB overexpression led to an increase in the plasma membrane abundance of
the PI3K derived PI(3,4,5)Ps/P1(3,4)P; lipids, upstream activators of Akt signalling. PI(4)P
and PI(4,5)P, are precursors to P1(3,4,5)P; and PI(3,4)P, generation, however, no changes in
the overall cellular abundance or localization of PI(4)P or PI(4,5)P, were detected in
PI4KIIIB-overexpressing cells. Inhibition of PI4KIIIP kinase activity, using the drug Pik93,
had no effect on PI4KIIIB-mediated Akt activation. Additionally, ectopic expression of a

catalytically inactive PI4KIIIp also led to increased Akt activity and P1(3,4,5)P3/PI(3,4)P,



plasma membrane abundance. Together, this implies that PI4KIIIP regulates Akt
independently of PI(4)P generation. The PI4KIIIP interacting protein, Rabl11, is likely
involved in PI4KIIIB mediated Akt activation, as RNAi-mediated depletion of Rab11
suppressed the effect of PI4KIIIP overexpression on Akt activation. Furthermore, PI4KIII
overexpression altered cellular Rab11 distribution and led to enhanced recruitment of
PI4KIIIP and Rab11 to recycling endosomes.

Therefore, PI4KIIIP is highly expressed in a subset of breast tumours and upregulated
PI4KIIIPB expression enhances filopodia production and cell growth in vitro. Enhanced
PI4KIIIP expression increases PI(3,4,5)P3/P1(3,4)P, plasma membrane abundance and Akt
activation independently of its kinase function, through a mechanism that likely involves
Rab11. This work suggests that PI4KIIIB impacts breast oncogenesis by regulating PI3K/Akt

signalling through Rab11 and endosomal trafficking.
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CHAPTER 1: GENERAL INTRODUCTION



1.1 Phosphoinositides

Phosphoinositides (PI) are negatively charged membrane-bound phospholipids that
play important and diverse roles in regulating cell signalling and transport (1-3).
Phosphoinositides are phosphorylated derivations of phosphatidylinositol (PtdIns), which is
comprised of a glycerol backbone esterified to two fatty acid chains and a phosphate group
and attached to a polar D-myo-inositol head group that extends into the cytoplasm (Fig. 1.1).
The diacylglycerol (DAG) component of PtdIns is predominantly 1-stearoyl-2-arachanonyl-
3-phosphoglycerol (4). Reversible phosphorylation of three of the free hydroxyl groups (D3,
D4 and D5) in the inositol ring give rise to seven distinct phosphoinositide species: PI(3)P,
PI(4)P, PI(5)P, PI(3,4)P,, PI(3,5)P,, P1(4,5)P, and PI(3,4,5)P; (Fig. 1.1). PtdIns is
synthesized in the endoplasmic reticulum (ER) through the addition of a myo-inositol head
group to activated cytidine diphosphate-diacylglecerol (CDP-DAG) by PtdIns synthase (PIS)
(5). PtdIns is then delivered to other cellular membranes by vesicular transport or cytosolic
PtdIns transfer proteins. There the combined action of lipid kinases and phosphatases

regulate the production of phosphoinositide species (2, 6).

PtdIns and phosphoinositide lipids are found in relatively low abundance within
eukaryotic cells, with PtdIns representing less than 15% of total phospholipids and
phosphoinositides being present at levels of between 0.01-5% of that observed for PtdIns (1,
2, 7). However, phosphoinositides are able to regulate a great diversity of signalling events
due to the structural variances of the phosphorylated species and the different interactions
that each mediate through the binding of their head group to cytosolic proteins or cytosolic
domains of membrane proteins. The polyanionic nature of phosphoinositides allows them to

interact with proteins containing clusters of basic residues through non-specific electrostatic



Figure 1.1: Phosphoinositide species.

Phosphatidylinositol (PtdIns) consists of a D-myo-inositol 1-phosphate headgroup
attached, almost exclusively, to 1-stearoyl, 2-arachanonyl, 3-phosphoglycerol as
depicted. Seven distinct phosphoinositide species can be derived from the reversible
phosphorylation of PtdIns at the 3-, 4- and 5- position of the inositol ring. Adapted from
(D).
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interactions. Basic/aromatic amino acid motifs have been shown to be the primary binding
site for a number of phosphoinositide interacting proteins such as KRAS and Rab35, as well
a number of actin-binding proteins, such as profilin, cofilin and gelsolin (8-10).
Phosphoinositides can also bind proteins with more specificity through folded modules
termed phosphoinositide recognition or binding domains (11, 12). These phosphoinositide
binding domains include the plexstrin homology (PH) domain, the phox-homology (PX)
domain, the FYVE (for Fabl, YotB, Vacl and early antigen endosome 1 (EEA1) binding)
domain and the epsin amino-terminal (ENTH) domain (Fig. 1.2). Some recognition domains
have a high affinity for only one phosphoinositide, such as the unique recognition of PI(3)P
by FYVE domains (K4 = 50 nM), while other domains, such as PH domains, bind several
different phosphoinositides (12). Though PH domains interact with phosphoinositides with a
broad range of specificity and affinity, a subset of PH domains bind specific
phosphoinositide species with high affinity (13). For example, the PH domain of
phospholipase C 6 1 (PLC-91) has a specific and high affinity for the phosphoinositide lipid
PI1(4,5)P, (K4 = 1.7 uM), whereas the PH domain of Akt binds PI(3,4,5)P; and PI(3,4)P, with
similar affinity (K4 = 0.4 and 0.57 uM respectively) (14, 15). In comparison, the N-terminal
PH domain of pleckstrin-1 binds to PI(4,5)P, and phosphatidylserine with similar affinity,
signalling that the PH domain of pleckstrin binds non-specifically to membranes via
electrostatic interactions (13, 16). Furthermore, higher affinity binding can be achieved
through coincidence detection, when multiple signals act in concert to direct protein effector
membrane binding, such as dual binding of proteins to phosphoinositides and membrane co-
receptors, cargo proteins or small GTPases (1, 2). These interactions together serve to target

proteins to specific locations within the cell.



Figure 1.2: Phosphoinositide recognition domains.

Phosphoinositide protein binding domains have been identified that bind
phosphoinositide species with varying specificity and affinity. Phosphoinositide binding
modules are presented schematically, along with their target phosphoinositides.
Abbreviations: ANTH, AP180 N-terminal homology; ENTH, Epsin N-terminal
homology; FERM, 4.1 protein, ezrin, radixin and moesin binding; Fyve, Fabl, YotB,
Vacl and EEA1 binding; GOLPH3, Golgi phosphoprotein 3; PH, pleckstrin homology;
PROPPIN, B-propellers that bind polyphosphoinositides; PX, phox homology; PTB,
phosphotyrosine-binding. Adapted from (17).
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Phosphoinositides are differentially distributed on cellular membranes (Fig. 1.3).
This segregation of phosphoinositide species on distinct subcellular membranes is critical in
the control of directional membrane traffic, with phosphoinositide identity directing the
transport of cargo from one membrane compartment to another (18, 19). For example,
budding vesicles must contain lipids that will recruit the surface factors needed for fusion
with a given acceptor membrane and these factors must be shed after fusion. The rapid
conversion of phosphoinositide lipids from one species to another by kinases and
phosphatases whose activity is spatially regulated makes this possible. A phosphoinositide-
based code is thought to define organelle identity (20). As such, PI(4)P is enriched at the
Golgi, PI(3)P and PI(3,5)P; are concentrated in early and late endosomes respectively and

PI(4,5)P,, PI(3,4,5)P; are predominantly found at the plasma membrane (2).

An imaging tool that takes advantage of protein phosphoinositide recognition
domains was devised in order to study the spatial distribution of the various
phosphoinositides and better understand the localized regulatory functions these lipids exert.
Fluorescent probes were generated, fusing high affinity and specificity inositide lipid protein
binding modules, such as the subset of high affinity binding PH domains described above, to
green fluorescent protein (GFP) (21). These probes allow visualization of specific pools of
phosphoinositide lipids in live cells and offer the advantage of resolving issues of fixation
and sensitivity initially encountered in work done with anti-phosphoinositide antibodies (22,
23). However, imaging PIs using fluorescent probes has certain limitations. It is important to
consider that PH domains are recruited by multiple membrane interactions and that a specific
reporter will detect a given phosphoinositide only in the molecular context of the probe being

used (22). For example the FAPP1 PH domain will only bind to PI(4)P associated with Arfl



Figure 1.3: Subcellular localization of phosphoinositides.

The predominant subcellular localization of phosphoinositide species is shown
schematically. Phosphoinositides are concentrated in distinct pools of cytosolic
membranes and serve as markers of various cell compartments. A heterogeneous
distribution of phosphoinositides within a given membrane has also been observed.
Abbreviations: EE, early endosomes; MVB, multi-vesicular bodies; PI(3)P,
phosphatidylinositol 3-phosphate; PI(3,4)P,, phosphatidylinositol 3,4-bisphosphate;
PI(3,5)P,, phosphatidylinositol 3,5-bisphosphate; PI(3,4,5)Ps, phosphatidylinositol 3,4,5-
trisphosphate; PI(4)P, phosphatidylinositol 4-phosphate; PI(4,5)P,, phosphatidylinositol
4,5-bisphosphate. Adapted from (17).
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(24). Moreover, the probe can only bind to free lipids that are not in complex and will
therefore have restricted access to certain lipid pools (22). Finally, binding of the PH
domain-GFP reporters to phosphoinositides also inhibits the signalling processes regulated
by the targeted phosphoinositide(s) (22). As a consequence, long term expression of the
reporter constructs can be cytotoxic. To circumvent these limitations, recent work by
Hammond et al. demonstrated that anti-phosphoinositide antibodies give more reliable
results when used with specific fixation techniques (25). It is likely that a combination of
visualization techniques will allow a full picture to emerge of the cellular dynamics of

phosphoinositide generation.

1.2 PI4)P

PI(4)P is produced by phosphorylation at the D4 position of the inositol ring of
PtdIns by phosphatidylinositol 4-kinases (P14K) (26). PI(4)P is the second most abundant
phosphoinositide species, accounting for 30% of phosphoinositides in mammalian cells (7).
PI(4)P is also the most abundant monophosphorylated phosphoinositide derivative,
accounting for 95% of the PIP in the cell (11, 27). It is also the predominant
phosphoinositide of the Golgi complex, where it has essential roles in Golgi function (2).
PI(4)P regulates Golgi morphology, vesicle-mediated export from the trans-Golgi network
(TGN) and lipid biogenesis. PI(4)P regulates Golgi morphology through the recruitment of
GOLPH3, which interacts with the unconventional myosin motor protein MYO18A (28).
Together GOLPH3 and MYO18A provide a tensile force that maintains the shape of the
Golgi (28). PI(4)P also directs clathrin coated vesicle adaptor recruitment, which promotes
sorting of cargo at the TGN into vesicles destined for the endolysosomal system (29). The

clathrin adaptor proteins, adaptor protein 1 (AP-1) and the Golgi-localised, y adaptin ear-
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containing, ADP-ribosylation factor 1 (Arf)-binding proteins (GGAs) all bind to PI(4)P (19,
30-32). In addition, PI(4)P also recruits lipid transfer proteins to the Golgi through conserved
N-terminal PH domains (33). PI(4)P binds to ceramide-transfer protein (CERT), oxysterol-
binding protein 1 (OSPB1) and four-phosphate-adaptor protein (FAPP) 1 and 2 (33-35).
These lipid transfer proteins mediate non-vesicular lipid transport between membranes and
regulate sphingolipid and sterol metabolism, as well as vesicular trafficking from the TGN to
the plasma membrane (34, 36, 37). AP-1, GGAs, FAPP1 and OSBP also bind the small
GTPase Arfl, allowing for dual recognition and more specific membrane targeting (31, 33,

34, 38).

The phosphatase responsible for dephosphorylating PI(4)P, Sacl, is localized in the
ER and early Golgi compartments (39, 40). This localization of Sacl is believed to prevent
retrograde trafficking of PI(4)P from the Golgi to the ER and creates a gradient in which
PI(4)P, and its effectors, are enriched in late Golgi compartments (29, 39, 41). Within these
late Golgi compartments, PI(4)P is a central regulator of protein and lipid transport to the cell
surface. Depletion of PI(4)P at the Golgi impairs the exit of cargo from the Golgi to both the
plasma membrane and late endosomes (42). Furthermore, depletion of PI(4)P impairs the
replenishment of plasma membrane PI(4,5)P, (42). This suggests that Golgi derived PI1(4)P

has a role in regulating plasma membrane PI(4,5)P, production.

1.3 PI(4,5)P,

PI(4,5)P,, along with PI(4)P, form the bulk of phosphoinositide lipids in mammalian
cells; P1(4,5)P, accounts for 60% of phosphoinositide species (2, 7). In addition, PI(4,5)P; is

the most abundant form of PIP, in mammalian cells, accounting for an estimated 99% of the
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total PIP, (11). PI(4,5)P; is primarily synthesized from PI(4)P by PI(4)P 5-kinases (PIPKIs)
and may also be formed, in a more minor pathway, by PI(5)P 4-kinase (PIPKII) directed
phosphorylation of PI(5)P (43). PI(4,5)P, is concentrated in the plasma membrane, where it
plays critical roles in signal transduction, actin polymerization and anchoring, exocytosis and
endocytosis, as well as in the regulation of integral plasma membrane proteins (2). P1(4,5)P,
functions as a classic signal transduction molecule as it can be hydrolysed by phospholipase
C (PLC), leading to the generation of the second messengers DAG and inositol 1,4,5-
trisphosphate, which activate protein kinase C (PKC) and release intracellular stores of Ca>"
respectively (44). PI(4,5)P, can also be hydrolysed by inositol polyphosphate phosphatases

(INPPS5s), regenerating PI(4)P (26).

PI(4,5)P; itself is a regulator of various cellular processes. Firstly, PI(4,5)P, impacts
the organization of the actin cytoskeleton. P1(4,5)P, directly induces actin filament
polymerization by binding to Wiskott—Aldrich syndrome protein (WASP), along with the
small GTPase Cdc42, leading to activation of the actin-related protein complex 2/3 (Arp2/3)
(45). PI(4,5)P; also binds to and regulates the function of actin binding proteins found at cell
adhesion sites (46-49). For example, talin, when bound to PI(4,5)P; has enhanced affinity for
integrins, which are cell-surface-adhesion receptors that mediate the attachment between a
cell and the extracellular matrix (ECM) (46). Secondly, P1(4,5)P; is involved in regulating
exocytic and endocytic trafficking. PI(4,5)P, has a specific role in vesicle priming (i.e., pre-
fusion stage) (50, 51). PI(4,5)P; has been shown to be required for Ca**-triggered exocytosis
in PC12 and chromaffin cells, likely via interaction with synaptotagmin-1, the calcium
sensor for exocytosis (52-54). Plasma membrane PI(4,5)P; binds to synaptotagmin-1, which

is anchored to the membrane of secretory granules, facilitating the juxtaposition of the
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vesicle and the plasma membrane (55). PI(4,5)P; also regulates endocytosis as a co-receptor
for the recruitment and regulation of endocytic clathrin adaptors such AP-2 and epsin, as
well as dynamin, which controls vesicular fission (18, 56, 57). Finally, PI(4,5)P, can also
regulate the function of integral membrane proteins, such as ion exchangers and transporters
(58, 59). P1(4,5)P, positively regulates the activity of sodium-calcium exchangers (NCX-1),
sodium-proton exchangers (NHE1-4), epithelial sodium channels (ENaC) and voltage gated
sodium channels (KCNQ) (58, 59). In addition, PI(4,5)P; has also been shown to inhibit the
capsaicin receptor (TRPV1), a heat activated ion channel of the pain pathway, allowing

PI(4,5)P, hydrolysis to direct TRPV1 activation or potentiation (60).

1.4 PI3,4,5)P;/PI1(3,4)P,

PI(4,5)P; can also be further phosphorylated by type I PI3Ks to produce P1(3,4,5)P;
(26). In quiescent cells, PI(3,4,5)Ps is a rare lipid species, comprising 0.1% of its precursor,
PI(4,5)P,, though upon tyrosine kinase stimulation, PI(3,4,5)Ps levels can increase from 2- to
100-fold (3). PI(3,4)P,, in turn, is generated by dephosphorylation of PI(3,4,5)P; at the D5
position by the SH2 domain containing inositol phosphatases (SHIP) 1 and 2 (26).
PI(3,4,5)P; and PI(3,4)P; are grouped together as they both have the capacity to activate Akt,
a central signalling molecule (61, 62). Akt is a serine/threonine kinase that regulates anti-
apoptotic, proliferative and protein synthesis pathways, as well as regulating cell migration
and invasion (62, 63). As will be discussed later, PI(3,4,5)P; and PI(3,4)P, are responsible
for recruiting Akt to the plasma membrane via its PH domain, where it can be activated by
protein-dependent kinase-1 (PDK1) and mammalian target of rapamycin complex 2

(mTORC2)-dependent phosphorylation (61, 62). Evidence suggests that PI(3,4,5)P; and
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PI(3,4)P; also direct PDK1 recruitment to the plasma membrane through its PH binding

domain (64).

Furthermore, P1(3,4,5)P; is involved in the regulation of actin cytoskeleton dynamics.
PI(3,4,5)P; interacts with and activates the WASP-family verprolin-homologous protein
(WAVE), mediating the formation of lamellipodia, a peripheral actin meshwork found at the
leading edge of motile cells (65). PI(3,4,5)P; also interacts with a number of guanine
nucleotide exchange factors (GEFs) and GTPases activating proteins (GAPs) that regulate
the activity of the Rho family of small GTPases, which in turn regulate actin cytoskeleton
remodeling (66, 67). In contrast, to date only one PI(3,4)P, specific interaction has been
characterized, with an adaptor protein, the tandem PH (pleckstrin homology)-domain-
containing protein (TAPP) 1 and 2, which appears to function as part of a feedback loop that
downregulates tyrosine kinase signalling (68, 69). The fact that these lipid species regulate
both common and independent signalling pathways illustrates the complex and fine-tuned

nature of phosphoinositide regulated cellular processes within the cell.

1.5 PIQ3)P/PI(3,5)P,/PI(5)P

PI(3)P and PI(3,5)P; are relatively minor phosphoinositide species; however, they
play crucial roles in the biology of endosomes, a heterogeneous system of membranes
responsible for the sorting and delivery of proteins and lipids to and from the plasma
membrane, Golgi and lysosomes . PI(3)P is generated from PI by type III PI3Ks (43). PI(3)P
is a major determinant of early endosome identity and binds a variety of endosomal proteins,
such as EEA1, hepatocyte growth factor-regulated tyrosine kinase substrate (Hrs) and the
microtubule-dependent motor protein KIF16B, regulating vesicle tethering and fusion,

receptor sorting, and endosomal interactions with the cytoskeleton (70-72). PI(3,5)P; is
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generated by PIKfyve (PIPKIII) phosphorylation of PI(3)P, with PIKfyve localizing to early
and late endosomes as well as lysosomes in mammalian cells (43, 73-75). PI(3,5)P; plays an
important role in endosomal trafficking and vesicle budding (74, 76, 77). PI(3,5)P; is also
believed to be the major precursor for most of the cellular pools of PI(5)P, through

dephosphorylation by the myotubularin phosphatases (78).

PI(5)P has also been reported to be generated by PIKfyve phosphorylaton of PI and
in addition by PI(4,5)P, 4 -phosphatases (type I and type II) dephosphorylation of P1(4,5)P;
in vitro (79, 80). The novel PTEN-like phosphatase (PLIP) has been shown to
dephosphorylate PI(5)P, regenerating PI, in vitro (81). The role of PI(5)P is the least well
defined of the phosphoinositide species. It has been reported localized to the nucleus, plasma
membrane, Golgi and sarco/endoplasmic reticulum (82-84). Within the nucleus, PI(5)P has
been found to regulate nuclear protein function, activating the ubiquitin-ligase Cul3-SPOP
(85). Outside of the nucleus, the function of PI(5)P is less clear. This phosphoinositide is
reported to prolong or enhance PI3K/Akt signalling and possibly play a role in late

endosome to plasma membrane trafficking (86-89).

1.6 Phosphatidylinositol 4-Kinases

PI4Ks are responsible for phosphorylating PtdIns at the D4 position of the inositol
ring, generating PI(4)P, the precursor to P1(4,5)P,, PI(3,4)P; and PI(3,4,5)P; generation (Fig
1.4). There are four mammalian PI4Ks: PI4KIla, PI4KIIf, PI4KIIIa and PI4KIIIP. PI14Ks are
classified as either type II or type III based on biochemical properties: type II PI4Ks (o and
B) have a high affinity for ATP, are sensitive to inhibition by low concentrations of
adenosine and are wortmannin insensitive; type III PI4Ks (o and ) have lower affinity for

ATP, have low sensitivity to adenosine inhibition and are wortmannin-sensitive (90). All
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Figure 1.4: The phosphoinositide signalling pathway catalyzed by PI4K.

PI4K catalyzes the phosphorylation of PtdIns at the D4 position of the inositol ring to
PI(4)P. The Sacl phosphatase converts PI(4)P back into PtdIns. PI(4)P is a precursor for
PI(3,4)P,, PI(4,5)P, and PI(3,4,5)P; generation by PI3K (type II), PI(4)P 5-kinase and
PI3K (type I) phosphorylation respectively. PI(3,4)P, generation via desphorylation of
PI(3,4,5)P; by SHIP1/2 and PI(3)P generation via INPP4 dephosphorylation of PI(3,4)P,
are also possible. In addition the PI(4,5)P, and PI(3,4,5)P; phosphatases INPP5 and
PTEN are presented.
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four PI4K enzymes show a wide tissue distribution, indicating that these enzymes play
essential roles throughout the body (91, 92). While all performing the same catalytic
function, each PI4K has unique structural features (Fig. 1.5). The type II and type III PI4Ks
do not share sequence homology and all four isoforms differ in their N-terminal regulatory
domains (90). As a consequence, the four different isoforms localize to discrete subcellular
membrane compartments (Fig. 1.6).

Type II PI4K enzymes undergo palmitoylation on a conserved stretch of cysteine
residues (93). PI4KlIla is tightly membrane-bound and localizes primarily to the TGN and to
endosomes (19, 91). Consistent with its localization, PI4KIla is involved in regulating
intracellular trafficking. Knockdown of PI4KIla abolishes AP-1 adaptor recruitment to the
Golgi and impairs AP-3 adaptor recruitment to endosomes (19, 94). PI4KlIla also mediates
the endosomal trafficking and lysosomal degradation of the epidermal growth factor receptor
(EGFR) (95). Mice lacking PI4KIla kinase activity develop late onset degeneration of spinal
cord axons, likely as a result of a neuronal trafficking defects (96). PI4KIIp in contrast, is
primarily cytosolic, reflecting a difference in steady state palmitoylation (97). PI4IIp can be
recruited to the plasma membrane after platelet-derived growth factor stimulation, in a
mechanism mediated by Rac1-GTP (98). PI4KIIf has also been reported localized to
endosomes when overexpressed in COS-7 monkey kidney fibroblast cells (91). Currently,
however, a distinct function for PI4KIIB has not been ascribed to this enzyme. Relatively
recent work has been done using fluorescence correlation spectroscopy to study the
localization of green fluorescent protein (GFP)-tagged PI4KIIf in the cytoplasm (99).
PI4KIIp was found highly enriched in small molecular complexes, and using a

palmitoylation-defective mutant, PI4KIIS-FFPFF, it was shown that this clustering is
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Figure 1.5: Structural features of PI4K isoforms.

The structural features of the mammalian isoforms of PI4K (PI4KIIIf, PI4KIlo and
PI4KIlla) are illustrated. The yeast ortholog for each PI4K (Pik1p, Lsbp and Sttdp) is
placed underneath the corresponding enzyme. PI4KIIp is not shown as, structurally, the
type 11 PI4Ks are very similar, with the only notable difference being that in lieu of the
proline-rich sequence at its N-terminus, the f enzyme contains a highly acidic region.
The PI4K type II and type III kinase domains differ in sequence homology. It is however,
the N-terminus of all three PI4Ks that differ the most between isoforms. The scale
indicates length of proteins in amino acids. Abbreviations: Pro-rich, proline-rich; Ser-
rich, serine-rich; cys-rich, cysteine-rich; LKU, lipid kinase unique domain; Fq, frequenin-
binding site; Hom2, PI4KIIIf and Pik1p homology domain; NLS, purported nuclear
localization signal. Adapted from (90).
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Figure 1.6: Cellular localization of PI4K enzymes.

The localization of the four different mammalian isoforms of PI4K in the cell and the
major routes of vesicular transport are shown. Abbreviations: EE, early endosomes; ER,
endoplasmic reticulum; Lys, lysosomes; MVB, multivesicular body; PI4K,
phosphatidylinositol 4-kinase; PM, plasma membrane; TGN, trans-Golgi network.
Adapted from (90).
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dependent on PI4KIIB's membrane association (99). A dual-colour brightness analysis
technique allows the authors to determine that PI4KIIfS codistributes with clathrin light chain
and the clathrin adaptor protein, AP-2 (99). These results suggest that PI4KIIp localizes to
clathrin-coated vesicles and is involved in an early endocytic pathway. Together, type
IT PI4Ks are responsible for synthesizing ~ 50% of the total cellular PI(4,5)P, pool (100).
There is one yeast ortholog for the type II PI4K enzymes, Lsb6p (also termed Pik2p), which
contributes minimally to PI(4)P generation (101, 102). Inactivation of the protein causes only
a mild defect in endocytic trafficking (103). This defect can be rescued by expressing a
construct that does not contain the catalytic domain, but requires a region that interacts with
the yeast ortholog of WASP protein, which is involved in regulating actin polymerization
(103). This suggests that the catalytic function of Lsb6p may not be essential and that the
protein likely functions as a scaffold regulating the movement of vesicles. The type 11 PI4K
ortholog found in Drosophila is involved in regulating the trafficking of secretory granule
proteins (104). Through the study of PI4KII null mutant flies, PI4KII was shown to be
required during development for the formation of secretory glue granules of normal size in
Drosophila salivary glands (104). Loss of PI4KII led to the production of smaller granules,
the formation of enlarged late endosomes and the accumulation of the granule SNARE
Snap24 and glue marker Sg3 in these enlarged endosomes (104). Re-introduction of wild-
type PI4KII restored glue granule size and normal late endosome morphology, whereas
expression of a catalytically inactive PI4KII failed to do so (104), illustrating the importance
of the catalytic function of PI4KII in the trafficking of secretory granules in Drosophila

(104).
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PI4KIIIa was initially reported at the ER in mammalian cells, however a role at the
ER for PI4KIIla has not been determined (105). Instead, PI4KIIla has been attributed a role
in the maintenance of phosphoinositide pools at the plasma membrane. In particular,
PI4KIIIa was shown to be responsible for the production of PI(4)P and PI(4,5)P; at the
plasma membrane during agonist-induced Ca”" signalling (106). Recent work by De
Camilli's lab showed that PI4KIIla, a primarily cytoplasmic protein, transiently interacts
with the plasma membrane, through binding to two interactor proteins (EFR3B and TTC7B)
(107). The authors used a conditional gene knockout approach to study the effect of loss of
PI4KIIIa on cellular functions, as conventional PI4KIIla mouse knockouts were embryonic
lethal . In MEF cells with a complete loff of PI4KIlIla a selective loss of plasma membrane
PI(4)P and PI(4,5)P2 were observed. This work highlights the importance of PI4KIIla in
plasma membrane phosphoinositide production. It has also been proposed that PI4KIIla is
involved in generating membrane alterations necessary for hepatitis C virus replication
(108). In addition, PI4KIIIa has been identified as a principal component of the PI3K branch
of FGF signalling in zebrafish, playing a crucial role in pectoral fin development (109). The
yeast ortholog of PI4KIIla, Sttdp, is an essential gene and is localized to the plasma
membrane (110). It is necessary for the maintenance of cell wall integrity, vacuole

morphology and actin cytoskeleton organization (111).

1.7 PI4KIIIP

The focus of my project is on PI4KIIIPB. PI4KIIIP is primarily Golgi localized and is
also found in the cytosol and in the nucleus (105, 112). The small GTPase Arfl, in its active
GTP-bound state, is responsible for recruiting soluble PI4KIIIP to the Golgi and activating

PI4KIIIP (105, 113). When monkey kidney fibroblast-like cells (Cos7) were transfected with
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a catalytically inactive PI4KIIIP and treated with Brefeldin A (BFA), a fungal toxin that
prevents the activation of Arf and induces the disassembly of the Golgi, Golgi retubulation
was impaired following removal of the drug, suggesting that Arf-regulated PI4KIIIf kinase
activity may be required to maintain the structural integrity of the Golgi (113). PI4KIIIB
physically interacts with another Golgi localized protein, neuronal calcium sensor-1 (NCS-
1), which enhances the kinase activity of PI4KIIIp in a Ca** dependent manner (114-117).
Myristoylation of NCS-1 is required for its interaction with PI4KIIIP (117). NCS-1 regulates
exocytosis in neuroendocrine cells and siRNA depletion of PI4KIIIB has been shown to
prevent the stimulatory effect of NCS-1 expression on regulated exocytosis in PC12 cells
(117). NCS-1 can also bind Arfl (115). Haynes et al. found that the binding of PI4KIIIp to
Arfl and NCS-1 is mutually exclusive in direct binding assays, as PI4KIIIf was not found to
bind Arfl and NCS-1 simultaneously under conditions where the Arf1-NCS-1 interaction
was detected (115). Furthermore, inclusion of NCS-1 in in vitro kinase assays led to a loss of
Arfl mediated PI4KIIIB activation (115). Additionally, Arfl co-expression with NCS-1 in
PC12 cells abolished the stimulatory effect of NCS-1 expression on regulated secretion
(115). The authors posit that the direct interaction between Arfl and NCS-1 allows for
bidirectional control of PI4KIIIB; Arfl and NCS-1 can activate PI4KIIIf independently, but
their interaction prevents the dual or combined activation of PI4KIIIB by both effectors,
should they overlap in the cell (115). This is likely due to the fact that Arfl and NCS-1
regulate independent trafficking pathways and this would allow for these pathways to remain

spatially and temporally distinct within the cell.

In addition to its role in regulated secretion in neuroendocrine cells, PI4KIIIB has

been shown to regulate TGN to plasma membrane protein delivery in polarized Madin-
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Darby canine kidney (MDCK) cells (118). Furthermore, PI4KIIIp, in concert with NCS-1,
regulates extracellular signal-regulated kinase (ERK) 1/2 signalling via endocytic trafficking
(119). Previous studies have established that the mitogen-activated protein kinase (MAPK)
cascade, in which ERK propagates mitogenic signals from receptors at the plasma membrane
to targets in the nucleus, requires endosomal trafficking (120-122). Trafficking of signalling
intermediates within endocytic vesicles has been hypothesized to be an efficient way of
propagating signals from the plasma membrane to the nucleus by temporally and spatially
regulating components of the signalling cascade (120, 121). Kapp-Barnea et al. found that
the endocytic recycling compartment (ERC), a perinuclear compartment from which
recycling endosomes emerge, is an intermediate step in ERK1/2 trafficking and that
overexpression of NCS-1 increases the rate of endocytic trafficking, the amount of ERC
localized ERK1/2 and nuclear pERK /2 levels; inversely expression of a catalytically
inactive PI4KIIIB decreased these events (119, 123). This work demonstrates a role for

PI4KIIIB and NCS-1 in endosomal recycling and signal transduction.

Recently, a role for PI4KIIIP in lysosomal sorting has also been revealed (124).
Sridhar et al. found that a fraction of PI4KIIIp is stably associated with lysosomes and that
PI4KIIIP depletion resulted in loss of lysosomal contents through the uncontrolled tubulation
of lysosomal compartments (124). shRNA knockdown of PI4KIIIp in NIH3T3 mouse
fibroblast cells led to a decrease in protein secretion, as well as reduced levels of lysosomal
membrane proteins and the formation of abnormally long tubules from lysosome-associated
membrane protein-1 (LAMP-1) positive compartments (124). In fractionated control cells,
PI4KIIIB was detected in the small vesicular fraction enriched for clathrin and adaptor

proteins, proteins involved in vesicular fission/fusion and motor proteins (124). Together,
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these results suggest that PI4KIIIP has a role in both vesicle formation and lysosomal cargo
sorting (124). Expression of a catalytically inactive PI4KIIIf cannot rescue the
hypertubulation lysosomal phenotype, suggesting that the role of PI4KIIIf in lysosomal

structure and function is contingent on PI(4)P generation (124).

PI4KIII is also responsible for regulating CERT-mediated transport of ceramide
between the ER and the Golgi (125). Treatment of COS7 cells with Pik93, a PI4KIIIB
specific inhibitor, inhibits the transport of fluorescent ceramide analogues from the ER to the

Golgi, which in turn inhibits sphingomyelin synthesis in the Golgi (125).

There are no mouse knockout models for PI4KIIIB, however male flies null for the
Drosophila PI4KIIIB, fwd, are sterile, with defects in spermatocyte cytokinesis linked to
secretory trafficking (126, 127). Fwd was shown to be required for tyrosine phosphorylation
in the cleavage furrow and for normal organization of actin filaments in the constricting
contractile ring in dividing spermatocytes (127). Polevoy et al. showed that Fwd is required
for PI(4)P synthesis at the Golgi and for the formation of PI(4)P-containing secretory
vesicles, which localize to the midzone of late-stage dividing Drosophila spermatocytes
(126). Expression of a catalytically inactive Fwd was able to partially restore fertility to fwd
mutant flies, suggesting that Fwd regulates cytokinesis, in part, independently of its kinase
activity (126). Rab11, a small GTPase, was shown to interact with Fwd, at the Golgi and at
the midzone of dividing cells, independently of its kinase function, and was found to act
downstream of Fwd in regulating cytokinesis (126). This work demonstrates that PI4KIIIf

has a conserved role in the regulation of cellular trafficking events.

The yeast ortholog of PI4KIIIB, Pik1, is an essential gene (128). Temperature

sensitive Pik1 strains display defects in Golgi morphology and secretion, as well as a defect
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in the polarization of the actin cytoskeleton and are often multinucleated suggesting a defect
in cytokinesis (111, 129). Pik1 localizes to the Golgi and the nucleus, and has essential roles
in both (130). Using Pik1 mutants that exclusively localize to either the cytoplasm or the
nucleus, Strahl et al. showed that neither mutant can rescue Pik1A spore viability on their
own, suggesting that discrete pools of PI(4)P are required for nuclear function and Golgi
secretion (130). Pik1 localization at the Golgi is mediated by its interaction with the yeast
ortholog of NCS-1, Frql (131). Pikl and Arfl do not physically interact in yeast cells,
however Pikl1 has a genetic interaction with Arfl and binds Sec7, the GEF that activates
Arfl, suggesting that they localize to common areas and function in a similar pathway in
yeast cells (129, 132). Though both Pik1 and PI4KIIIf have been reported localized to the

nucleus, the role of nuclear PI4KIIIB remains unknown (112, 130).

A number of phosphorylation sites have been mapped to PI4KIIIP (133). Hausser et
al. demonstrated that, at the Golgi, protein kinase D (PKD) phosphorylates PI4KIIIf at
Ser294, increasing the lipid kinase activity of the enzyme and enhancing protein transport
from the TGN to the plasma membrane (134). 14-3-3 proteins bind PI4KIII when
phosphorylated at Ser294, protecting it from dephosphorylation at this residue and therefore
maintaining activation of the lipid kinase via phosphorylation at Ser294 (135). PI4KIIIP has
also been shown to localize to nuclear speckles when phosphorylated at Ser496 and Thr504
(136). Therefore both activation and localization of PI4KIIIB can be regulated by

phosphorylation states.

1.8 Rabll

PI4KIII is itself required for recruitment of the small GTPase Rab11 to the TGN

(137). Rab11 is a member of the Ras superfamily of GTPases (138). All GTPases are
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molecular switches, cycling between active GTP and inactive GDP states and serve as
scaffolds, integrating membrane trafficking and signalling, both temporally and spatially
(139). Among the over 60 human Rab and Rab-like proteins identified, 36 have been
attributed defined cellular functions (140). Rabl11 localizes to the TGN, early endosomes and
recycling endosomes and plays a key role in slow endosomal recycling and post-Golgi
trafficking (141-143). Rab11 has also been shown to regulate exocytosis of recycling

vesicles at the plasma membrane (144).

The interaction between PI4KIIIB and Rab11 regulates transport from the Golgi to
the plasma membrane (137). PI4KIIIP specifically interacts with the active GTP-bound form
of Rab11 but this interaction is not dependent on the kinase activity of PI4KIIIp, as a kinase-
dead PI4KIIIB mutant and the wild type protein bind Rab11 with the same affinity (137).
Likewise, in Drosophila, Fwd interacts with Rab11, independently of its kinase activity and
regulates Rab11 localization during cytokinesis (126). Rab11 was shown to function
downstream of Fwd, as overexpression of Rab11 can partially suppress the cytokinesis defect
in in fwd mutant male fly spermatocytes (126). Therefore, there is a conserved role for Rab11

as a downstream effector of PI4KIIIP in the regulation of cell trafficking.

Of interest to my work, Rab11 has also been shown to mediate G-protein-coupled
receptor (GPCR) signalling dependent PI3K/Akt activation on recycling endosomes (Fig.
1.7) (145). More specifically, in HEK-293T, human embryonic kidney cells, lysophosphatic
acid (LPA) stimulates GPCR activation, leading to the dissociation of Gy, which then
interacts with Rab11 on early and recycling endosomes, leading to the recruitment of PI3Ky

and the activation of Akt at these endosomal compartments (145).
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Figure 1.7: Model depicting the role of Rab11 in Akt activation.

GPCR activation induces the dissociation of heterotrimeric G proteins into Go and Gy
subunits. The liberated GBy heterodimer activates its effectors such as PI3Ky at the
plasma membrane, leading to the activation of Akt (1). Gy also interacts with Rab11a,
promoting Gy trafficking to early and slowly recycling endosomes (as defined by
presence of Rabl1a) (2). The assembly of a signalling complex occurs at endosomes after
recruitment of PI3Ky followed by activation of Akt (steps 3 and 4). A fraction of Akt is
associated with this endosomal fraction even in nonstimulated cells, but the association of
this protein is further increased in response to receptor stimulation leading to the
phosphorylation of endosomal Akt (5). To complete the cycle Gy is recycled to the
plasma membrane to start a new cycle of signalling. Adapted from (145).
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1.9 eEF1A2: An Oncogenic PI4KIIIf Interacting Protein

PI4KIIIP has also been identified as a binding partner of the eukaryotic elongation

factor 1 alpha 2 (eEF1A2). eEF1A2 directly binds to and activates PI4KIIIB. The two

proteins interact with a 1:1 stoichiometry and this interaction doubles the enzyme's
maximum velocity in vitro (146). Ectopic expressing of eEF1A2 leads to an increase in
overall cellular PI(4)P and PI(4,5)P; lipid abundance, with PI4KIIIP required for eEF1A2-

mediated PI(4,5)P, accumulation at the plasma membrane (146, 147).

eEF1A2 is one of two isoforms of eEF1A, GTP hydrolysing enzymes that bind
amino-acylated tRNA and recruit it to the ribosome during the elongation phase of protein
synthesis in eukaryotic cells (148). In its GTP-bound form, eEF1A2 brings amino-acylated

tRNA to the A-site of the ribosome, where it is then hydrolysed and

eEF1A-GDP is released (149). The two eEF1A isoforms share > 90% sequence homology
and perform the same function during protein translation (150). However, the two proteins

differ in their tissue-specific expression patterns: eEF1A1 is expressed

ubiquitously, whereas eEF1A2 is normally only expressed in the heart, brain and skeletal

muscle (150).

The best characterized function of eEF1A is in protein translation, however a number
of non-canonical roles have been attributed to the protein. First, eEF1 A interacts with the
cytoskeleton. eEF1A has been shown to bind microtubules in a calcium/calmodulin
dependent manner (151, 152). In a co-precipitation assay in whole cell extracts, eEF1A and
actin were also shown to interact in a 1:2 molar ratio, with the binding of actin and amino-

acylated tRNA being mutually exclusive (153, 154). It has been shown that eEF 1A regulates
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the cytoskeleton by stabilizing microtubules and binding and bundling actin (152, 154). In
addition, eEF1A is a cytoplasmic mediator of nuclear protein export (155). Finally, eEF1A2
has a particular anti-apoptotic role: eEF1A2 protects cells against programmed cell death
during oxidative stress-induced, growth factor withdrawal-induced and ER stress induced

apoptosis (156, 157).

1.10 eEF1A2 and Cancer

Outside of its role in protein translation, eEF1A2 has also been identified as a breast,
ovarian and lung cancer oncogene. The human eEF1A2 gene, EEF1A42, maps to 20q13.3,
which is genetically amplified in breast, ovarian and lung cancers (158-160). In addition,
eEF1A2 is overexpressed in ~ 60% of breast tumours, ~ 30% of ovarian tumours and 28% of
lung tumours (161-164). eEF1A2 expression was found to be independent of HER-2 and
estrogen receptor expression in a study of 345 breast tumour samples (163). Interestingly,
eEF1A2 expression predicts increased survival probability in breast and ovarian cancer
patients (161, 163). Though the study of eEF1A2 as an oncogene has been most extensively
done in the context of breast, ovarian and lung cancer, aberrant eEF1 A2 expression has also
been reported for a number of other cancers, including pancreatic, hepatocellular, colon and

kidney carcinomas, as well as multiple myelomas (157, 165-167).

eEF1A2 displays transforming properties associated with oncogenes. Rodent
fibroblast cells expressing eEF1 A2 are able to form foci, grow as colonies in soft agar and
proliferate at an increased rate (162). In addition, eEF1 A2 expression is sufficient to induce
in vivo tumorigenicity, as eEF1A2-expressing NIH 3T3 cells grow as tumours in nude mice
(162). Ectopic expression of eEF1A2 in human ovarian adenocarcinoma cells enhances their
in vitro proliferative capacity and ability to form tumour-like spheroids in hanging drop
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culture (161). eEF1 A2 expression also stimulates actin remodelling, leading to increased
filopodia formation in rodent fibroblast and breast cancer cells and enhancing breast cancer
cell migration and invasion (168). Previous work has shown that PI4KIIIp is required for
eEF1A2-induced filopodia formation (147). Finally, eEF1A2 expression leads to the

activation of the PI3K/Akt signalling pathway (157, 168).

1.11 PI4K and Cancer

Recently a role for PI4Ks has been emerging in cancer. PI4KIlo expression is
upregulated in a number of cancers, with particularly high expression reported in breast, and
thyroid cancers, as well as in fibrosarcomas, malignant melanomoas and bladder transitional
cell carcinomas (169). PI4KlIla was found to regulate tumour growth by promoting tumour
angiogenesis through increased accumulation of hypoxia-induced factor-1 o (HIF-1a) and as
a result leading to increased production of vascular endothelial growth factor (VEGF) (169).
This increase in PI4KIla mediated HIF-1a accumulation is dependent on human epidermal
growth factor receptor 2 (HER2), PI3K and extracellular signal-regulated protein kinase

(ERK) signalling cascades (169).

PI4KIIp has been shown to have an anti-metastatic role in hepatocellelular carcinoma
(170). PI4KIla interacts with the transmembrane protein tetraspanin CD81, which leads to
the formation of CD81 enriched vesicles (170). These vesicles sequester a-actinin-4, an actin
binding and bundling protein, from the plasma membrane, leading to remodelling of the actin
cytoskeleton and ultimately inhibiting cell migration (170, 171). PI4KIIla has been found
highly expressed in a highly invasive and metastatic pancreatic ductal carcinoma cell line as
compared to a weakly invasive and metastatic one (172). PI4KIIla was also identified as

being important for resistance to the chemotherapeutic agent gemcitabine in a pancreatic
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adenocarcinoma cell line (173). In addition, PI4KIIla was identified as a mediator of
cisplatin chemoresistance in medulloblastoma cell lines (174). The research to date suggests

that PI4KIIIa likely has a role in pancreatic cancer and more widely in chemoresistance.

1.12 PI4KIIIP and Breast Cancer

PI4KIIIP appears to have a particularly important role in breast cancer. The 1q21
chromosomal locus encoding PI4KIIIP has been reported highly amplified in subset of breast
tumours (175-177). A recent study found that PI4KIIIB was genetically amplified in a large-
scale transcriptional analysis of 2000 breast tumours, positing PI4KIIIf as a putative breast
cancer driver (178). At a functional level, PI4KIIIP ectopic expression disrupts the three
dimensional in vitro acinar morphogenesis of breast epithelial cells, leading to the formation
of a multi-acinar structure, a morphological phenotype of oncogene expression (179). In
addition, PI4KIIIfB expression appears to have an anti-apoptotic role in MDA-MB-231 breast
cancer cells (180). Together with the observation that PI4KIIIP is downstream of the
eEF1A2 oncoprotein (146), which is upregulated in breast cancer (163), it is likely that

PI4KIIIB is mechanistically involved in breast cancer oncogenesis.

1.13 Breast Cancer

According to the Canadian Cancer Society, breast cancer is the most commonly
diagnosed cancer and the second leading cause of cancer death in Canadian women (181).
The organization estimates that 23 400 Canadian women were diagnosed with breast cancer
in 2011 (181). Though advancements in early detection and improved treatment options have
led to steadily decreasing mortality rates associated with breast cancer, an estimated 5 100

deaths of Canadian women were attributed to breast cancer in 2011 (181).

36



Breast cancer is a heterogeneous disease. It encompasses neoplasms that originate
from breast tissue, either from epithelial cells from the inner lining of milk ducts or the
lobules that supply the ducts with milk (182). Breast tumours can be confined to a primary
site, spread to regional lymph nodes or metastasize, invading distant sites from the breast
(183). Invasive ductal and lobular carcinomas account for 90% of all breast tumours (184),
with metastasis being the primary cause of death for breast cancer patients (185). Breast
tumours can be broadly classified into three major subtypes with distinct morphological
features and clinical behaviours: luminal, HER2 positive (HER2") and basal-like. Luminal
tumours, which form the major breast tumour subtype, tend to be positive for the estrogen
and/or progesterone hormone receptors and for the most part respond well to hormonal
interventions (186, 187). HER2" tumours have amplification and overexpression of the
ERBB2/HER2 oncogene and can be effectively treated with anti-HER?2 therapies (186, 187).
Finally, basal-like tumours in general lack hormone receptors and HER2 expression and are
therefore also often classified as triple-negative breast cancers (186). There is currently no
single molecular based therapy that is effective for the treatment of triple-negative breast
cancer and only 20% of this breast tumour subtype respond well to conventional
chemotherapeutic treatment (186). There is a high degree of diversity within each tumour
subtype and in addition, there are frequently differences in tumorigenic traits, such as
angiogenic, invasive and metastatic potential, between cells within a given tumour (186).
This coupled to the fact that the particular microenvironment surrounding a tumour has an
impact on its development (188), demonstrates how varied breast tumour progression and
therapeutic responses can be. Understanding the multiple molecular mechanisms of breast
cancer development is key for the advancement of personalized medicine (189). Coupled
with the advances in high-throughput genomic, transcriptomic and proteomic technologies,
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this would ideally allow for the development of individualized treatment plans for breast

cancer patients.

1.14 Regulation of the Actin Cytoskeleton in Cancer Cell Migration

My project focuses, in part, on the role of PI4KIIIf in the process of actin
remodelling and cell migration. Cancer cell migration and invasion allow neoplastic cells to
invade tissue barriers, disseminate into circulation and metastasize to distant organs (190).
Cell migration involves multiple steps and the formation of different actin filament structures
that contribute to altering the cell's shape (Fig. 1.8). Firstly, a moving cell becomes polarized
and actin protrusions are extended in the desired direction of movement; secondly, the cell
anchors itself to the ECM through focal adhesions; finally contraction of actin stress fibres,
followed by disassembly of focal adhesions at the rear, allow the cell to move forward (191).
Cell migration is initiated by the formation of protrusive actin structures, which include:
lamellipodia, filopodia and invadopodia (190). Filopodia and lamellipodia are both found at
the leading edge of a migrating cell and together promote directed cell migration (192).
Lamellipodia are broad, sheet-like membrane protrusions formed by branched actin filaments
(193, 194). Filopodia are thin, finger-like membrane protrusions comprised of tight parallel
bundles of filamentous actin (192, 195). Invadopodia are ventral membrane projections that
perform proteolytic ECM degradation and have a filopodia-like morphology (193, 196). My
work will look specifically at filopodia formation as an important component of cell

migration.

1.14.1 Mechanism of Filopodia Formation

There are two forms of actin in the cell: globular actin (G-actin) and filamentous actin (F-
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Figure 1.8: Cell migration is dependent on different actin filament structures.

Directed cell migration involves a multi-step process. (i) Motility is initiated by an actin-
dependent protrusion of the leading edge, which is composed of lamellipodia and
filopodia. These protrusive structures contain actin filaments, with barbed ends oriented
towards the plasma membrane. (ii) During cellular extension, new adhesions with the
substratum are formed under the leading edge. (iii) Next, the nucleus and the cell body
are translocated forward through actomysin-based contraction forces that might be
mediated by focal adhesion-linked stress fibres, which also mediate the attachment to the
substratum. (iv) Then, retraction fibres pull the rear of the cell forward, adhesions at the
rear of the cell dissassemble and the trailing edge retracts. Adapted from (192).
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actin). G-actin are monomeric actin units, whereas F-actin is composed of actin monomers
assembled into polar helical filaments (197). Parallel bundled F-actin filaments are the
primary constituents of filopodia (192). Filopodial actin filaments are polar structures with a
rapidly growing filament end, called the barbed end, which is pointed towards the
membrane, and a slow growing end, called the pointed end (192). During actin filament
polymerization, actin monomers bind to the barbed end at 10 times the rate of addition to the
pointed end (198). Actin monomers bind to adenosine triphosphate/adenosine diphosphate
(ATP/ADP) as well as divalent cations, such as calcium (Ca”") and magnesium (Mg*").
These interactions stabilize the nucleotide-actin bound complex (199). Hydrolysis of the
actin-bound ATP subsequently destabilizes the filament, resulting in dissociation of the actin
subunits at the pointed end (200). This ATP-dependent polymerization at barbed ends and
depolymerization at pointed ends leads to filament treadmilling (or turnover), which drives

motility processes (200, 201).

Actin-binding proteins within the cell regulate the structure and dynamics of actin
filaments. Actin sequestering, capping and severing (or depolymerizing) proteins all
contribute to actin filament formation. Profilin is a small globular protein that acts as an
ATP-actin sequestering protein in the absence of free filament ends, while promoting actin
polymerization in the presence of free barbed ends (202-204). Capping proteins block the
elongation of actin filament barbed ends (200). Gelsolin is both an actin filament capping
and severing protein (205, 206). Cofilin promotes rapid actin filament disassembly by

depolymerizing and severing actin filaments (207, 208).

The polymerization of new actin filaments requires actin nucleation, followed by

barbed-end filament elongation (209). There are two major filopodial actin-nucleating
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machineries. The first actin-nucleating process is directed by the Arp2/3 complex. Arp2/3 is
a stable complex of seven subunits, which binds to the side of pre-existing filaments, where
it nucleates new actin filament polymerization (192). Activation of the Arp2/3 complex is
induced by WASP proteins (WASP and N-WASP), which are activated by the small Rho
GTPase, Cdc42 (210). The second actin-nucleating process is directed by formins, large
multidomain proteins that nucleate polymerization of unbranched actin filaments (192). The
formin Dia2 has been shown to have an essential role in filopodia formation through
knockout studies done in Dictyostelium discoideum (211). The formin homology-2 (FH2)
domain initiates filament assembly and remains associated with the barbed end, protecting it
from capping proteins, whereas the formin homology-1 (FH1) domain recruits profilin-G-
actin complexes to the barbed end, allowing filament elongation (192). It is important to note
that there is a third alternative mechanism that can stimulate filopodia formation, directed by
Cdc42 independently of the WASP/Arp2/3 pathway (192). Cdc42 can bind to the insulin-
receptor substrate p53 (IRSp53), which is an [-BAR domain-containing protein that allows it
to bind to and deform lipid membranes (192). IRSp53 also binds to the WAVE2 protein
complex and the EVA/VASP family protein MENA (212). WAVE2 is essential for
lamellipodium formation and may also contribute to the generation of filopodia protrusions
in concert with IRSp53 (213-215). ENA/VASP proteins localize to filopodia tips and protect

them from capping (216, 217).

A current working model for filopodia formation describes the convergence of
nucleated and elongating actin filaments within the lamellipodial network, and subsequent
parallel bundling of these actin filaments, which lead to the formation of filopodia at the

leading edge of a motile cell (Figure 1.9) (192). The known mechanisms of filopodia
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Figure 1.9: A working model for filopodia formation.

A subset of uncapped actin filaments of the Arp2/3-nucleated dendritic network are
targeted for continued elongation by the formin Dia2 and/or by ENA/VASP proteins. The
barbed ends of these elongating actin filaments are brought together through the motor
activity of Myosin-X, leading to the formation of a fillipodium. IRSp53 may further
facilitate plasma membrane protrusions by directly deforming the membrane. The
incorporation of the actin crosslinking protein fascin in the shaft of the fillopodium
bundles the actin filaments. Adapted from (192).
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nucleation and elongation have been covered above. Myosin-X, an actin-based motor protein
is believed to play a role in the convergence of actin filaments, while also transporting
filopodial components to the tips of growing filopodia (218, 219). Finally, fascin, an actin
bundling protein, is responsible for crosslinking actin filaments as they polymerize, creating

stiff and parallel actin bundles (220, 221).

1.14.2 The Role of Phosphoinositides in Actin Dynamics and Cell Migration

Phosphoinositides play an important role in regulating actin cytoskeleton dynamics.
PI(4,5)P; interacts with and regulates the function of several actin-binding proteins that
control actin filament polymerization (Fig. 1.10). PI(4,5)P,, in concert with Cdc42, activates
WASP and N-WASP proteins, relieving them from an auto-inhibitory state, which induces
Arp2/3 complex-dependent actin filament nucleation (222). In addition, PI1(4,5)P, binds to
gelsolin and cofilin inhibiting their ability to cap and sever actin filaments, respectively
(200). Moreover, PI(4,5)P, can interact with profilin, disrupting the protein's ability to
sequester actin monomers within the cell, further facilitating actin filament assembly (200).
Finally, the presence of negatively charged P1(4,5)P; lipids may itself contribute to
promoting membrane curvature, by recruiting I-BAR domain containing proteins which
deform PI(4,5)P,-riche membranes into tubular structures, facilitating the formation of
filopodial membrane protrusions (223, 224). PI(3,4,5)P; also regulates actin polymerization.
Along with prenylated Rac-GTP, PI(3,4,5)P; binds to the WAVE2 protein complex, which
activates actin nucleation (225-228). In addition, PI(3,4,5)P; binds and activates Rac GEFs,
allowing exchange of Rac from a GDP- to a GTP-bound state, which has been shown to
induce actin filament assembly (214, 229). Moreover, PI(3,4,5)P; has been found to bind to

myosin-X and is required for myosin-X localization to filopodia tips (230). Using mutant

45



Figure 1.10: Regulation of actin filament assembly by PI1(4,5)P,.

PI(4,5)P; interacts with and regulates the function of a number of actin-binding proteins
that impact actin filament assembly. A. The activity of WASP family proteins is
enhanced by PI(4,5)P2, promoting Arp2/3-mediated actin filament assembly. B.
Filament barbed end capping proteins, such as gelsolin are inhibited by PI(4,5)P,. C.
Actin filament disassembly is diminished through inhibition of ADF/cofilin by PI(4,5)P-.
D. Actin monomer sequestering is diminished through inhibition of profilin by PI(4,5)P.
Adapted from (200).
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constructs, Plantard et al. were also able to show that expression of myosin-X induces
filopodia formation only when able to bind PI(3,4,5)P3 (230). Recent work has also revealed
that PI(3,4)P, has a role in the regulation of invadopodia assembly (231). Lastly, P1(4,5)P,
and PI(3,4,5)P; are crucial determinants of cell polarity during cell migration (232-234).
Though phosphoinositide lipids are involved in the regulation of filopodial dynamics and cell
migration through multiple mechanisms, a role for PI4Ks in filopodia formation and cell

migration remains largely unknown.

1.14.3 The Role of Filopodia in Cancer

Abundant filopodia are a characteristic of invasive cancer cells (235). Moreover,
several proteins implicated in filopodia formation have been linked to cancer progression and
invasion. Firstly, expression of Arp2/3, WASP and WAVE actin-nucleating complex
proteins has been reported upregulated in a number of cancers, including breast, lung and
colorectal (236-241). Notably, co-expression of Arp2 and WAVE2 predicts poor outcome in
invasive breast carcinoma (241). Secondly, expression of the actin-bundling protein fascin
has been found upregulated in a number of carcinomas (242). High expression of fascin is
linked to an increased risk of invasion and appears to contribute to a more aggressive clinical
course of cancer (243-247). Fascin expression has also been shown to stimulate cell
migration in vitro (248). Finally, formins, activators of actin filament assembly, are also
overexpressed in a number of cancers including T-cell lymphomas and colorectal cancer
(242). The human diaphanous homologue 1 (DIAPH1) formin, in particular, was shown to
be required for invadopodia formation in motile breast tumour cells (249). Understanding the

multiple mechanisms of filopodia formation is therefore critical to understanding the

48



metastatic progression of cancer. In addition, uncovering the molecular determinants of

filopodia formation offers potential therapeutic targets for invasive cancer treatment.

1.15 PI3K/AKkt Signalling in Cancer

My project will also focus on the role of PI4KIIIp in the activation of Akt signalling.
Akt, a serine/threonine kinase, is a central regulator of multiple biological processes,
including cell survival, proliferation, growth and migration, which when deregulated
promote neoplastic transformation (250, 251). Akt recognizes and phosphorylates the
consensus sequence RXRXX(S/T) when surrounded by hydrophobic residues (252).
Numerous Akt targets have been identified within the cell. Akt target effectors include BAD,
a pro-apoptotic member of the BCL2 family of cell death inducing proteins, whose ability to
form a non-functional hetero-dimer with the survival factor BCL-XL is inhibited when
phosphorylated by Akt (253). Akt also directly phosphorylates glycogen synthase kinase-3[3
(GSK3p), blocking its kinase activity and impeding its ability to phosphorylate Cyclin D1,
for proteosomal degradation, thereby allowing Cyclin D1 to accumulate and promoting cell
proliferation (254). Another target of Akt phosphorylation is the tumour sclerosis protein 2
(TSC2), which regulates cell growth via the mTORCI signalling pathway (255). Akt
phosphorylation of TSC2 inactivates the inhibitory TSC1/2 complex, allowing activation of
the raptor protein containing mTORC1 (256). mTORCI1 positively regulates protein
synthesis by phosphorylating the eukaryotic initiation factor 4E (elF4E)-binding protein 1
(4E-BP1) and the p70 ribosomal S6 kinase 1 (S6K1) (255). 4E-BP1 phosphorylation
prevents its binding to elF4E, allowing it to promote cap-dependent translation (257).
Phosphorylation of S6K1 increases mRNA biogenesis, cap-dependent translation and

elongation and translation of ribosomal proteins (258). Finally, Akt signalling can impact the
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migratory and invasive properties of a cell. Akt regulates the conversion of epithelial cells
into mesenchymal cells through the epithelial to mesenchymal transition (EMT), a process
required for embryogenesis, tissue repair and carcinoma progression (259). Akt induces

EMT through induction of Snail expression via Akt-mediated nuclear factor-kappaB (NF-

kB) activation (260).

1.15.1 Akt Activation is Regulated by PI1(3,4,5)Ps/ P1(3,4)P,

Akt activity is itself regulated by PI(3,4,5)Ps/ PI(3,4)P, abundance at the plasma
membrane (Fig. 1.11). PI(3,4,5)Ps/ PI(3,4)P; lipids are able to direct the recruitment of Akt
to the plasma membrane through interaction with the kinase's PH domain; it is at the plasma
membrane that Akt activation via phosphorylation is initiated (62). P1(3,4,5)P; phospholipids
are generated at the plasma membrane by class I PI3K-mediated phosphorylation of
PI(4,5)P, (26). PI(3,4)P; is then produced by SHIP1/2 dephosphorylation of PI(3,4,5)P (26).
Class I PI3Ks are comprised of a catalytic and a regulatory subunit. The regulatory subunit is
activated by interaction with membrane receptors, which relieve its inhibition of the catalytic
subunit, allowing active PI3K to be recruited to the plasma membrane. Class 1A catalytic
subunits (p110a/p/d), paired with one of five regulatory subunits (p85a/B, pS5a/y, p5S0a), are
activated by receptor tyrosine kinases, whereas the class IB p110y catalytic subunit, which
binds either a p101, p87 or p84 catalytic subunit, is activated by GPCRs (26, 261). The
production of PI(3,4,5)P3/PI(3,4)P, lipids then leads to the translocation of Akt to the plasma
membrane via the protein's PH domain (61, 62). Akt is then activated by PDK1
phosphorylation at Thr308, within the catalytic domain's activation loop, and Ser473
phosphorylation by the rapamycin-insensitive mTORC2 complex, within the C-terminal

hydrophobic domain (262-264). Phosphorylation at these two sites restructures the enzyme
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Figure 1.11: Akt activation is regulated by P1(3,4,5)P3/PI1(3,4)P>.

Akt signalling is initiated by receptor tyrosine kinase (RTK) activation by growth factors.
(GF). This leads to the activation of PI3K, which converts PI(4,5)P, into PI(3,4,5)Ps.
PI(3,4,5)P; can subsequently be dephosphorylated, at the D5 position, by SHIP1/2 to
generate P1(3,4)P,. PI(3,4,5)P; and PI(3,4)P; are responsible for the recruitment of Akt to
the plasma membrane where it is activated by phosphorylation at Thr308 by PDK1 and at
Ser473 by mTORC?2. PDK1 recruitment to the plasma membrane is also directed by
PI(3,4,5)P; and PI(3,4)P,. Once active, Akt can phosphorylate a multitude of downstream
targets, which together promote cell growth, proliferation, survival and invasion. Akt
signalling can be shut off through P1(3,4,5)P; and PI(3,4)P, hydrolysis by PTEN and
INPP4B, respectively.

51



Activating signal Shut-off signal

A )

GF

J

i 3)300;}0\&0000000000000000000000000000000

:j):j)t "\“ N ‘

)
<9 A ¢ f .
L d 0 0000000006 20000000 a'ag00000080900. ¢

W
e
»VQ m @ - PTEN | [(INPPaB

Ser473
% PI(3)P

% P1(4,5)P,

% PI(3,4,5)P, Protein
synthesis/Cell  Proliferation Survival ?,?\A,Zéicoﬂl
% PI(3,4)P, Growth

52



into its fully active conformation (265). It has been proposed that the Akt PH domain covers
Thr308 and Ser473 and interaction of the PH domain with PI(3,4,5)P; (and presumably
PI(3,4)P») exposes these sites to phosphorylation (266). Once fully active, Akt can

phosphorylate its numerous downstream targets.

1.15.2 Akt Isoforms

There are three highly homologous Akt isoforms: Aktl, Akt2 and Akt3. The Thr308
and Ser473 activating phosphorylation sites are conserved across all three isoforms (267,
268). The study of isoform-specific knockout mice suggests that the three Akt isoforms
regulate distinct cellular functions. Aktl-null cells display higher rates of apoptosis,
indicating a critical role for Aktl in cell survival (269). Akt2-null mice develop a type 2
diabetes-like phenotype, suggesting a specific role for Akt2 in glucose homeostasis (270).
Akt3 knockout mice display a reduction in brain mass, pointing to a specific role for Akt3 in
brain development (271). However, there is likely overlap of Akt isoform function as well, as
Akt isoform double knockouts cause lethality in mouse models, whereas the single
knockouts are viable (194, 272). It has been hypothesized that Akt isoforms regulate distinct
cellular processes through: (1) distinct tissue distribution; (2) differential activation by
extracellular stimuli; (3) distinct intrinsic catalytic activity; and (4) cell context specific
subcellular factors that confer substrate specificity (273). All three Akt isoforms are
expressed in normal breast tissue (274). However, differential Akt isoform genetic
amplification, expression and kinase activity have been detected in breast tumours: Akt2 has
been detected genetically amplified; and both Aktl and Akt2 expression levels and activity

have been reported elevated (275-278).
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1.15.3 Akt Signalling in Cancer

Akt is an important regulator of oncogenesis. Expression of constitutively activated
Aktl (myristolated so as to be constitutively bound to the membrane) transforms rodent
fibroblast cells, allowing them to grow on soft agar and form tumours in nude mice (278).
PI3K also has a central role in cancer, as an upstream regulator of Akt activity, via
PI(3,4,5)P; production. A study of five different transgenic mouse models of malignant
transformation found PI3K activity contributed to all the transformed phenotypes, and
particularly to anchorage independent growth (279). The p110 catalytic subunit of PI3K has
been reported genetically amplified in ovarian cancer (280). Furthermore, the gene encoding
the p85 regulatory subunit of PI3K contains somatic mutations, which render PI3K
constitutively active, in ovarian and colon tumours (281). PI3K expression (p85 regulatory
subunit) and activity has also been specifically found increased in breast tumours (282, 283).
The importance of PI3K-Akt signalling in cancer is also evidenced by studies done on
PTEN, the phosphatase responsible for converting P1(3,4,5)P; back into P1(4,5)P, (284).
Loss of PTEN expression or function is frequent in human cancers, due to gene deletion,
inactivating or protein destabilizing mutations and protein transcriptional silencing (285-
288). Enforced PTEN expression, in PTEN-null breast cancer cell lines, leads to a decrease
in cell growth and induces apoptosis (289). The inositol polyphosphate 4-phosphatase type 11
(INPP4B), which hydrolyses PI(3,4)P,, has also been identified as a tumour suppressor,
illustrating the importance of PI(3,4)P,, along with PI(3,4,5)Ps, in Akt activation (290). Loss
of heterozygosity (LOH) at the INPP4B locus has been detected in a large proportion of

basal-like breast cancers (290).

54



1.16 Research Hypothesis and Objectives

There are two parts to my thesis. In the first part, my aim is to assess the impact of
enhanced PI4KIIIP expression on the oncogenic processes of filopodia driven cell migration
and cell proliferation in breast cancer cells. The second aim of my project is to investigate

how PI4KIIIB expression impacts Akt activation in breast cancer cells.

1.16.1 Aim 1: Assessing a role for PI4KIIIf in breast oncogenesis

As the chromosomal locus encoding PI4KIIIP has been reported highly amplified in
breast cancers (175-177) and PI4KIIIB was found genetically amplified in a large-scale
transcriptional analysis of breast tumours (178), we wanted to assess whether PI4KIIIf
protein levels were increased in breast tumours. To this end, immunohistochemical staining
of 169 commercially available breast tumour samples, composed of 160 invasive ductal
carcinomas and 9 medullary carcinomas, was performed. The PI4KIIIB expression levels in
these were compared to 34 normal breast tissue samples immunostained in parallel. We
found that PI4KIIIB expression was increased in a subset of breast tumours. I then wanted to
assess the impact of increased PI4KIIIp expression in breast cancer, by studying its
overexpression in the BT549 breast cancer cell line. The primary objective of this aim was to
study the effect of increased PI4KIIIP expression in BT549 breast cancer cells on filopodia

production and cell migration, as well as on rates of cell proliferation.

Objective 1: As PI4KIIIP expression is increased in a subset of primary human breast
tumours, determine the impact of enhanced PI4KIIIp expression on filopodia

formation, cell migration and proliferation in the BT549 breast cancer cell line
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In order to determine what role increased PI4KIII may have in breast oncogenesis,
several different parameters that are associated with malignancy were examined. Ectopic
expression of the breast cancer oncogene eEF1A2 has been shown to induce filopodia
formation and cell migration/invasion in breast cancer cells (146, 163, 164, 168). eEF1A2
expression also increases ovarian cancer cell proliferation (161). Work in our lab has
identified that PI4KIIIP physically interacts with eEF1A2, leading to direct activation of the
enzyme's lipid kinase activity (146). We therefore hypothesized that enhanced PI4KIIIS
expression would phenocopy the effects observed in cells aberrantly expressing eEFI1A42. To
test this hypothesis, BT549 breast cancer cells, initially derived from an invasive ductal
carcinoma, were engineered to stably ectopically express PI4KIIIB. These BT549 cells
overexpressing PI4KIIIP were then studied for filopodia production, cell migration rates and

proliferative capacity.

1.16.2 Aim 2: The role of PI4KIIIp in Akt activation

Expression of the PI4KIIIB-activator, eEF1A2, had also previously been shown to
increase Akt activation (157, 168), leading me to investigate the role of PI4KIIIP in Akt
activation in a breast cancer cell model. This second aim had two main objectives: the first
objective was to determine the impact of PI4KIIIB expression on Akt activation; the second
objective was to investigate the mechanism through which PI4KIII} was mediating

activation of this oncogenic signalling pathway.

Objective 1: Determine the impact of PI4KIIIp expression on Akt activation

BT549 cells overexpressing PI4KIIIP were studied to determine if enhanced PI4KIIIP

expression led to increased Akt activation. In addition, BT549 parental cells were treated
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with siRNA targeted to PI4KIIIp, to determine a role for endogenous PI4KIIIB in Akt

activation.
Objective 2: Investigate the mechanism through which PI4KIIIf activates Akt

PI4KIIIPB expression was found to regulate Akt activation, which led to the
investigation of the mechanism through which this lipid kinase was contributing to Akt
activation. We hypothesized that PI4KIIIS was regulating Akt activation either through
increased PI(4)P production, generating more PI(3,4,5)Ps/PI(3,4)P; lipids downstream, or
via a protein interaction. Rab11 was a likely candidate interacting protein through which
PI4KIIIP could be impacting Akt signalling, as Rab11 had previously been shown to mediate
Akt activation on endosomal membranes (145). Based on this hypothesis, the following three
experimental goals were put forth to investigate how PI4KIIIP expression was mediating Akt

activation:

1. Examine the phosphoinositide signalling pathway potentially implicated in PI4KIIIB-

mediated Akt activation.

ii.  Determine if PI4KIIIB-mediated Akt activation is dependent on the enzyme's

catalytic function.

iii.  Determine the role of the PI4KIIIP binding partner, Rab11, in PI4KIIIB-mediated Akt

activation.

1.17 Thesis Summary

In the second chapter of my thesis PI4KIIIP is shown to be highly expressed in 18%
of human primary breast tumours assayed. I find that elevated expression of PI4KIIIf

increases filopodia formation in BT549 breast cancer cells and in Rat2 rodent fibroblast
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cells. This increase in filopodia production is not sufficient, however, to increase the
migratory rate of breast cancer cells. Elevated expression of PI4KIIIB does lead to an
increase in the in vitro proliferative capacity of breast cancer cells. These results suggest that
PI4KIIIB is involved in breast oncogenesis, with a specific role in the process of cell

proliferation.

In the third chapter of my thesis, I show that in the BT549 breast cancer cell line
PI4KIIIPB expression regulates the activation of the pro-survival, growth and proliferation
signalling protein, Akt. PI4KIIIP activates Akt via PI3K, as elevated expression of PI4KIIIf
leads to an increase in PI(3,4,5)Ps/P1(3,4)P; lipids at the plasma membrane. However, no
increases in PI(4)P or PI(4,5)P; lipids were detected. Furthermore, inhibition of PI4KIIIP by
the inhibitor Pik93 does not impede PI4KIIIB-mediated Akt activation. In addition, ectopic
expression of a catalytically inactive PI4KIIIP also leads to an increase in Akt activation and
plasma membrane levels of PI(3,4,5)Ps/P1(3,4)P,. Together, this suggests that PI4KIIIf
expression activates Akt in a manner that is not dependent on its catalytic activity. I then
verified, through immunoprecipitation and immunofluorescence that PI4KIIIB and Rabl11
were interacting in our cell system and found an enhanced interaction between the two
proteins in the PI4KIIIB-overexpressing BT549 cells. Furthermore, PI4KIIIP and the
recycling endosome marker, transferrin receptor, were found to co-localize to a greater
extent in the PI4KIIIB-overexpressing cells. This suggested that PI4KIIIf and Rab11 are
recruited to recycling endosomes in cells with increased PI4KIIIB expression. Elevated
PI4KIIIB expression also led to a redistribution of Rab11 within the cell, shifting it from a
primarily Golgi localization to a broader more punctate distribution within the cytoplasm. To

investigate if the Rab11/PI4KIIIP interaction was mediating Akt activation, I treated the
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PI4KIIIB-overexpressing cells with siRNA targeted to Rab11 and found that this led to a
decrease in Akt activation. This suggests that PI4KIIIf is working in concert with Rab11 to

activate Akt, likely by altering intracellular trafficking.
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CHAPTER 2: ENHANCED PI4KIIIB EXPRESSION IMPACTS
THE ORGANIZATION OF THE ACTIN CYTOSKELETON
AND THE PROLIFERATION OF BREAST CANCER CELLS*

* Modified versions of elements in this chapter have been published:

Nilufar, S., Morrow, A.A., Jonathan, J.M. and Perkins, T.J. 2013. FiloDetect: Automatic detection of filopodia
from fluorescence microscopy images. BMC Syst Biol. 7:66

Jeganathan, S., Morrow, A.A., Amiri, A. and Lee, J.M. 2008. Elongation factor eEF1A2 cooperates with
phosphatidylinositol-4 kinase IIIf to stimulate PI(4,5)P, generation and filopodia production. Mol. Cell. Biol.
28:4549-61
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2.1 Introduction

Membrane phosphoinositide lipids, the phosphorylated derivatives of
phosphatidylinositol (PtdIns), and the kinases/phosphatases that regulate their generation
play critical roles in cancer. They do so by controlling apoptotic and proliferative pathways
and stimulating cell migration and cytoskeletal remodelling (232, 291-294). There has been
an emerging role for PI 4-kinases (PI4K), that generate phosphatidylinositol 4-phosphate
(PI(4)P) from PtdIns, in cancer (295). In particular, recent work points to a role for PI4KIIIp,
one of four mammalian PI4Ks, in breast cancer. Firstly, Curtis et al showed that PI4KB, the
1921 gene encoding PI4KIIIP, was frequently amplified in breast tumours (178). Based on a
large-scale transcriptional analysis of 2000 tumours, the authors concluded that PIK4B is a
novel breast cancer driver (178). Additionally, 121 has previously been reported highly
amplified in breast cancers (175-177). At a functional level, we have shown that ectopic
PI4KIIIP expression disrupts in vitro three-dimensional acinar development of MCF10A
breast epithelial cells (179). We have also identified PI4KIIIB as a downstream effector of
the eukaryotic elongation factor 1 alpha 2 (eEF1A2), a transforming gene that is amplified
and highly expressed in 30-50% of breast, ovarian and lung tumours (146, 158, 162-164).
Finally, PI4KIIIP expression has also been shown to inhibit apoptosis in MDA-MB 231 cells
(180). Taken together, these observations suggest a likely role for PI4KIIIP in breast

tumorigenesis.

Tumorigenesis is a multistep process reflecting the various genetic alterations that
drive the progressive transformation of normal human cells into cancerous cells. Hanahan
and Weinberg have classified six essential changes in cell physiology that collectively lead to

malignant transformation: self-sufficiency in growth signals, insensitivity to growth
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inhibitory signals, evasion of programmed cell death, limitless replicative potential, sustained
angiogenesis and tissue invasion and metastasis (296). In short, cells acquire genetic
alterations in proto-oncogenes and tumour suppressors that lead to enhanced cell
proliferation and survival and ultimately tumour invasion and metastasis (297). Metastasis,
the dissemination of cancer cells from the primary tumour to distant organs, is the major

cause of cancer-related deaths (298).

We have previously identified PI4KIIIP as a direct target of the breast, ovarian and
lung cancer oncogene, eEF1A2 (146, 158, 162-164). The two proteins interact with 1:1
stoichiometry and eEF1A2 doubles the PI4KIIIB Vyax (146). Aberrant expression of the
PI4KIIIP activator, eEF1A2, has been linked to two hallmarks of malignant transformation:
increased cell proliferation and enhanced migration. We have reported that eEF1A2
expression increases the proliferative capacity of ovarian cancer cells (161). We have also
reported that eEF1A2 expression induces actin remodelling, increasing filopodia formation
and stimulating breast cancer cell migration and invasion. (168). Furthermore, eEF1A2 has
been reported to be overexpressed in metastatic rat mammary adenocarcinoma cell lines
when compared to non-metastatic controls (299). We found that eEF1A2 expression
stimulates the formation of filopodia in both transformed, BT549 breast cancer cells, as well
in non-transformed, Rat2 rodent fibroblast cells (168). Filopodia are thin, finger-like cellular
protrusions, comprised of tight parallel bundles of filamentous actin (192). These protrusions
are found at the leading edge of motile cells and are used to sense the cell’s
microenvironment (192, 195). Filopodia have been shown to regulate cancer cell motility in

vitro, and metastasis in in vivo mouse experiments (222, 300).
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In this chapter, I seek to determine what impact enhanced expression of PI4KIIIp has
on breast cancer cells. More specifically I will determine if elevated expression of PI4KIIIf
is sufficient to impact breast cancer cell actin remodelling and migration, as well as

proliferation.

We find that approximately 20% of primary human breast tumours show increased
PI4KIIIP protein expression relative to normal breast tissue. In addition, I show that elevated
expression of PI4KIIIP leads to actin cytoskeleton remodelling, specifically an increase in
the production of filopodia in both breast cancer cells and non-transformed cells. This
increase in filopodia is not, however, sufficient to impact breast cancer cell migration,
suggesting that eEF1A2 expression likely impacts cell migration through additional
mechanisms outside of its interaction with PI4KIIIB. Increased expression of PI4KIIIB does
lead to increased breast cancer cell proliferation. Therefore, elevated PI4KIIIP expression in

breast cancer may play a more specific role in regulating cell replication and tumour growth.
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2.2 Materials and Methods

Cell culture. The BT549 cell line was purchased from the American Tissue Culture
Collection (ATCC, Manassas, VA, USA) and grown in RPMI medium 1640 (Life
Technologies, Carlsbad, CA, USA) supplemented with 10% FBS (Life Technologies), | mM
sodium pyruvate (Life Technologies), 10 nM HEPES buffer and 0.023 IU/ml insulin (from
bovine pancreas, # [-5500; Sigma, Oakville, ON, Canada). The Rat2 cell line was obtained
from the American Tissue Culture Collection (ATCC) and grown in DMEM supplemented
with 10% FBS. BT549 and Rat2 cell lines stably expressing ectopic PI4KIIIf were generated
using a pLXSN retroviral system as previously described (301). Infected cells were selected
in 0.4 mg/ml G418 (BioShop, Burlington, ON, Canada). All cell lines were cultured at 37°C

in a humidified atmosphere with 5% CO,.

Plasmids. Full-length human PI4KIII (MGC-1921, Mammalian Genome Collection,
ATCC) was cloned into the pLXSN retroviral vector in the EcoRI and Xhol sites.

Nucleotides 1-3303 (RefSeq: NM_001198774.1) were included in pLXSN.

Immunohistochemistry. Tumour tissue microarrays (TMAs) were obtained from US
Biomax (BC08013a, BC08023 and BC08032; Rockville, MD, USA) and staining was
performed by Dr. Jonathan Lee. For TMA staining, the slide was sequentially deparaffinized
(2x xylenes, 2x 100% ethanol, 1x 95% ethanol, 1x 70% ethanol, 1x water), boiled in 0.1 M
sodium citrate (pH 6.0) for 10 min and then allowed to cool in the citrate buffer for 10 min.
Slides were then rinsed twice in PBS/0.2 % Tween 20 and blocked in 10% FCS/1%

BSA/PBS/0.2% Tween for 1 hr at room temperature in a humidified chamber. Slides were
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then incubated overnight at 4°C with PI4KIIIB antibody (BD Biosciences, Mississauga, ON,
CA) diluted 1:150 in 1% BSA/PBS/0.2% Tween 20. The primary antibody was then
removed by three rinses of 5 min each in PBS/0.2% Tween 20. Antibody staining was
detected using biotinylated VECTASTAIN anti-mouse IgG antibody and alkaline
phosphatase according to the manufacturer’s instructions (Vector Laboratories, Burlington,
ON, CA). Slides were counterstained using hematoxylin. Staining was visualized using a
Zeiss Axio Imager.A1 microscope with images acquired using a Zeiss AxioCam MrRc5
camera and AxioVision 4.6 software (Zeiss, Toronto, ON, CA). Images were scored
qualitatively as low, moderate or high depending on the intensity of the staining in the
cytoplasm. Counting was performed in triplicate with discrepancies resolved by a fourth

count. Statistical analysis was performed using GraphPad Prism 6.0 software.

Western blotting. Cells were lysed using radioimmunoprecipitation assay (RIPA) buffer (50
nM Tris-Cl; pH 7.4, 1% Triton X-100, 1% sodium dodecyl sulfate (SDS), 1 mM
ethylenediaminetetraacetic acid (EDTA); pH 7.0, 150 mM NaCl) supplemented with
protease and phosphatase inhibitor cocktail tablets (Roche Diagnostics, Mississauga, ON,
CA). Protein concentrations were determined by Bradford protein assay (Bio-Rad, Hercules,
CA, USA). SDS sample buffer was added to 10 ug of protein lysate, resolved by SDS-PAGE
and transferred onto PVDF membrane (Millipore, Bellerica, MA, USA). PI4KIIIp (1:10 000;
BD Biosciences) and B-actin (1:20 000; Sigma, Oakville, ON, CA) antibodies were used

according to the manufacturer's instructions.
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Immunofluorescence. Immunostaining was performed on 1 x 10’ cells plated in 6-well
plates (Corning, Tewksbury, MA, USA) containing coverslips. 24 hr after plating, cells were
fixed with 3.7%/PBS formaldehyde for 15 min, permeabilized with 0.1% Triton X-100/PBS
for 10 min and blocked with 5% FBS/PBS for 1 hr. Cells were then incubated with
Phalloidin 546 or 594 (1:200/PBS; Molecular Probes, Life Technologies, Carlsbad, CA,
USA) for 1 hr. Slides were mounted using fluorescent mounting media (Dako, Burlington,
ON, CA). Fixed cell images were acquired using an Olympus FluoView FV1000 laser
scanning confocal microscope with an Olympus UPLSAPO 100X/1.40 oil objective
(Richmond Hill, ON, Canada). Images were collected using Olympus software (FV100,
version 01.04a). Filopodia were quantified in the Rat2 cell lines using the Olympus software.
Filopodia were quantified in the BT549 cells using FiloDetect, an automated computational
tool designed to detect, count and measure the length of filopodia in fluorescence

microscopy images (302).

Scratch wound assay. Cells were suspended by trypsinization and diluted to 5 x 10°
cells/ml. Silicone culture inserts (Ibidi, Minitube Canada, Ingersoll, ON, CA) were placed on
35 mm dishes (Ibidi). 80 pl of the cell suspension was seeded into each well and the outer
area filled with complete growth media. Cells were allowed to adhere for 16-24 hr to reach
confluence. Media around the inserts and culture-inserts were then gently removed and the
plate replenished with growth media. The wound was then imaged using a Leica DM IRE
phase contrast microscope using a HC PL APO CS 10X/0.40 objective hourly until wound
closure (Leica Microsystems, Concord, ON, CA). Images were analyzed by calculating
wound area over time normalized to initial wound area using the manual area calculation
function on ImageJ (NIH).
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Cell proliferation assay. Cell proliferation was measured using the CYQUANT cell
proliferation assay as per the manufacturer's instructions (Molecular Probes, Life
Technologies). Briefly, 2000 cells were initially plated per well in 96 well plates,
approximately 15 hr prior to taking the zero time point. Plates were frozen at -80°C at given
time points and were subsequently quantified along with standards at the end point of the
experiment. Cell count was measured using a green fluorescent dye (CyQUANT GR), which
produces a strong fluorescent emission when bound to nucleic acids (303). The fluorometric

signal was measured at 485 nm using a Tecan Spectra plate reader.
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2.3 Results

2.3.1 PI4KIIIP expression is enhanced in a subset of breast tumours

To determine whether PI4KIIIf expression might be altered in breast cancer,
PI4KIIIB protein expression was analyzed in 169 primary human breast tumours (160
invasive ductal carcinomas and 9 medullary carcinomas). For this purpose, a commercially
available PI4KIIIf antibody and two commercially available human breast tumour TMAs
were used. PI4KIIIp staining in each section was categorized as low, moderate or high.
Representative images of the three categories are shown in Fig. 2.1. PI4KIIIB protein
expression was detected at a low level in all normal breast tissue samples (34/34) (Table 2.1).
The majority of primary human breast tumours assayed also express PI4KIIIp protein at this
low, but detectable level (138/169). However, 18% of primary tumours assayed (26/160
invasive ductal carcinomas and 5/9 medullary carcinomas) expressed higher than normal
levels of the protein, i.e. either moderate or high. These results are statistically significant,
yielding a p-value of 0.0032 (Fisher's exact test). There were no significant differences in
tumour grade or age of patients at diagnosis between the groups with normal or higher
PI4KIIIP expression. These results show that PI4KIIIB expression is enhanced in a subset of

primary human breast tumours.

2.3.2 Elevated expression of PI4KIIIf increases filopodia production in vitro

To investigate the impact of elevated PI4KIIIP on cytoskeletal rearrangement in
breast cancer cells, BT549 breast ductal carcinoma cells were engineered to ectopically and
stably express PI4KIIIP (Fig. 2.2A). Cells overexpressing PI4KIIIP show increased filopodia
production as compared to vector control cells (Fig. 2.2B). A significant increase in both the

total number and average length of filopodia per cell were detected in cells ectopically
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Figure 2.1: PI4KIIIp expression in primary breast tumours in a tissue microarray.

Representative images of PI4KIIIf immunostaining in normal breast tissue and breast
tumours classified as showing low, moderate or high expression of PI4KIIIB. Scale
bars represent 100 pm.
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Table 2.1: Evaluation of PI4KIIIP expression in breast cancer.

PI4KIIIP protein expression was categorized as, either low, moderate or high for the
microarray tissue samples stained. The » value indicates the number of each tissue
type assayed.
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Breast tissue PI4KIIIB expression Number of samples Percentage of samples (%)

Normal (n=34) Low 34 100
Moderate, high 0 0
All Tumours (n=169) Low 138 82
Moderate, high 31 18
Invasive ductal carcinoma (n=160) Low 134 84
Moderate 18 11
High 8 5
Medullary carcinoma (n=9) Low 4 44
Moderate 5 56
High 0 0
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Figure 2.2: Elevated expression of PI4KIIIp increases filopodia formation in breast
cancer cells.

A. Western blot analysis showing PI4KIIIf protein expression in parental, vector control
and PI4KIIIB-overexpressing BT549 cell lines. B. Confocal images showing the
enhanced production of filopodia (indicated by arrows) in PI4KIIIf expressing cells as
compared to vector control cells. The actin cytoskeleton was visualized by Phalloidin
staining. Scale bars represent 10 pm. C. Quantification of the total number of filopodia
per cell for vector control and PI4KIIIP expressing BT549 cells (n = 30 cells for each
cell line). The points are laid over a 1.96 S.E.M. (95% confidence interval) in light grey
and a 1 S.D. in dark grey. The difference in the total number of filopodia per cell in the
vector control and PI4KIIIB expressing cells is statistically significant (p < 0.001,
Student’s z-test). D. Quantification of the average length of filopodia in um per cell for
vector control and PI4KIIIP expressing BT549 cells (n = 30 cells for each cell line). The
points are laid over a 1.96 S.E.M. (95% confidence interval) in light grey and a 1 S.D. in
dark grey. The difference in average filopodium length in the vector control and
PI4KIIIP expressing cells is statistically significant (p <0.001, Student’s #-test).
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expressing PI4KIIIB as compared to vector controls (p < 0.001, Student's #-test) (Fig. 2.2C).
PI4KIIIB-overexpressing cells have an average of 21 filopodia per cell and an average length
of 7.10 pum per filopodia as compared to vector control cells, which have an average of 13
filopodia per cell and an average length of 4.45 um per filopodia. The quantification of
BT549 filopodia length and number was done using FiloDetect, an automatic detection tool
for filopodia in fluorescent microscopy images, developed collaboratively with Dr. Sharmin

Nilufar and Dr. Ted Perkins.

To determine if elevated PI4KIIIP expression can also impact filopodia production in
non-transformed cells, I generated Rat2 rodent fibroblast cells that ectopically express
PI4KIIIP (Fig. 2.3A). The Rat2 cells overexpressing PI4KIIIP also showed increased
filopodia production as compared to vector control cells (Fig. 2.3B). I observed a significant
approximately 4-fold increase in the number of cells with at least ten filopodia greater than 3
um in length in the cell line stably overexpressing PI4KIIIB as compared to the vector
control (p <0.05, Student's #-test) (Fig. 2.3C). The average filopodia length in the PI4KIIIB
overexpressing cell line was 5.13 um, as compared to 2.03 um in the vector control cell line
(304). These results indicate that elevated PI4KIIIB expression can increase filopodia

formation in both transformed and non-transformed cells.

2.3.3 Elevated expression of PI4KIIIf does not affect cell migration

As increased filopodia formation has been shown to promote cell migration (222), |
next assessed whether the increase in filopodia detected in the BT549 PI4KIIIp-
overexpressing cells led to more migratory breast cancer cells. A scratch wound assay was
used to study cell migration (Fig. 2.4A). No difference was found in the rate of wound

closure between PI4KIIIB-overexpressing cells and vector control cells (Fig. 2.4B). These
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Figure 2.3: Elevated expression of PI4KIIIp increases filopodia production in non-
transformed cells.

A. Western blot analysis showing increased PI4KIIIP protein expression over the vector
control in Rat2 cells. B. Confocal images showing the enhanced production of filopodia
(indicated with arrows) in PI4KIIIB-expressing cells as compared to vector control cells.
The actin cytoskeleton was visualized by Phalloidin staining. Scale bars represent 10 pm.
C. Quantification of the increase in longer filopodia in Rat2 cells + S.D. (n = 134 and
118 for vector control and PI4KIIIp stable cells, respectively). Filled columns indicate
cells with at least 10 filopodia greater than or equal to 3 um in length. Open columns
indicate cells with any number of filopodia less than 3 pm in length. Statistical
significance (p < 0.05, Student’s ¢-test) is indicated by (*).
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Figure 2.4: Elevated PI4KIIIp expression does not alter the migration of breast
cancer cells.

A. Confocal images of a representative wound closure assay performed on the vector
control and PI4KIIIB-expressing BT549 cell lines. B. Quantification of three
independent wound closure assays showing no change in the time course of wound area
closure over 20 hr for PI4KIIIB-expressing cell lines as compared to the vector control
cell line. Data are presented as mean of wound area at given time point = S.D.
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results suggest that elevated PI4KIIIP expression does not substantially increase the

migration of BT549 breast cancer cells.

2.3.4 Elevated expression of PI4KIIIf increases cell proliferation

We next determined whether ectopic PI4KIIIB expression could impact breast cancer
cell proliferation. As shown in Fig. 2.5, BT549 cells overexpressing PI4KIIIf proliferate at a
faster rate than their parental or vector control counterparts. Parental and empty vector
control cells had doubling times of 38.8 hr and 37.3 hr respectively, whereas PI4KIIIp-
overexpressing cells had a doubling time of 17.2 hr. This indicates that elevated expression

of PI4KIIIP increases the in vitro proliferative capacity of breast cancer cells.
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Figure 2.5: Elevated expression of PI4KIIIp enhances cell proliferation.

PI4KIIIB-overexpressing BT549 cells (closed symbols) proliferate at a faster rate than the
parental and vector control cells (open symbols). Each point represents the average fold
growth of cells at a given time point over the number of cells measured at the initial time
point (0 hr) in triplicate experiments + S.D.
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2.4 Discussion

A number of PI4K enzymes have been linked to cancer development. For example,
PI4KIIa has been reported highly expressed in malignant melanoma, fibrosarcoma, bladder,
thyroid and breast cancer and its expression has been shown to promote tumor angiogenesis
(169). High levels of PI4KIIla expression are also associated with invasive and metastatic
pancreatic cancer development (172). Furthermore, a large-scale genomic and transcriptome
analysis identified PI[4KB, the gene encoding PI4KIIIp, as a breast cancer driver (178).
Supporting a role for PI4KIIIP in breast cancer development, we show here that PI4KIIIB
protein levels are increased in ~ 20% of primary human breast tumours assayed, implying
that PI4KIIIB upregulation plays a role in breast cancer neoplastic development. We also find
that overexpression of PI4KIIIp alters the actin cytoskeleton, specifically enhancing
production of filopodial protrusions, and also increases the rate of cell proliferation.

We have previously reported that PI4KIIIf directly interacts with and is activated by
the oncogene, eEF1A2 (146, 158, 162-164). eEF1A2 is one of two isoforms of eEF1A, a
GTP hydrolyzing enzyme that binds amino-acylated tRNAs and recruits them to the
ribosome during the elongation phase of protein synthesis (148). eEF1A2 is genetically
amplified and highly expressed in ~30-60% of breast, ovarian and lung tumours (158, 162,
163), but is normally only expressed in heart, brain and skeletal muscle tissue (150, 305,
306). Importantly, eEF1A2 is a transforming gene and its expression in rodent fibroblast
cells increases proliferation, allows substrate-independent growth and enhances their
tumorigenicity in mouse xenograft models (162). We have also shown that eEF1 A2
expression increases filopodia formation and cell migration and invasion in breast cancer

cells (168), and increases the proliferative rate of ovarian cancer cells (161). Because
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eEF1A2 is a protein translation elongation factor, at first glance it seems likely that it might
enhance tumorigenicity by activating protein translation (307). However, protein initiation is
thought to be the limiting factor in protein translation rather than protein elongation (308).
As such, we believe that eEF1A2 is regulating oncogenesis via a mechanism independent
from its role in protein translation. For example, eEF1A2 expression leads to an increase in
Akt activation without altering its protein abundance (146, 168). We therefore hypothesized
that eEF1A2 was likely regulating oncogenesis via one or more effector proteins. This study
demonstrates that one possible pathway through which eEF1A2 likely impacts filopodia
production and cell proliferation is through its interaction with PI4KIIIB, as ectopic PI4KIIIP
expression is sufficient to affect both processes.

Though PI4KIIIP overexpression leads to greater filopodia production, it does not
have the capacity to impact cell migration rates. This result was somewhat surprising, as
enhanced filopodia is a hallmark of migratory cells and eEF1A2 expression leads to an
increase in filopodia production in a PI4KIIIB-dependent fashion and stimulates cell
migration and invasion in breast cancer cells (222, 300). The BT549 breast cancer cell line is
highly migratory and invasive (309, 310). It is possible that even though filopodia production
is increased through ectopic expression of PI4KIIIPB in BT549 cells, that the number and
length of filopodia are not increased to a level that would push the cell's migratory velocity
rate any further. The impact of filopodia production on cell migration may follow a threshold
effect in this cell system, in which signals that are below a given threshsold trigger little or
no response but once they reach a certain level they trigger a response that increases sharply
to reach a maximum (311). Goldbeter and Koshland first described this phenomenon in
relation to biological systems in 1981 (312). Though this concept has primarily been used to
describe enzymatic signalling systems such as the mitogen-activated protein kinase (MAPK)
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cascade and the regulation of heterotrimeric G-protein signalling, it could be applied to more
complex biological systems (311, 313). In this case, changes in filopodia production below a
certain threshold may not have the capacity to further impact migration velocity rates in this
transformed cell line and once a critical level is reached this would lead to a rapid change in
the rate of migration.

Cell migration is a multistep process that drives cancer progression (314). It is also
possible that eEF1A2 expression impacts more than one cellular process regulating
cytoskeletal architecture, which in combination leads to an increase in cell migration and
invasion. In a number of different organisms, EF1A proteins have been shown to have
cellular functions outside of their canonical role in protein translation, with a particular role
in actin cytoskeleton remodelling. Dictostylium EF1A directly binds F-actin, enhancing actin
bundling (315). The capacity of EF1A to directly bind to actin has also been demonstrated in
maize and carrots (316, 317). Interestingly, the carrot EF1A isoform was found to facilitate
actin polymerization (317). In addition, ectopic expression of Saccharomyces cereviseae
eEF1A2 genes (TEF1 and TEF2) leads to a general disorganization of the actin cytoskeleton
(318). As eEF1A proteins appear to play a conserved role in actin binding and cytoskeleton
remodelling, it is likely that eEF1A2 is involved in regulating actin cytoskeleton remodelling
events in a number of ways, both directly though interaction with F-actin and indirectly
though binding partners such as PI4KIIIB, leading to the enhanced cell migration observed in
breast cancer cells expressing eEF1A2. The work presented here suggests that PI4KIIIf
overexpression on its own is not sufficient to enhance cancer cell migration, however it does
not rule out the possibility that the interaction between PI4KIIIB and eEF1A2 may contribute
to eEF1A2's capacity to enhance cell migration. Further work would be necessary to
definitively answer that question, such as looking at the effect of expressing a mutant
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eEF1A2, lacking the ability to bind PI4KIIIB, on breast cancer cell migration, as well as
studying the impact of PI4KIIIP siRNA depletion on the migration rate of eEF1A2-
expressing breast cancer cells.

Though enhanced PI4KIIIB expression does not impact BT549 directional cell
migration in two-dimension (2D), it does not exclude the possibilities that enhanced
PI4KIIIPB could impact cell migration in three-dimensional (3D) matrices. It has been
established that the 2D surface of in vitro cultured cells varies substantively from the 3D
extracellular environment of cells in vivo (319). Previous work has revealed that 2D
migration properties do not always correlate with the migratory behaviour of cells in 3D
(320). Researchers found that growth factor stimulated breast cancer cell motility responses
in 2D were not predictive of cell migration behaviour in 3D; however, increased membrane
protrusions were tightly correlated to enhanced 3D migration (320). To test the impact of
enhanced PI4KIIIP expression on cell migration in 3D under a chemotactic signal,
experiments should be performed in the future using a Boyden chamber-based cell invasion
assay. In this assay cells are placed in an upper compartment and migrate across a collagen
coated membrane into a lower compartment containing chemotactic agents (321).

In summary, we have identified that PI4KIIIp expression levels are increased in a
subset of human breast tumours and that ectopic expression of PI4KIIIB enhances filopodia
production and cell proliferation in breast cancer cells. This suggests that PI4KIIIB may have

a role in breast oncogenesis.
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CHAPTER 3: ELEVATED EXPRESSION OF PI4KIIIB LEADS
TO AKT ACTIVATION INDEPENDENTLY OF ITS KINASE
FUNCTION IN BREAST CANCER CELLS*

* Modified versions of elements in this chapter are being prepared for manuscript submission:

Morrow, A.A., Alipour, M.A., Bridges, D., Yao, Z., Saltiel, A. and Lee, J.M. 2013. Elevated expression of
PI4KIIIp leads to Akt activation independently of its kinase function.
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3.1 Introduction

PI4KIIIB likely has a functional role in breast oncogenesis. As described in the
previous chapter, large-scale genomic and transcriptome analysis identified PI4KB, the gene
encoding PI4KIIIP, as a breast cancer driver (178). We have also previously implicated
PI4KIIIP in oncogenesis as the protein is bound and activated by the breast and ovarian
cancer oncogene eEF1A2 and its high expression disrupts in vitro three-dimensional
mammary epithelial morphogenesis (146, 162-164, 179). We have also found that
approximately 20% of human breast tumours have elevated levels of PI4KIIIf protein
expression, relative to normal breast tissue, and that ectopic expression of PI4KIIIf leads to
an increase in breast cancer cell proliferation (results presented in chapter 2). However, the
mechanism by which PI4KIIIf might promote neoplasia is still unclear.

Expression of the PI4KIIIp activator eEF1A2 has been shown to increase Akt
activation and impact PI3K-dependent cytoskeletal remodelling in breast cancer cells, in
addition to its capacity to increase cancer cell migration and proliferation (161, 168). We
therefore sought to determine whether elevated PI4KIIIP expression can regulate the
activation of Akt, a serine/threonine kinase and a central regulator of multiple biological
processes, among them cell survival, proliferation, and growth (62, 322).

Akt activity is increased in multiple human malignancies, with aberrant activation
reported in as many as 70% of breast cancers (323-327). Akt activity is regulated, in large
part, by PI3K-generated PI(3,4,5)P; and PI(3,4)P, phosphoinositide lipids (61, 62).
PI1(3,4,5)P5/P1(3,4)P, recruit Akt to the plasma membrane through its pleckstrin- PH domain,
allowing phosphorylation at Thr308, within the activation loop of the protein, by PDKI.
mTORC?2 phosphorylates Akt at Ser473, within the carboxyl-terminal tail (262, 263, 328).
The tumor suppressors, PTEN and INPP4 antagonise PI3K/Akt signalling by
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dephosphorylating PI1(3,4,5)P; at the D3 position, and PI(3,4)P; at the D4 position
respectively (290, 329, 330).

We find that ectopic PI4KIIIP expression leads to Akt activation in a PI(3,4,5)Ps-
dependent manner. Surprisingly, PI4KIIIB-mediated Akt activation is not dependent on
PI4KIIIB lipid kinase activity but likely involves its interaction with the small GTPase,
Rabl1. Rabl1 regulates vesicular trafficking, playing a role in slow endosomal recycling and
has previously been shown to interact with PI4KIIIP (137, 142). Our work suggests that
PI4KIIIPB has an important role in breast cancer and that cooperation between Rab11 and

PI4KIIIP represents a putative novel Akt activation pathway.
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3.2 Materials and Methods

Cell culture. The BT549 cell line was purchased from the American Tissue Culture
Collection (ATCC) and grown in RPMI medium 1640 (Life Technologies) supplemented
with 10% FBS (Life Technologies), 1 mM sodium pyruvate (Life Technologies), 10 nM
HEPES buffer and 0.023 IU/ml insulin (from bovine pancreas, [-5500; Sigma). BT549 cell
lines stably expressing ectopic PI4KIIIf} were generated using a pLXSN retroviral system as
previously described (301). Infected cells were selected in 0.4 mg/ml G418 (BioShop). All

cell lines were cultured at 37°C in humidified atmosphere with 5% CO,.

Plasmids. Full-length human PI4KIIIB (MGC-1921, Mammalian Genome Collection,
ATCC) was cloned into the pLXSN retroviral vector in the EcoRI and Xhol sites.
Nucleotides 1-3303 (RefSeq: NM_001198774.1) were included in pLXSN. Kinase-dead
(D656A) PI4KIIIP (gift from A. Hausser, University of Stuttgart) was cloned into the
pLXSN retroviral vector in the Hpal and Xhol sites. Nucleotides 474-2879 (CDS; RefSeq:
NM _001198774.1) were included in pLXSN. Wild type and kinase-dead plasmids were
sequenced prior to cloning, ensuring that the only sequence difference between the two
constructs is the D656A mutation. The PI(3,4,5)Ps/ PI(3,4)P; reporter construct, Akt-PH-
GFP, and PI(4)P reporter construct, FAPP1-PH-GFP, were gifts from T. Balla (National
Institutes of Health). The GFP-PI4KIIIp construct was a gift from A. Hausser (University of

Stuttgart).

siRNA and transfections. PI4KIIIp targeted siRNA sequence 1 is 5’-

GGAGGUGUUGGAGAAAGUCIt-3’ (catalog number AM51331, siRNA ID no. 283) and
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siRNA sequence 2 is 5’-GCACUGUGCCCAACUAUGALt -3’ (catalog number AM51331;
siRNA ID no.184). The Rab11 targeted siRNA sequence used was 5'-
CAACAAUGUGGUUCCUAUULt-3' (catalog number 442708, siRNA ID no. s16702). All
siRNAs and the negative control siRNA (catalog number 4611) were purchased from Life
Technologies. siRNA transfections were performed in 1% serum media with 10 nM siRNA
using Lipofectamine RNAIMAX (Life Technologies) as per the manufacturer's instructions.
Lysates were collected either 48 hr or 72 hr post transfection for PI4KIIIB and Rab11
targeted siRNA transfections respectively. Cells were transfected using Lipofectamine LTX

and Plus Reagents (Life Technologies) according to the manufacturer’s instructions.

Adenoviral infection. Cells were plated (5 x 10° cells per 10 cm plate) 24 hr prior to
infection. On the day of infection, cells were placed in 5 ml serum free growth media with
adenoviral particles at an MOI of 200. Cells were collected for Western blotting 24 hr post
infection. The adenovirus expressing wild type PTEN was kindly provided by M. J. Lee

(Wayne State University).

Western blotting. Cells were plated (2 x 10° cells per 6 cm plate) 48 hr prior to lysate taking
and serum depleted (placed in 1% serum containing growth media) 24 hr prior. Cells were
lysed using radioimmunoprecipitation assay (RIPA) buffer (50 nM Tris-Cl; pH 7.4, 1%
Triton X-100, 1% sodium dodecyl sulfate (SDS), 1 mM ethylenediaminetetraacetic acid
(EDTA); pH 7.0, 150 mM NaCl) supplemented with protease and phosphatase inhibitor
cocktail tablets (Roche Diagnostics). Protein concentrations were determined by Bradford

protein assay (Bio-Rad). SDS sample buffer was added to 10 ug of protein lysate, resolved
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by SDS-PAGE and transferred onto PVDF membrane (Millipore). PI4KIIIB (1:10 000) (BD
Biosciences), pAkt-S473 (1:2000), pAkt-T308 (1:1000), Akt (1:1000), p-cRaf (1:1000) and
cRaf (1:1000) (all Cell Signaling Technology, Danvers, MA, USA), Rab11 (Millipore) and
B-actin (1:20 000) (Sigma) antibodies were used according to the manufacturer's instructions

at the indicated dilutions.

Immunoprecipitation. Cells were lysed in 50 mM Tris, pH 7.5, 0.15 mM NacCl, 0.5%
Triton X-100 supplemented with protease and phosphatase inhibitor cocktail tablets (Roche
Diagnostics). Immunoprecipitation with PI4KIIIB (Millipore) was performed with 5 ug of

antibody per 1 mg/ml of lysate using Protein A agarose beads (Millipore).

Immunofluorescence. Protein immunostaining was performed on cells plated in 6-well
plates (Corning) containing glass coverslips. Cells were fixed with 3.7% formaldehyde for
15 min and either permeabilized with 0.1% Triton X-100 for 10 min and blocked with 3%
FBS for 1 hr (PI4KIIIB/Giantin, PI4KIIIB) or permeabilized and blocked in 0.5% saponin
(from Quillaja Bark; Sigma), 3% FBS for 1 hr (PI4KIIIB/T{R). Cells were then incubated
with primary antibodies overnight in 3% FBS. The following primary antibodies were used
as per the manufacturer's instructions at the indicated dilutions: PI4KIIIf (1:200) (BD
Biosciences), Giantin (1:200) (Abcam, Toronto, ON, CA), Transferrin Receptor (1:200)
(Abcam). This was followed by a 1 hr incubation with Alexa Fluor 488 and Alexa Fluor 647
conjugated secondary antibodies in 3% FBS (1:200, Molecular Probes, Life Technologies)
and a 20 min incubation with Hoechst 33258 dye (Sigma) for DNA labeling (0.5 wug/ml).

PI(4)P and PI(4,5)P; lipid antibody staining was performed on cells plated in 4-well plates
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(BD Biosciences) according to the Golgi and plasma membrane specific immunostaining
protocols as previously described (25). Briefly, for lipid staining at the Golgi, cells were
fixed with 2% methanol-free formaldehyde/PBS (TAAB Laboratories, Aldermaston,
Berkshire, UK) followed by permeabilization with 20 uM digitonin (Sigma) and blocking in
5% goat serum. Primary monoclonal anti-PI(4,5)P, mouse IgM antibody was used at 2.5
pg/ml and primary monoclonal anti-PI(4)P mouse IgM antibody was used at 8 pg/ml (both
from Echelon Biosciences, Salt Lake City, UT, USA), followed by Alexa Fluor 647
secondary antibody incubation (1:200, Molecular Probes, Life Technologies).
Permeabilization, blocking and antibody incubations were done in buffer A: 20 mM PIPES,
pH6.8; 137 mM NacCl, 2.7 mM KCI. For lipid staining at the plasma membrane cells were
first fixed in 4% methanol-free formaldehyde containing 0.2% gluteraldehyde (Sigma). Cells
were then placed on ice and all subsequent steps were carried out at 4°C. Cells were blocked
and permeabilized in Buffer A containing 5% goat serum, 50 mM NH4Cl (used to quench
aldehyde groups and reduce background staining) and 0.5% Saponin. Cells were then
incubated with primary (anti-PI(4)P; 8 pg/ml, Echelon Biosciences) and secondary
antibodies (Alexa Fluor 647; 1:200, Molecular Probes, Life Technologies) in Buffer A
containing 5% goat serum and 0.1% saponin. All slides were mounted using fluorescent
mounting media (Dako). Fixed cell images were all acquired by sequential excitation using
an Olympus FluoView FV1000 laser scanning confocal microscope with an Olympus
UPLSAPO 100X/1.40 oil objective. Images were collected using Olympus software (FV100,

version 01.04a).

Quantification of immunofluorescent images. Akt-PH-GFP reporter construct membrane
recruitment and Rab11-GFP distribution quantification were performed using Imagel
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software (NIH). For the Akt-PH-GFP reporter, the cell periphery was delineated as 20% of
the total cell area at the outer edge of the cell. Quantification of reporter construct
recruitment to the plasma membrane is presented as the GFP fluorescent intensity (total
integrated density of pixels) detected at the periphery over the total cellular fluorescent
intensity. Rab11-GFP fluorescent intensity was measured at the Golgi, as defined by the area
marked by GALT-CFP fluorescence, and converted to a proportion of the total Rab11-GFP
fluorescent intensity. The proportion of extra-Golgi Rab11-GFP was defined as the
difference between whole cell and Golgi-area GFP fluorescence, divided by whole cell
fluorescence. A total of 20 cells were quantified from 4 independent trials for each cell line
in each experiment. Background was subtracted from all fluorescent (integrated density)
measurements. Quantification of the Pearson's coefficient of correlation () was performed

using Olympus software (FV100, version 01.04a).

Live cell imaging. FAPP1-PH-GFP imaging in Pik93 treated Bt549 cells was performed by
Dr. Jonathan Lee. 1 x 10° BT549 cells were plated on uncoated 35mm glass bottom plates
(MatTek P35G-0-20-C) 24 hr prior to transfection. Cells were then transfected with FAPP1-
PH-GFP using Liopfectamine LTX as per the manufacturer's instructions (Life
technologies). 24 hr after transfection, cells were treated with either DMSO or 250 nM
PIK93 in DMSO. Cell images were acquired by an ORCA-R2 Hammamatsu CCD camera in
an Olympus VivaView FL microscope using the 20X objective and an X-cite eXacte
mercury arc illumination with a GFP filter cube. Images were processed in VivaView FL
software.

Rab11/GALT imaging was performed by Dr. Amir Alipour. Vector control, WT- and
KD-PI4KIIIB-expressing BT549 cells were plated on MatTek coverslips (MatTek
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Corporation, Ashland, MA, USA) 24 hr prior to transfection. Cells were co-transfected with
GFP-Rabl1 and CFP-Galt, using FuGENE HP extreme as per the manufacturer's instructions
(Roche Diagnostics). Time lapse images were acquired 24 hr after transfection using an
inverted confocal laser scanning microscope, LSM 510, (Zeiss) equipped with a stage heated
to 37°C in a chamber containing 5 % CO, (v/v)/95 % (v/v) air. CFP and GFP were excited
using 417-442 nm and 486—498 nm band-pass filters, respectively. Fluorescence emission
spectra were collected using 455475 nm (CFP) and 510-545 nm (GFP) band-pass filters.
Images were acquired at a rate of 1/s. Captured images were converted to animation and

exported to QuickTime movie using the Image J software (NIH software).

Competitive ELISA. We determined the relative amount of PI(3,4,5)P; present in the stable
cell lines using a competitive PIP; Mass ELISA kit (Echelon Biosciences). Lipids were
extracted and purified PIP;-containing suspensions were treated according to the
manufacturer’s instructions. Briefly, 3x10° cells per experimental point, plated 24 hr prior,
were scraped and rinsed using cold 0.5 M trichloroacetic acid (TCA). Cells were then rinsed
twice in 5% TCA/1 mM EDTA. Neutral lipids were then removed using MeOH : CHCl;
(2:1). Following this, acidic lipids were extracted using MeOH : CHCl; : 12 M HCI
(80:40:1). The extracted supernatant was then phase split using 0.1 M HCI : CHCl; (1.8:1)
and the organic phase was dried under a stream of gaseous nitrogen. The dried lipids were
then resuspended in PIP; buffer (50 mM Hepes, 150 mM NacCl, 1.5% sodium cholate,
pH7.4), sonicated in a water bath for 5 min and left overnight at 4°C. Lipid extracts were
quantified alongside PIP; standards the following day. Briefly, samples and standards were
first incubated with a PIP; detector protein and then subsequently added to a microplate pre-
coated with PIPs, which will serve to competitively bind the PIP; detector protein added to
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samples. Unbound detector protein is then removed by washing the plates and a peroxidase-
linked secondary antibody and colorimetric substrate is added to detect the PIP; detector

protein bound to the plate. The colorimetric signal was measured at 450 nm using the Tecan
Spectra plate reader. The colorimetric signal is inversely proportional to the amount of PIP;

extracted from the cells.

HPLC analysis. Labelling, extraction, and quantification of phosphatidylinositol phosphates
were performed as previously described by Dr. Dave Bridges (331). Briefly, cells were
labelled in inositol-free media with [*’H]myo-inositol for 48 hr. Cells were then scraped into
ice-cold 4.5% perchloric acid and lysed for 15 min at room temperature. Phospholipids were
then extracted and deacylated with a solution of 26% methylamine, 45% MeOH, and 11%
butanol. Inositol lipids were separated on a Partisphere 5-SAX column with a 0-0.8 M
ammonium phosphate, pH 3.8 gradient. Lipid levels were normalized to total
phosphatidylinositol levels. There were no differences in the total phosphatidylinositol

between the groups (not shown).
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3.3 Results

3.3.1 PI4KIIIP expression regulates Akt activation

To investigate a potential role of PI4KIIIP expression in the regulation of Akt
signalling in breast cancer cells, BT549, human breast ductal carcinoma cell lines, were
generated to ectopically express PI4KIIIB (Fig. 3.1A). These same cell lines were used in the
studies presented in Chapter 2, pertaining to BT549 cells stably ectopically expressing
PI4KIIIB. In two independent BT549 cell lines with enhanced PI4KIIIP expression, a
significant approximate 2-fold increase in Akt phosphorylation at Thr308 and at Ser473 was
detected as compared to the vector control (p < 0.05, Student’s #-test) (Fig. 3.1A-B). To
determine whether this increase in Akt phosphorylation increases intracellular activity of the
protein, we probed the cell lines for the level of phosphorylation of c-Raf (Ser259), a known
Akt kinase target that has been shown to shift human breast cancer cells from cell cycle
arrest to proliferation (332). A significant 1.8-fold increase in c-Raf phosphorylation was
detected in the PI4KIIIB-overexpressing cell lines relative to the vector control, indicating a
higher level of Akt kinase activity following enhanced PI4KIIIf expression (p < 0.05,
Student’s #-test) (Fig. 3.1C-D). Moreover, this increase in Akt phosphorylation was observed
in BT549 cells overexpressing PI4KIIIP in full serum, reduced serum and serum-free growth
conditions (Fig. 3.1E). This shows that PI4KIIIf activates Akt, in BT549 cells, in a manner
that is independent of serum levels.

We next determined whether a loss of PI4KIII protein expression might lead to a
decrease in Akt activation. To this end, BT549 parental cells were treated with two distinct
siRNA sequences targeted to PI4KIII. Concomitant with a decrease in PI4KIII protein

levels, we observed a consistent and significant decrease (~ 40-50%) in Akt phosphorylation
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Figure 3.1: Enhanced PI4KIIIP expression increases Akt activity.

A. Western blot analysis showing levels of phosphorylation of Akt at Ser473 and at
Thr308 in two independent BT549 cell lines with increased PI4KIIIP protein expression
as compared to parental and vector controls. B. Quantification of the relative increase in
Akt phosphorylation over total Akt levels in the PI4KIIIB-expressing cell lines as
compared to the vector control. Data are presented as mean + S.E.M. of three
independent trials and (*) indicates statistical significance (p < 0.05, Student’s ¢-test). C.
Western blot analysis showing phosphorylation of c-Raf at Ser259 in two independent
BT549 cell lines with increased PI4KIIIP protein expression as compared to parental and
vector controls. D. Quantification of the relative increase in c-Raf phosphorylation over
total c-Raf levels in the PI4KIIIB-expressing cell lines as compared to the vector control.
Data are presented as mean + S.E.M. of two independent trials for two independent cell
lines (n = 4) and (*) indicates statistical significance (p < 0.05, Student’s #-test). E.
Western blot analysis showing increased Akt phosphorylation at Ser473 and Thr308 for
PI4KIIIB-overexpressing cells as compared to vector controls grown overnight in media
containing no serum, 1% serum or full (10%) serum.
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at Ser473 and Thr308 (p < 0.05, Student’s ¢-test) (Fig. 3.2A-B). PI4KIIIP has been shown to
be required for structural integrity of the Golgi complex (113). We therefore wanted to
ensure that siRNA depletion of PI4KIIIB was not leading to gross changes in Golgi
morphology, which could impact cell trafficking and signalling as a whole. siRNA treated
cells were therefore stained for the cis-medial Golgi marker, Giantin, as well as PI4KIIIf
protein. PI4KIIIP protein expression was effectively decreased in the BT549 cells treated
with each of the siRNA sequences against PI4KIIIf, as compared to BT549 cells treated with
the negative control siRNA (Fig. 3.2C). The Golgi morphology was then scored as intact,
disrupted or partially disrupted in each of the cell treatments stained, depending on whether
the Golgi was imaged as a punctate structure or as a more dispersed organelle at a 40X
maginification. Representative images are shown in Fig. 3.2C. There were no significant
changes in the proportion of cells scored for each Golgi state in the siRNA treated cells as
compared to control treated cells and the vast majority of cells (> 90%), in siRNA treated
cells, display an intact Golgi (Fig 3.2D). This suggests that siRNA knockdown of PI4KIIIB
does not have a detectable effect on Golgi morphology and depletion of PI4KIIIp is not
impacting Akt regulation by a gross deregulation of Golgi function. These results suggest
that PI4KIIIB is involved in regulating Akt activation in BT549 breast cancer cells and that

overexpression of PI4KIIIP leads to an increase in Akt activation.

3.3.2 PI4KIIIp expression activates Akt via P1(3,4,5)P; signalling

Because Akt activation is dependent, in large measure, on PI(3,4,5)P; levels, we next
determined the effect of PI4KIIIB expression on the overall cellular abundance of P1(3,4,5)P3

using a competitive ELISA. We observed a significant increase (~ 60%) in P1(3,4,5)P;
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Figure 3.2: PI4KIIIpP siRNA depletion leads to a decrease in Akt activation.

A. Western blot analysis showing Akt phosphorylation at Ser473 and Thr308 in BT549
parental cells treated with two distinct siRNA sequences targeted to PI4KIIIP as
compared to cells treated with the negative control siRNA. B. Quantification of relative
decrease in Akt phosphorylation in cells treated with siRNA targeted to PI4KIIIP as
compared to cells treated with negative control siRNA. Data are presented as mean +
S.E.M. of three independent experiments and (*) indicates statistical significance (p <
0.05, Student’s #-test). C. BT549 parental cells treated with two distinct siRNA
sequences targeted to PI4KIIIB , as well as negative control siRNA, immunostained for
PI4KIII (green) and the cis-medial Golgi marker Giantin (red). Representative images
for Golgi morphology scoring are shown and described as intact, disrupted or partially
disrupted (partial). Scale bars represent 10 um. D. Quantification of Golgi morphology
scoring in siRNA treated cells. Quantification was done on three independent trials each
containing 100 stained and scored cells. Results are presented as the average proportion
of total Golgi scored per trial + S.E.M.
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abundance in the PI4KIIIp-overexpressing cell lines compared to the vector control (p <
0.05, Student’s #-test) (Fig. 3.3A). We then visualized the intracellular localization of
PI(3,4,5)P; using a fluorescent reporter composed of the PH domain of Akt fused to GFP
(GFP-Akt PH), which binds to PI(3,4,5)P; and PI(3,4)P; lipids (22). Cell lines with
increased PI4IIIP expression showed increased plasma membrane recruitment of the reporter
construct, indicating higher levels of PI1(3,4,5)P; and/or PI(3,4)P, at the cell membrane,
where Akt activation is directed by these lipid species (Fig. 3.3B, Leff). When cells were
transfected with GFP alone, no enhanced reporter recruitment could be observed at the cell
membrane for the PI4KIIIB-overexpressing cells as compared the vector control (Fig. 3.3B,
Right). Quantification of reporter construct recruitment to the plasma membrane was
measured as the percentage of total GFP fluorescent intensity detected at the cell periphery.
A significant increase (p < 0.01, Student’s #-test) in fluorescent intensity at the cell periphery
was detected for the GFP-Akt-PH lipid reporter in both the vector control and PI4KIIIB-
overexpressing cells as compared to each cell line transfected with GFP alone (Fig. 3.3C).
Approximately 14% of total GFP fluorescence was detected at the cell membrane in both cell
lines. In comparison, 19% and 31% of total GFP-Akt-PH fluorescence, was detected at the
cell membrane in the vector control and PI4KIIIB-overexpressing cells, respectively. This
illustrates the membrane binding specificity of the GFP-Akt-PH reporter. The further
increase (~ 10%; p < 0.01, Student’s #-test) in membrane association of the GFP-Akt-PH
reporter detected in the PI4KIIIB-overexpressing cells as compared to vector control cells,
indicates increased abundance of PI(3,4,5)P3/PI(3,4)P; lipids at the cell membrane in cells

with elevated PI4KIIIB expression (Fig. 3.3C).
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Figure 3.3: Enhanced PI4KIIIP expression increases total PI(3,4,5)Ps3 cellular
abundance and plasma membrane localization.

A. PI(3,4,5)P; abundance is shown as a concentration of pmol per 106 cells and is the
mean + S.E.M. of duplicate samples from three independent experiments in the case
of the vector control and from two independent experiments for each of the BT549
PI4KIIIB-expressing cell lines. Increased PI(3,4,5)P3 production in PI4KIIIB-expressing
cell lines as compared to the empty vector control is statistically significant (p < 0.05,
Student’s #-test) and is indicated by (*). B. Confocal images of BT549 vector control and
PI4KIIIP overexpressing cell lines transfected with the P1(3,4,5)P3/ P1(3,4)P2 reporter
Akt-PH-GFP or GFP alone. Scale bars represent 10 pm. C. Quantification of plasma
membrane recruitment of the GFP-Akt-PH reporter or GFP alone in vector control or
PI4KIIIB overexpressing cells. Quantification is presented as the mean of GFP
fluorescence intensity at the cell periphery over total cell fluorescence + S.E.M. for 20
cells from four independent trials. (**) indicates statistical significance (p < 0.01,
Student’s z-test).
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BT549 cells are PTEN-null, as they contain a truncation mutation in PTEN, which leads to
the rapid degradation of the truncated protein (333, 334). We therefore next determined the
effect of re-introducing wild type PTEN on Akt activation, in the cell lines with enhanced
PI4KIIIPB expression. Expression of wild-type PTEN by adenoviral infection led to a
decrease in Akt phosphorylation in both the BT549 cells with enhanced PI4KIIIP expression
and the vector control cells (Fig. 3.4A). PTEN expression led to a significant decrease in Akt
phosphorylation by approximately 50% in both the vector control and PI4KIIIp-
overexpressing cells (p < 0.01, Student’s t-test)) (Fig. 3.4B). As PTEN is responsible for
dephosphorylating P1(3,4,5)P; into PI(4,5)P,, this result suggests that the increase in Akt
activation in the PI4KIIIB-expressing cells is dependent on cellular PI(3,4,5)P; lipid levels.
Therefore PI4KIIIB-mediated Akt activation likely occurs via the canonical PI3K signalling

pathway.

3.3.3 PI4KIIIp mediated Akt activation is independent of its kinase activity
PI(3,4,5)P; is principally generated by the sequential phosphorylation of PI, at
positions D4, D5 and D3 respectively, by PI 4-kinases, PI4P 5-kinases and PI 3-kinases. We

therefore hypothesized that enhanced PI4KIIIp expression might increase the cellular
abundance of PI(3,4,5)P; by increasing its precursors PI(4)P and PI(4,5)P,. To test this idea,
we measured the PI levels in the cell lines stably ectopically expressing PI4KIIIP using
HPLC separation of *H labelled inositol lipids. Surprisingly, there was no significant
difference detected in the relative abundance of PI(4)P or PI(4,5)P; lipids in the PI4KIIIp-
overexpressing cell lines as compared to the vector or parental control cell lines (Fig. 3.5A).
Thus, enhanced PI4I1IB expression appears to increase P1(3,4,5)P; levels without having an

impact on total cellular PI(4)P or PI(4,5)P, abundance. To determine if ectopic expression of
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Figure 3.4: PI4KIIIB-mediated Akt activation is lost in the BT549-PTEN null cell
line upon expression of a functional PTEN.

A. Western blot analysis showing Akt phosphorylation at Ser473 and Thr308 in vector
control and PI4KIIIB-overexpressing cell lines infected with adenovirus expressing wild-
type PTEN as compared to the untreated cell lines. B. Quantification of the relative
decrease in Akt phosphorylation in cells treated with adenovirus expressing wild-type
PTEN as compared to untreated controls. Data are presented as the mean + S.E.M. of
three independent experiments and (**) indicates statistical significance (p < 0.01,
Student’s #-test) for each PTEN expressing cell line compared to its untreated control.
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Figure 3.5: Increased PI4KIIIP expression does not alter the cellular abundance
of either PI(4)P or PI(4,5)P nor the localization of P1(4)P

A. HPLC analysis of PI(4)P and PI1(4,5)P2 phosphoinositide levels as a percent of total
radiolabeled inositol in the parental, vector control and two independent PI4KIIIB-
expressing BT549 cell lines. Data are presented as mean + S.E.M. of three independent
experiments. B. Confocal images of BT549 vector control and PI4KIIIf overexpressing
cell lines transfected with the PI(4)P reporter FAPP1-PH-GFP. Scale bars represent 10
pm. C. Lipid antibody immunostaining (red) of PI(4)P at the Golgi and PI(4)P and
PI(4,5)P2 at the plasma membrane in BT549 cells transiently transfected with PI4KIIIB-
GFP. Transfected cells are designated by an arrow. All other cells in the field are
untransfected (i.e. control cells). Scale bar indicates 10 um.
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PI4KIIIP leads to an altered distribution of PI(4)P lipid, cells were transfected with the
FAPP1-PH-GFP, a reporter construct which binds to PI(4)P in a Golgi specific context (33,
34). No evident changes in FAPP1-PH-GFP, and therefore PI(4)P lipid distribution, were
observed between vector control and PI4KIIIB-expressing BT549 cells (Fig. 3.5B). To
further verify if ectopic expression of PI4KIIIp alters the distribution of either PI(4)P or
PI(4,5)P; lipid immunostaining was performed on BT549 cells transiently transfected with
GFP-PI4KIIIB, following specific protocols that enable the preservation of the Golgi and
plasma membrane respectively (25). There did not appear to be any gross changes in
intensity or distribution patterns of PI(4)P at the Golgi or of PI(4)P and PI(4,5)P; at the
plasma membrane in cells transfected with GFP-PI4KIIIB compared to untransfected cells in
the same field (Fig. 3.5C). This suggests that enhanced PI4KIIIf expression does not lead to

a substantive change in PI(4)P or PI(4,5)P; lipid production or localization.

In light of these findings, we then asked whether or not the kinase activity of
PI4KIIIB was required for Akt activation. To this end, we treated the BT549 cells stably
expressing ectopic PI4KIIIP with a drug that inhibits PI4KIIIP, Pik93. This drug inhibits
only the PI4KIIIB isoform (and not PI4KIIla) at a molar concentration of 250 nM, though at
this molar range Pik93 also inhibits PI3Ky (106, 335, 336). In addition, Pik93 can inhibit
PI3Ka, PI3Kf and PI3K? but only at higher concentrations (336). Overnight treatment of
cells with Pik93 had no effect on PI4KIIIB-mediated Akt activation, as the same increase in
Akt phosphorylation is observed in PI4KIIIB-expressing cells as compared to vector control
cells, when treated with DMSO (vehicle control) or Pik93 (Fig 3.6A). To ensure that Pik93
was in fact inhibiting PI4KIIIP in our cell system, we followed the distribution of the PI(4)P

lipid reporter, FAPP1-PH-GFP, in BT549 parental cells treated with either DMSO or Pik93.
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Figure 3.6: Inhibition of PI4KIIIP activity does not impede PI4KIII-mediated Akt
activation.

A. Western blot showing that PI4KIIIB-overexpression leads to an increase in activating
Akt phosphorylation in BT549 cells, when treated with either the PI4KIII inhibitor
Pik93 (250 nM) or the vehicle control, DMSO. B. Confocal images taken during live
cell imaging, following a given BT549 cell transiently transfected with FAPP1-PH-GFP
and treated with either DMSO (vehicle control) or Pik93 (250 nM) over 60 min. The
PI(4)P reporter construct can be seen redistributing to the cytoplasm in cells treated with
Pik93 at the 30 min mark. This same effect is not observed in cells treated with DMSO.
Scale bars represent 10 pm.
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Pik93 inhibition of PI4KIIIB has previously been shown to lead to a reduction of FAPP1-PH-
GFP Golgi localization (337). We found that treatment of cells with 250 nM of Pik93
effectively led to loss of Golgi reporter fluorescence by 30 min time (Fig. 3.6B). In contrast,
FAPP1-PH-GFP remained primarily Golgi localized in DMSO treated cells. This,
presumably, reflects the loss of PI(4)P lipid at the Golgi due to Pik93 inhibition of PI4KIIIf.
As treatment with the PI4KIII inhibitor Pik93 had no effect on PI4KIIIB-mediated Akt
activation, this indicates that PI4KIIIp catalytic activity is not required for its role in Akt
activation.

To further investigate the catalytic role of PI4KIIIB in Akt activation, we next
generated BT549 cells ectopically expressing a kinase-dead (KD) PI4KIIIf. KD-PI4KIIIB
contains a substitution of an aspartic acid residue for alanine at position 656, rendering it
catalytically inactive (113, 137). Previous work has demonstrated that the PI4K activity of
KD-PI4KIIIP is < 0.2% that of wild type (WT) PI4KIIIB (113, 137). With respect to Akt
activation, two independent cell lines expressing KD-PI4KIIIB showed significant increases
(~ 2-fold) in Akt phosphorylation at Thr308 and at Ser473 as compared to the vector control
and at levels comparable to those observed in BT549 cells ectopically expressing WT-
PI4KIIIB (p < 0.05, Student’s ¢-test) (Fig 3.7A-B). This indicates that PI4KIIIB expression
leads to Akt activation independently of its catalytic activity. We also found that BT549 cells
expressing KD-PI4KIIIP proliferate at a faster rate than vector control cells (Fig. 3.7C).
Ectopic expression of both KD- and WT-PI4KIIIP decreased the doubling time of BT549
cells to 27 hr, as compared to vector control cells, which had a doubling time of 47 hr. It has
been previously reported that kinase activity is not required for the Golgi localization of the

soluble PI4KIIIp protein (137). Therefore, we next wanted to verify that ectopic expression
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Figure 3.7: Ectopic expression of a catalytically inactive PI4KIIIp (D656A)
increases Akt activation.

A. Western blot analysis of Akt phosphorylation at Ser473 and at Thr308 in WT-and two
independent KD-PI4KIIIB-expressing BT549 cell lines as compared to the vector control.
B. Quantification of the relative increase in Akt phosphorylation over total Akt levels is
shown in the WT-PI4KIIIB-overexpressing and KD-PI4KIIIB-expressing cell lines as
compared to the vector control. Data are presented as mean + S.E.M. of three
independent experiments and (*) indicates statistical significance (p < 0.05, Student’s ¢-
test). C. KD-PI4KIIIB-expressing BT549 cells (closed triangle-purple line) proliferate at
a faster rate than vector control cells (open symbol) and at a comparable rate as WT-
PI4KIIIB-overexpressing cells (closed diamond-blue line). Each point represents the
average fold growth of cells at a given time point over the number of cells measured at
the initial time point (0 hr) for three independent experiments for each cell line = S.D. D.
Confocal images of PI4KIIIP localization (green) in vector control, WT- PI4KIIIf-
overexpressing and KD-PI4KIIIP expressing cells. Golgi, as identified by the cis-medial
Golgi marker Giantin, is seen in red and DNA is blue. Scale bar indicates 10 um. E.
Confocal images of BT549 vector control and KD-PI4KIIIB-expressing cells transfected
with the PI(3,4,5)Ps/ PI(3,4)P; reporter, Akt-PH-GFP. Scale bars indicate 10 um. F.
Quantification of the plasma membrane recruitment of the Akt-PH-GFP reporter in the
vector control and KD-PI4KIIIf-expressing cells presented as the mean = S.E.M. for 20
cells from 4 independent experiments. Statistical significance (p < 0.01, Student’s #-test)
is indicated by (**).
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of KD-PI4KIIIB did not alter the subcellular localization of PI4KIIIP protein in our cell
system. We found that in all cell lines, the PI4KIIIB protein co-localized with the cis-medial
Golgi marker Giantin and could also be observed in the cytoplasm (Fig 3.7D). As expected,
the Golgi and cytoplasmic pools of PI4KIIIf appear more abundant in cells ectopically
expressing either WT- or KD-PI4KIIIB as compared to vector controls. Importantly, no
dramatic differences in PI4KIIIp cellular distribution were detected between the cells
ectopically expressing either WT- or KD-PI4KIIIf.

We next investigated whether KD-PI4KIIIB-expressing cells showed increased
PI(3,4,5)P; plasma membrane abundance, similarly to WT-PI4KIIIf expressing cells. To this
end, cells were transfected with the P1(3,4,5)Ps/PI(3,4)P; reporter construct, Akt-PH-GFP. A
significant increase in cell membrane association of the GFP-Akt-PH reporter was detected
in the KD-PI4KIIIB-expressing cells, as compared to vector controls (p < 0.01, Student’s #-
test) (Fig. 3.7D-E). This increase in PI(3,4,5)P; reporter plasma membrane recruitment is
similar in amplitude (~ 10%) to that observed in WT-PI4KIIIp-overexpressing cells (Fig.
3.3C). Thus, ectopic expression of a kinase inactive PI4KIIIP also has the capacity to
increase the plasma membrane abundance of PI(3,4,5)P; and increase Akt activation in
breast cancer cells, to similar levels observed in cells ectopically expressing the wild type

PI4KIIIB protein.

3.3.4 Arole for Rab11 in PI4KIIIp-mediated Akt activation

As we determined that the kinase function of PI4KIIIf is not necessary for Akt
activation it was likely that an accessory PI4KIIIf binding protein was involved in this
activation process. The endosomal trafficking protein, Rab11, was an attractive candidate as

it had already been shown to bind PI4KIIIf independently of kinase activity (126, 137). We
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first verified that PI4KIIIB and Rab11 interact in our cells lines by co- immunoprecipitation.
Rabl11 co-immunoprecipiated with PI4KIIIf in the vector control, WT-PI4KIIIB-
overexpressing and KD-PI4KIIIB-expressing cell lines, with a greater amount of Rab11
found with PI4KIIIB in the cell lines ectopically expressing WT- or KD-PI4KIIIf, suggesting
that a proportion of exogenous PI4KIIIP interacts with Rab11 in these cell lines (Fig 3.8A).
This interaction between PI4KIIIp and Rab11 was visualized by immunofluorescence in the
vector control, WT-PI4KIIIB-overexpressing and KD-PI4KIIIB-expressing BT549 cells,
which were transfected with Rab11-GFP (Fig. 3.8B). Quantification of the Pearson's
correlation coefficient (r) for PI4KIIIB and Rab11-GFP shows a significant increase in the
colocalization of these two proteins in WT- PI4KIIIB-overexpressing and KD-PI4KIIIf-
expressing cells, as compared to vector control cells (p < 0.01, Student’s #-test) (Fig. 3.8C).
Furthermore, in the WT-PI4KIIIB-overexpressing and KD-PI4KIIIB-expressing cells,
PI4KIIIP appears to co-localize with the recycling endosome marker, the transferrin receptor
(TfR), to a greater degree than in vector control cells (Fig. 3.9A). A significant increase in
the Pearson's correlation coefficient (7) for PI4KIIIP and the transferrin receptor was also
detected in the WT-PI4KIIIB-overexpressing and KD-PI4KIIIB-expressing cells, as
compared to the vector control cells (p < 0.01, Student’s ¢-test) (Fig. 3.9B). This suggests
that PI4KIIIB and Rab11 recruitment to recycling endosomes is enhanced in cells with
increased PI4KIIIP expression.

We then examined the localization of Rab11 in the expressing cell lines by live cell
imaging. Cells were transfected with Rab11-GFP and GalT-CFP to mark the TGN. Rab11
localizes to the TGN, early and recycling endosomes (142). Still images taken during live
cell imaging show that Rab11 distribution is altered in cells ectopically expressing either
WT- or KD-PI4KIIIP (Fig.3.10A). In vector control cells Rab11 is detected primarily in the
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Figure 3.8: PI4KIIIP interacts with Rab11 in vector control, WT-PI4KIIIB-
overexpressing and KD-PI4KIIIf expressing cells.

A. Co-immunoprecipitation (Co-IP) was performed on whole cell lysates of vector
control, WT- PI4KIIIp-overexpressing and KD-PI4KIIIB-expressing BT549 cells. Each
lane contains 10 pg of total protein. Co-IP was performed using a PI4KIIIp specific
antibody. Agarose beads alone were used as a negative control. Interacting proteins were
identified by Western blot using PI4KIIIB and Rab11 antibodies. B. Confocal images of
Rab11-GFP and PI4KIIIp (red) in the vector control, WT- PI4KIIIf-overexpressing and
KD-PI4KIIIB-expressing BT549 cells. Scale bars represent 10 pm. C. The Pearson's
correlation coefficient () for PI4KIIIB and Rab11-GFP in the vector control, WT-
PI4KIIIB-overexpressing and KD-PI4KIIIB-expressing BT549 cells. Data is presented as
the mean + S.E.M. for 15 cells imaged from three independent experiments for each cell
line. Statistical significance (p < 0.01, Student’s ¢-test) is indicated by (**).
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Figure 3.9: Ectopic expression of either WT- or KD-PI4KIIIp enhances the
recruitment of PI4KIIIP to recycling endosomes.

A. Confocal images of PI4KIIIP (green) and the recycling endosome marker, transferrin
receptor (red), in the vector control, WT- PI4KIIIB-overexpressing and KD-PI4KIIIp
expressing BT549 cell lines. Scale bar indicates 10 pum. B. The Pearson's correlation
coefficient (r) for PI4KIIIP and the transferrin receptor (TfR) in the vector control, WT-
PI4KIIIB-overexpressing and KD-PI4KIIIB expressing BT549 cell lines. Data is
presented as the mean +/- S.E.M. for 15 cells imaged from three independent experiments
for each cell line. Statistical significance (p < 0.01, Student’s #-test) is indicated by (**).

121



N .

WT-PI4KIIIB-1

o .

S

5

o 08
=

3

8

cE 06
23

o =

°% 04
sa

w

c

s 02
o

1}

[}

o 0.

Vector WT-PI4KIIIB-1 KD-PI14KIIIB-1

122



Figure 3.10: Ectopic expression of either WT- or KD-PI4KIII alters the cellular
distribution of Rab11.

A. Confocal images taken during live cell imaging of vector control, WT- PI4KIIIB-
overexpressing and KD-PI4KIIIB expressing BT549 cells co-transfected with Rab11-
GFP and GalT-CFP (trans-Golgi network marker; pseudo-coloured magenta). Scale bars
indicate 10 um. B. Quantification of the Golgi and extra-Golgi distribution of GFP-
Rabl1 in vector control, WT- PI4KIIIB-overexpressing and KD-PI4KIIIB-expressing
BT549 cells, presented as the mean, = S.E.M., proportion of total cellular GFP
fluorescence in 15 cells from each cell line. Statistical significance (p < 0.05, Student’s ¢-
test) is indicated by (*).

123



Percentage of total cellular Rab11

Vector

WT-PI4KIIIB-1

KD-P14KIlIB-1

100, «

90 * 1

80
70
60
50
40
30
20
10

B Rab11 Golgi
BIRab11 Extra-Golgi

fluorescnt intenisty

Vector  WT-PI4KIIIB-T ~ KD-PI4KIIIB-1

124



Golgi. In WT-PI4KIIIB-overexpressing and KD-PI4KIIIB-expressing cells, Rab11 shows a
broader punctate distribution in addition to Golgi localization. Rab11 Golgi versus extra-
Golgi distribution was quantified and showed a significant shift from Golgi to extra-Golgi
localization in WT-PI4KIIIB-overexpressing and KD-PI4KIIIB-expressing cells, as compared
to vector control cells (p < 0.05, Student’s ¢-test) (Fig. 3.10B). This indicates that enhanced
expression of PI4KIIIP, either WT or a KD mutant, relocalizes Rab11 from the Golgi to a
broader punctate cellular distribution. This suggests that enhanced PI4KIIIB expression shifts
Rabl11 localization from the Golgi onto endosomes.

To determine if the PI4KIIIB/Rab11 interaction might be involved in PI4KIIIB-
mediated Akt activation, the vector control, WT- and KD-expressing cell lines were treated
with siRNA against Rab11. Depletion of Rab11 protein led to a consistent and significant
decrease (~ 50%) in Akt phosphorylation in all cell lines (p < 0.05, Student’s ¢-test) (Fig.
3.11A-B). Therefore, loss of Rab11 impairs Akt activation in both the control BT549 breast
cancer cells and in those with enhanced PI4KIIIB expression, suggesting that Rab11 plays a

role in mediating the activation of PI3K/Akt signalling.
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Figure 3.11: siRNA depletion of Rab11 decreases Akt activation in vector control,
WT-PI4KIIIB-overexpressing and KD-PI4KIIIp-expressing BT549 cells.

A. Western blot analysis showing Akt phosphorylation at Ser473 and Thr308 in vector
control, WT-PI4KIIIB-overexpressing and KD-PI4KIIIB-expressing BT549 cells treated
with siRNA targeted to Rab11 as compared to cells treated with the negative control
siRNA. B. Quantification of the relative decrease in Akt phosphorylation in cells treated
with siRNA targeted to Rab11 as compared to cells treated with negative control siRNA.
Data are presented as mean + S.E.M. of three independent trials and (*) indicates
statistical significance (p < 0.05, Student’s #-test).
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3.4 Discussion

A role for PI4KIIIP in breast cancer has been recently emerging (146, 162-164, 179).
However, the mechanism through which PI4KIIIf regulates breast oncogenesis has not yet
been elucidated. Aberrant expression of the PI4KIIIP activator and breast oncogene,
eEF1A2, activates Akt (157, 163, 164, 168). This suggested that PI4KIIIB may itself regulate
the Akt signalling pathway.

Here we report that enhanced PI4KIIIB expression increases Akt activation in PTEN-
null BT549 cells and the loss of PI4KIIIP by siRNA silencing decreases Akt activity. This
suggests that endogenous PI4KIIIp is involved in regulating Akt activation in this breast
cancer cell line and that enhanced expression of PI4KIIIf further activates the Akt oncogenic
signalling pathway. We also show that this increase in Akt activity is dependent on increased
PI(3,4,5)P; production. Though PI3K-independent modes of Akt activation have been
reported (338), our data supports the hypothesis that PI4KIIIf expression impacts Akt
activation upstream of the canonical activation pathway regulated by PI3K.

We also show that Akt phosphorylation levels are returned to control levels in the
PI4KIIIB-overexpressing cells upon expression of PTEN, the phosphatase that antagonises
PI3K signalling. This result suggests that PI4KIIIB expression may have the greatest impact
on Akt activation in a PTEN null background. A loss of PTEN expression has been reported
in 30-50% of breast cancers, with PTEN loss correlating with lymph node metastasis and
disease-related death (339, 340). It is possible that a combination of enhanced PI4KIIIf
expression and PTEN deficiency may help contribute to the aggressive nature of PTEN-null
breast tumours.

We found that the enhanced PI(3,4,5)P; production and Akt activation due to
increased PI4KIIIP expression is unlikely to be driven by changes in abundance or
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intracellular localization of PI(4)P and PI(4,5)P,. No changes in PI(4)P and PI(4,5)P; lipid
abundance were detected in cells overexpressing PI4KIIIP, nor were we able to detect
substantial changes in cellular lipid distribution using immunofluorescence. It was a surprise
to find that enhanced PI4KIIIP expression did not lead to an overall increase in PI(4)P levels.
It is possible that a higher rate of phosphoinositide phosphorylation occurs in cells
ectopically expressing PI4KIIIP but only in a local and transitory manner. Small and/or
compartmentalized changes in PI(4)P lipid composition may not have been detectable by
HPLC analysis or dramatic enough to be observable by reporter construct imaging or lipid
immunostaining. However, the fact that the PI4KIIIP inhibitor, Pik93, had no effect on
PI4KIIIB-mediated Akt activation and the ability of a catalytically inactive PI4KIIIP protein
to activate Akt rule out a necessary role for PI(4)P in PI4KIIIB-dependent Akt activation.
The work presented here suggests that PI4KIIIB-mediated Akt activation is not dependent on
its catalytic function.

Our data suggests that PI4KIIIp likely activates Akt in conjunction with Rabl1. We
demonstrate, that in BT549 cells, Rab11 interacts with PI4KIIIB in the vector control, WT-
PI4KIIIB-overexpressing and KD-PI4KIIIB-expressing cell lines, though to a greater extent
in the cell lines with enhanced PI4KIIIf expression. Moreover, down-regulation of Rab11
(using RNAI) inhibits Akt activation. We speculate that PI4KIIIP activates Akt in concert
with Rabl1 at the cell's endosomal membranes. Consistent with this idea, PI4KIIIp was
found to co-localize more strongly with the recycling endosomal marker, transferrin receptor,
in both the WT- and KD-PI4KIIIB expressing cell lines. These results suggest that in the
overexpressing cell lines, PI4KIIIP is recruited to recycling endosomes, as they traffic
through the TGN. Coupled to the fact that in the WTPI4KIIIB-overexpressing and KD-
PI4KIIIB-expressing cells the distribution of Rab11 is altered, showing a broader punctate
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cellular distribution, this suggests that enhanced expression of PI4KIIIf leads to greater
endosomal recruitment of Rab11 in BT549 cells.

In Drosophila, the PI4KIIIB homologue, four wheel drive (Fwd), has also been
previously shown to regulate Rab11 recruitment and trafficking events. More specifically,
Fwd is required for Rab11 localization to secretory granules at the midzone of dividing
spermatocyte cells, allowing successful completion of cytokinesis (126). Of interest to our
study, a non-catalytic role for Fwd in Rab11 regulation was determined as expression of a
kinase-dead mutant of Fwd, which also binds to Rab11, partially rescues male Drosophila
spermatocyte cytokinesis defects in fwd null flies.

A role for Rab11 in regulating Akt activation at endosomes has also previously been
reported (145). Garcia-Regalado et al. showed that the LPA-stimulated interaction between
Rab11 and the heteromeric G protein sub-unit GBy on intracellular membranes contributes to
the recruitment of PI3K and the activation of Akt via phosphorylation on early and recycling
endosomes (145). Interestingly, ectopic expression of Rab11a was shown to be sufficient to
translocate GPy to endocytic structures; with constitutively active Rab11 showing a higher
affinity for GBy (145). In addition, expression of a dominant-negative Rab11 led to a loss of
Gy and PI3K recruitment to early and recycling endosomes, suggesting that Rab11 has a
critical role in recruiting PI3K to endosomes (145). Therefore, we propose that PI4KIIIB-
dependent recruitment of Rab11 could enhance PI3K and Akt signalling on endosomal
vesicles exiting the TGN. Endosomal membranes have been emerging for some time as sites
of signal transduction. A number of receptor tyrosine kinases (RTKs) have been
demonstrated to signal from endosomes (341). For example, it has been reported that in
adipocytes, insulin-stimulated PI3K activation, via phosphorylation of insulin receptor
substrate (IRS-1), occurs preferentially in internal membranes rather than at the plasma
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membrane (342). Endosome specific signalling of EGFR has also been shown to activate
PI3K/Akt signalling (343, 344). In addition, the endosomal proteins adaptor protein,
phosphotyrosine interaction, PH domain and leucine zipper containing 1 (Appll) and EEA1
have been shown to regulate Akt endosome recruitment and activation (345, 346).
Furthermore, Sato et al., demonstrated using a targetable probe, that in response to platelet
derived growth factor (PDGR), PI(3,4,5)P3, was rapidly produced at the plasma membrane,
followed by accumulation in endomembranes of Chinese hamster ovary (CHO) cells (347).
They further showed that PI(3,4,5)P; was produced in sifu in endomembranes, a process
stimulated by receptor tyrosine kinase endocytosis. This previously published work sets a
precedence for endosome localized PI3K/Akt activation, with a specific role for Rab11
reported in directing Akt activation on these internal membranes. We believe that the
interaction between PI4KIIIp and Rab11 at the TGN and on endosomal membranes is likely
regulating Akt activation on endosomes themselves. We speculate that PI4KIIIp is co-
operating with Rab11 to increase Akt activation through one or more membrane receptors
and subcellular PI3K signalling in breast cancer cells. Rab GTPases have been previously
linked to breast cancer oncogenesis in their role as central regulators of cell trafficking (140,
348, 349).

It is important to note that Rab11 siRNA depletion leads to a similar decrease in Akt
activation in vector control cells as well as in cells ectopically expressing either WT- or KD-
PI4KIIIB. We have shown that endogenous PI4KIII plays a role in Akt activation, as siRNA
depletion of PI4KIIIPB in BT549 parental cells impairs Akt activation. Thus, it is anticipated
that, similarly, loss of Rab11, as a putative downstream effector of PI4KIIIp in the regulation
of Akt signalling, would impair Akt activation in cells without PI4KIIIf overexpression.
Even in the cell lines with Rab11 expression decreased, Akt phosphorylation in PI4KIIIB-
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overexpressing cells is greater than the levels observed in vector control cells. This could be
due to the fact that the Rab11 knockdown is only partial, leaving sufficient Rab11 remaining
to interact with the exogenous PI4KIIIp in the overexpressing cell lines, to together drive
increased Akt activation. Further work needs to be done to conclusively say whether Rab11
is acting downstream of PI4KIIIf in the regulation of Akt activation. An important
experiment to perform would be to study what effect ectopic expression of a mutant
PI4KIIIB, deficient in Rab11 binding, has on Akt activation, Another, would be to express a
dominant negative Rabl11 in the PI4KIIIB-overexpressing cells to determine if this leads to a
loss of PI4KIIIB-mediated Akt activation. In addition, expression of a constitutively active
Rabl11 should lead to increased Akt activation, even when PI4KIIIP expression is knocked
down using siRNA, if Rab11 is truly acting downstream of PI4KIIIf.

In conclusion, we find that enhanced PI4KIIIB expression in BT549 breast cancer
cells activates Akt signalling and that PI4KIIIf overexpression leads to PI3K/Akt activation
independently of its kinase function, and likely via its interaction with the endosomal

trafficking protein Rabl11.
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CHAPTER 4: GENERAL DISCUSSION
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4.1 Summary of Thesis

Recent findings have implicated PI4KIIIP in breast cancer. PI4KIIIP has been
reported genetically amplified in breast tumours (178). Dr. Lee's research group has
previously found that PI4KIIIP is a downstream effector of the breast cancer oncogene,
eEF1A2, which is aberrantly expressed in 60% of breast tumours (146, 147, 163, 164).
Additionally, our laboratory has also reported that PI4KIIIp overexpression disrupts breast
epithelial cell in vitro morphogenesis (179). Furthermore, PI4KIIIp expression has been
reported to inhibit apoptosis in breast cancer cells (180). However, whether PI4KIIIB protein
is upregulated in breast tumours and the specific oncogenic processes regulated by PI4KIIIf
remained to be determined. Thus, the focus of my research has been on investigating the

mechanism of oncogenesis of PI4KIIIf in breast cancer.

As PI4KIIIB protein expression was found to be increased in ~20% of primary human
breast tumours, the first aim of my research was to identify a role for PI4KIIIp protein
expression in breast cancer. Ectopic expression of eEF1A2, a PI4KIIIP activator, in breast
cancer cells leads to enhanced filopodia formation, enhanced cell migration and increased
activation of the pro-proliferative kinase Akt (168). Therefore, I wanted to determine
whether PI4KIIIP expression itself could impact filopodia formation, cell migration and
proliferation in breast cancer cells. I found that ectopic expression of PI4KIIIf increases
filopodia formation in both human breast cancer and rodent fibroblast cells. Enhanced
PI4KIIIP expression is not sufficient, however, to increase the migration rate of breast cancer
cells. PI4KIIIB overexpression does enhance the in vitro proliferative capacity of breast
cancer cells. Therefore, enhanced PI4KIIIP expression is likely implicated in breast tumour

progression and impacts both breast cancer cell architecture and proliferation in vitro.
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The second aim of my thesis examined the role of PI4KIIIP in Akt activation. I
found that PI4KIIIP expression regulates Akt activation in BT549 invasive human ductal
epithelial breast cancer cells. Overexpression of PI4KIIIP increases Akt activation and,
concomitantly, its siRNA depletion decreases Akt activation. PI4KIIIf likely activates Akt
via canonical PI3K signalling, as enhanced PI4KIIIf expression leads to increased
abundance of PI(3,4,5)P3/PI(3,4)P, at the plasma membrane. Concordantly, PI4KIIIf3-
mediated Akt activation is lost upon reintroduction of functional PTEN, a
PI1(3,4,5)P5/P1(3,4)P; lipid phosphatase, in the PTEN-null BT549 breast cancer cell line.
Upstream of P1(3,4,5)P3, PI(4)P and PI(4,5)P, cellular lipid levels and distribution are not
detectably altered by ectopic expression of PI4KIIIP. In addition, treatment of the BT549
cells with a PI4KIIIP inhibitor, Pik93, does not affect PI4KIIIB-mediated Akt activation.
Together, this data suggests that ectopic PI4KIIIB expression activates PI3K and Akt
independently from its ability to synthesize PI(4)P lipid in BT549 breast cancer cells.
Supporting the hypothesis that PI4KIIIf is regulating Akt activation independently of its
kinase function, ectopic expression of a catalytically inactive PI4KIII} mutant protein also
leads to increased Akt activation and plasma membrane abundance of PI(3,4,5)Ps/PI(3,4)P-.
It appears likely that PI4KIIIp is mediating Akt activation through an interacting protein, the
small GTPase, Rab11. Enhanced expression of PI4KIIIf leads to increased amount of Rab11
binding to PI4KIIIP and enhances the co-localization of PI4KIIIf with a recycling endosome
marker. This suggests that enhanced PI4KIIIB expression is leading to greater localization of
PI4KIIIB and Rabl11 to recycling endosomes. Furthermore, siRNA depletion of Rab11 leads
to a decrease in Akt activation, suggesting that these two proteins work in concert to activate
Akt through a cell trafficking mechanism. Therefore enhanced PI4KIIIB expression likely
plays a role in activating PI3K/Akt signalling in breast tumours. My work reveals a novel
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role for PI4KIIIpB in Akt activation, in a manner that appears to be independent of the lipid

kinase's catalytic function but is dependent on Rab11.

4.2 A Role for PI4KIIIP in Filopodia Formation

As described in chapter 2, enhanced expression of PI4KIIIP induces filopodia
formation in both Rat2 rodent fibroblast cells and BT549 breast cancer cells.
Phosphoinositides have been shown to play important roles in the regulation of filopodia
initiation and growth (200, 222). However, PI4KIIIp is likely regulating filopodia
polymerization through different mechanisms in these two cell types. I hypothesize that
PI4KIIIP contributes to filopodia formation in two ways: one dependent on phosphoinositide

generation and the other independent of its kinase activity.

In Rat2 cells, previous work published by our laboratory shows that the PI4KIIIf
activator, eEF1 A2, regulates filopodia formation through the small GTPase Cdc42 (147).
eEF1A2 expression also leads to enhanced PI1(4,5)P; cellular abundance and plasma
membrane localization (147). Cdc42 and PI(4,5)P, have well established roles in regulating
actin filament growth through WASP protein activation, which leads to Arp2/3 complex-
mediated actin nucleation (210, 222). In addition, PI(4,5)P, promotes actin polymerization
by regulating the function of a number of actin-binding proteins (200). Using mutant
constructs, our laboratory has also previously shown that eEF1A2-mediated filopodia
formation is dependent on the protein's interaction with PI4KIIIB and PI4KIIIf
overexpression is sufficient to lead to an increase in PI(4,5)P, plasma membrane
accumulation (147). Together, these results suggest that, in Rat2 cells, enhanced activation of
PI4KIIIP by eEF1A2 and enhanced expression of PI4KIIIp lead to an increase in PI(4,5)P,

pools at the plasma membrane. This increase in plasma membrane PI(4,5)P; could then
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increasingly activate N-WASP, in concert with Cdc42, which would drive more Arp2/3

complex actin nucleation and produce longer and more numerous filopodia (45, 210).

It may appear surprising that a Golgi localized enzyme such as PI4KIIIp could be
responsible for the generation of PI(4,5)P; at the plasma membrane. Balla et al. showed that
PI4KIIla, which localizes to the ER in mammalian cells, is responsible for the generation of
plasma membrane pools of PI(4)P and PI(4,5)P, during PLC activation in agonist stimulated
cells, leading to IP; and Ca®" signalling (106). In addition, it has been reported that plasma
membrane pools of PI(4,5)P, are independently regulated from plasma membrane pools of
PI(4)P (350, 351). In effect, Hammond et al. showed that plasma membrane PI(4)P is not
required for the maintenance of plasma membrane PI(4,5)P, (351). Depletion of plasma
membrane PI(4)P, using a targetable Sac phosphatase, very minimally altered levels of
plasma membrane PI(4,5)P, and had no effect on the endocytosis of clathrin, generation of
Ca2+-m0bilizing IP; or in the generation of PI(3,4,5)Ps/P1(3,4)P, (351). The authors
postulated that plasma membrane PI(4)P and PI(4,5)P, may have independent signalling
functions. Proteins can be targeted to the plasma membrane through basic clusters that
interact with negatively charged phosphoinositide headgroups (8). A steady state plasma
membrane pool of PI(4)P may primarily be responsible for this electrostatic interaction
targeting proteins to the plasma membrane (351). This raises the possibility that specific
signalling pools of plasma membrane PI(4,5)P, are generated from PI(4)P delivered from
internal organelle membranes. I propose that PI4KIIIf may be trafficking PI(4)P to the
plasma membrane in vesicles derived from the TGN for PI(4,5)P, generation. PI(4,5)P, may
be generated at the plasma membrane or on endosomes themselves by PI(4)P 5-kinases

(352). As PI4KIIIP is not an integral Golgi protein but a soluble protein recruited to the

137



Golgi by Arfl (113), it is also possible that eEF1A2 expression or PI4KIIIB overexpression
mislocalize the protein to other cellular membranes, which facilitates the generation of

plasma membrane pools of PI(4,5)P».

PI4KIIIB-generated PI(4)P at the Golgi and PI(4,5)P, may also play an indirect role
in regulating filopodia production through vesicular trafficking. Enhanced PI4KIIIf catalytic
activity leads to increased transport to the plasma membrane, demonstrating a direct role for
PI4KIIIP derived PI(4)P in vesicular transport (134, 353). PI(4)P has been shown to regulate
vesicular trafficking by mediating a number of interactions. PI(4)P recruits clathrin-coated
vesicle (CCV)-associated proteins, such as AP-1, GGAs and EpsinR, as well as binding the
lipid transfer proteins CERT, FAPP1 and FAPP2 (19, 31, 34, 354). PI(4)P also binds
GOLPH3, which connects the Golgi to F-actin, as GOLPH3 binds myosin MYO18A (28).
This conveys a tensile force required for efficient vesicle budding (28). PI(4,5)P; also
regulates vesicular trafficking by regulating both endocytosis and exocytosis. P1(4,5)P,
regulates endocytosis as a co-receptor for the endocytic clathrin adaptors AP-2 and epsin and
as a regulator of dynamin catalysed membrane fission (18, 56, 57). PI1(4,5)P, regulates
exocytosis, by acting on both plasma membrane and vesicle proteins at a pre-fusion stage
(50, 51). Enhanced vesicular trafficking, due to more abundant cellular PI(4,5)P, and PI(4)P,
could impact filopodia formation through increased delivery of filopodial components to the
leading edge, as the formation of membrane protrusions is supported by vesicle delivery and
recycling (355). Most vesicular trafficking is regulated by soluble N-ethylmaleimide-
sensitive factor activating protein receptor (SNARE) proteins (356). Inhibition of SNARE-
mediated membrane traffic has been shown to lead to a decrease in cell protrusions and

migration (356), demonstrating the importance of cell trafficking in the formation of
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membrane protrusions. Vesicles directed to nascent filopodia deliver new membrane for
extension (357, 358). They also supply membrane protrusions with necessary molecular
components. Integrins, cell surface adhesion receptors that bind the ECM, are constantly
endocytosed from the retracting end of a motile cell and recycled for exocytosis at the
leading edge (359). There is also evidence that the N-WASP/Cdc42 complex, which drives
filopodia protrusions, is assembled at the perinuclear recycling compartment (also termed the
endocytic recycling compartment (ERC)) in breast cancer cells (360), which suggests a role
for the slow recycling pathway in filopodia formation through the regulation of the actin

nucleation promoting N-WASP/Cdcd42 complex assembly.

As Rat2 cells ectopically expressing PI4KIIIB have been shown to have an increase
in PI(4,5)P, plasma membrane lipid abundance (147), it is likely that this overexpression is
driving filopodia formation via PI(4,5)P, and possibly via PI(4)P lipid production. A model
depicting the possible phosphoinositide-driven mechanisms of PI4KIIIB-mediated filopodia
production in Rat2 cells is depicted in Fig. 4.1A. Enhanced PI(4,5)P, abundance at the
plasma membrane promotes filopodia production through the WASP/Arp2/3 complex actin
nucleating pathway (Fig. 4.1A (i)). Enhanced PI(4,5)P, and PI(4)P abundance on Golgi-
derived vesicles could also impact filopodia formation by enhancing the trafficking of
filopodial components to sites of membrane protrusions (Fig. 4.1A (ii)). It is important to
note that though PI(4,5)P; levels have been reported elevated in PI4KIIIB-overexpressing
Rat2 cells (147), it remains to be conclusively determined whether this is in fact due to an
increase in PI(4)P lipid precursor or whether it may be through an alternative mechanism,

such as increased activation of PI(4)P 5-kinases or inhibition of INPP5 phosphatases.

Unlike in Rat2 cells, PI4KIIIB-mediating filopodia formation is likely not through
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Figure 4.1: Models depicting the possible roles of PI4KIIIp in filopodia formation.

A. Phosphoinositide-dependent mechanisms by which enhanced PI4KIIIf expression
could drive filopodia formation. (i) Enhanced PI(4,5)P, abundance at the plasma
membrane promotes filopodia formation through activation of WASP, in concert with
Cdc42, and induction of Arp2/3 actin polymerization. (ii) Enhanced PI(4)P and PI(4,5)P,
abundance on Golgi-derived vesicles could enhance the trafficking of integrins and N-
WASP/Cdc42 complex to sites of membrane protrusions. B. Non-catalytic roles for
PI4KIIIB in promoting filopodia formation. (i) Enhanced PI(3,4,5)P; plasma membrane
abundance leads to the recruitment of Cdc42 GEFs (Vav/Asef) that activate Cdc42,
leading to WASP activation, and Arp2/3 actin polymerization, as well as IRSp53
recruitment and induction of membrane protrusions. (ii) Enhanced PI(3,4,5)P; plasma
membrane abundance also leads to the activation of Myosin X, which promotes
filopodial extensions by delivering integrins and ENA/VASP proteins to the tips of
filopodia. (iii) Enhanced PI4KIIIB-directed recruitment of Rab11 to recycling endosomes
could increase the provision of integrins to sites of membrane protrusions.
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PI(4,5)P;, production in BT549 breast cancer cells. This hypothesis is based on the
oberservation that BT549 cells overexpressing PI4KIIIf show no change in PI(4)P or
PI(4,5)P; lipid abundance or localization, as was shown in the HPLC analysis,
phosphoinositide reporter imaging and immunostaining presented in chapter 2. This suggests
that, in these breast cancer cells, enhanced PI4KIIIP expression is not leading to the
generation of more PI(4,5)P,. It remains however to be determined experimentally, whether
ectopic expression KD-PI4KIIIP has any effect on filopodia production. PI4KIIIp is
activated by PKD phosphorylation and by interacting partners such as NCS-1 (115, 117,
134). It is possible that in PI4KIIIB-overexpressing BT549 cells, ectopic PI4KIIIB protein
may not have access to the factors and interacting partners necessary for activation. It is also
possible that excess PI(4)P is being rapidly converted back to PtdIns by Sacl in BT549 cells.
As a consequence, PI4KIIIP overexpression is likely regulating filopodia formation
independently of its lipid kinase activity in BT549 cells. In chapter 3, enhanced PI4KIIIf
expression was shown to generate, in a kinase independent fashion, an increase in plasma
membrane PI(3,4,5)P; abundance, as well as an increase in Rab11 recruitment to recycling
endosomes. Both PI(3,4,5)P; and Rab11 have been shown to impact the processes of actin
filament initiation and growth and could mediate PI4KIIIB-directed filopodia formation

independently of the enzyme's kinase activity in BT549 breast cancer cells (Fig. 4.1B).

PI1(3,4,5)P; phospholipids can regulate filopodia formation by two distinct
mechanisms, one involving Cdc42 and the other myosin X. First, P1(3,4,5)P; regulates
Cdc42 activation (Fig 4.1B (i)). Cdc42 is active in its GTP bound state and GEFs facilitate
the exchange of GDP for GTP (66). The Cdc42 GEFs Vav and Asef are both recruited by

PI1(3,4,5)P; via their PH domains (361, 362). Therefore, increased plasma membrane pools of

142



PI1(3,4,5)P; would lead to enhanced Cdc42 GEF recruitment, increased Cdc42 activation, and
along with PI(4,5)P, induce WASP/Arp2/3-mediated actin nucleation (210). Additionally,
active Cdc42 can also direct filopodia formation, through its interaction with IRSp53, which
promotes membrane curvature via its [-BAR domain and filopodia protrusions by binding
WAVE?2 and the ENA/VASP protein MENA (192, 212, 213). Secondly, activation of the
myosin X motor protein is mediated by PI1(3,4,5)P; (Fig. 4.1B (ii)). Myosin X binds to
PI(3,4,5)P; via a PH domain in its tail, inducing a change in conformation which activates
the cargo transporter function of Myosin X. Myosin X regulates filopodia formation by

delivering ENA/VASP proteins and integrins to the tips of filopodia (218, 363, 364).

Rabl1 also plays a role in regulating the production of filopodial protrusions (Fig.
4.1B (iii)). Rab11 has been shown to regulate the slow endosomal recycling of key filopodial
components from the perinuclear recycling compartment to the plasma membrane (142, 365,
366). Several integrins have been shown to recycle to the plasma membrane via the Rab11-
positive perinuclear recycling compartment (366, 367). In addition, the N-WASP/Cdc42
complex has been shown to assemble at the perinuclear recycling compartment and as Rab11
controls recycling at the perinuclear recycling compartment, it likely regulates the delivery of
this complex to the plasma membrane as well (360, 368). Furthermore, Rab11-dependent
recycling appears to be necessary for the migration of different cell types (349, 366, 369,
370). As membrane protrusions guide directed cell migration, Rab11 likely has a vital role in
providing cell protrusion components to the leading edge of a motile cell via the endocytic

recycling pathway.

Therefore, PI4KIIIP likely has the capacity to regulate filopodia production through

several different pathways, some of which are dependent on the enzyme's kinase activity and
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others can be regulated independently of its kinase activity. It is possible that PI4KIIIf can
regulate filopodia formation in different ways depending on the cell context in which
PI4KIIIB is expressed. How PI4KIIIP has the capacity to enhance PI(3,4,5)P; lipid
generation and alter Rab11 function independently of its kinase function will be explored in

more detail in the following section.

4.3 A Role for PI4KIIIP in Akt Activation

In chapter 3, enhanced expression of PI4KIII} was shown to increase activation of
PI3K/Akt signalling in the BT549 breast cancer cell line. The increased activation of this
pro-proliferative kinase likely explains why BT549 cells ectopically expressing PI4KIII
were found to have increased in vitro proliferative capacity in chapter 2. PI4KIIIf appears to
activate PI3K/Akt signalling independently of its lipid kinase activity. Rather, PI4KIIIf-
mediated Akt activation is likely dependent on cell trafficking via Rab11, as enhanced
expression of PI4KIIIP alters the cellular distribution of Rab11 and siRNA depletion of
Rabl11 impedes Akt activation. Rab11 has previously been shown to regulate PI3Ky
recruitment to recycling endosomes in HEK-293T, human embryonic kidney cells, leading to
enhanced Akt activation on endosomal vesicles in an agonist stimulated, GPCR-regulated
fashion (145). A model depicting this Rab11-mediated activation of PI3K and Akt can be
seen in Fig. 1.7. As shown in chapter 3, PI4KIIIB overexpression appears to enhance the
recycling endosome localization of Rab11. Coupled to the fact that P1(3,4,5)P; generation
and Akt activation have been shown to occur on endomembranes in a number of studies

(345-347), it is likely that enhanced PI4KIIIP expression is directing Rab11-mediated
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PI3K/Akt activation on recycling endosomes. A model depicting how enhanced PI4KIIIB
expression activates Akt via Rab11 on recycling endosomes is presented in Fig. 4.2. We
hypothesize that enhanced PI4KIIIf expression leads to the enhanced recruitment of Rab11to
endocytic structures trafficking through the TGN (Fig 4.2 (i)). Rab11 then likely recruits an
as yet to be identified PI3K, which leads to enhanced PI(3,4,5)P; generation and Akt
activation on endomembranes (Fig. 4.2 (ii)). Vesicles trafficking to the plasma membrane
post Rab11-directed PI3K activation would also contain more abundant PI(3,4,5)P5 lipids,
which upon fusion with the plasma membrane would create localized sites of
PI1(3,4,5)P5/P1(3,4)P, enrichment that could also activate Akt (Fig. 4.2 (iii)). Thus, the plasma
membrane increase in P1(3,4,5)P3/PI(3,4)P; lipids observed in the PI4KIIIB-overexpressing
BT549 cells in chapter 3, could be due to enhanced trafficking of P1(3,4,5)P; rich vesicles to
the plasma membrane. Finally, as reintroduction of a functional PTEN in the PTEN-null
BT549 cell line led to a loss of PI4KIIIB-mediated Akt activation, it is likely that upregulated

expression of PI4KIIIP activates Akt only in the context of PTEN-null cells (Fig. 4.2 (iv)).

Future research is required to assess whether PI3K is in fact increasingly recruited to
recycling endosomes by PI4KIIIB overexpression, via Rab11, as depicted in the presented
model. The PI4KIIIf inhibitor, Pik93, used in chapter 3, also inhibits PI3Ky in the same
micromolar range used to inhibit PI4KIIIB (336). However, PI4KIIIB-mediated Akt
activation was not inhibited by Pik93 treatment. This suggests, that in the context BT549
breast cancer cells, Rabl1 may be interacting with another PI3K isoform that remains to be
identified. It is also possible that PI3Ky is upregulated or its activity is enhanced in BT549
cells, therefore a greater concentration of Pik93 would be required to see an effect on

PI4KIIIB-mediated activation. PI3Ky (p110y catalytic subunit) expression has been shown to
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Figure 4.2: Model depicting the role of PI4KIIIP in Akt activation.

(i) Enhanced PI4KIIIP expression leads to increased recruitment of Rab11 to recycling
endosomes cycling through the TGN. (ii) Rab11 then directs PI(3,4,5)P; generation on
recycling endosomes, through an as yet to be identified PI3K, leading to Akt activation.
(iii) Enhanced PI(3,4,5)P; production on recycling endosomes leads to enhanced plasma
membrane pools of PI(3,4,5)Ps/PI(3,4)P; at sites of vesicular fusion, which would also
direct Akt activation at the plasma membrane. (iv) PI4KIIIB-mediated Akt activation is
likely dependent on loss of PTEN.
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be upregulated in pancreatic and ductal carcinomas (371, 372).

It is also likely that ectopic expression of PI4KIIIP is impacting intracellular
trafficking, as PI4KIIIP has been implicated in neuroendocrine exocytosis, TGN to plasma
membrane protein delivery in polarized MDCK cells, as well as ERK1/2 trafficking through
the endocytic recycling compartment (117-119). In addition, Rab11 itself has been shown to
regulate EGFR recycling, with Rab11 expression enhancing recycling of this RTK back to
the cell surface (373). It is possible that overexpression of PI4KIII is enhancing recycling of
RTKs back to the plasma membrane, via Rabl1, thus enhancing the activation of PI3K and
Akt via growth factor stimulation of RTKs at the cell surface. It remains to be determined
experimentally what possible impact PI4KIIIf overexpression has on trafficking from the
TGN to the plasma membrane and endocytic recycling and whether the alteration of these
trafficking events plays a role in PI4KIIIB-mediated Akt activation in BT549 cells.
Alternatively, it is possible that PI4KIIIP driven recruitment of Rab11 to recycling
endosomes, in PI4KIIIP overexpressing breast cancer cells, is enhancing the localized
recruitment of PI3K and activation of Akt on endosomes, as modelled in Fig. 4.2, leading to
RTK independent Akt activation. The internalizing and recycling of EGFR molecules have
been shown to enhance and prolong signalling, as internalized EGFR continues to bind and
phosphorylate downstream targets, activating signalling pathways linked to proliferation and
survival (343, 374, 375). This could be a way in which breast cancer cell oncogenic

signalling becomes growth factor independent and evades drugs that target RTKs.
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4.3.1 Enhanced Akt Signalling in Tumour Progression and Therapeutic Implications
in Breast Cancer

Mutations in genes found in the PI3K/Akt signalling pathway occur in >70% of
breast cancers and mutations and/or amplifications occur in all the major elements of this
pathway (376). Amplification, overexpression and/or activating mutations have been
reported, in human breast cancers, for RTKs, such as HER2 and the insulin-like growth
factor receptor (IRG-1), which activate PI3Ks, for PIKCA, for the Akt-activating kinase
PDKI1 and for Aktl and Akt2 (376). The phosphatases responsible for shutting off
PI(3,4,5)P; and PI(3,4)P; lipid-directed activation of Akt, PTEN and INPP4B, are also
frequently lost in breast cancers (376). PI3K/Akt pathway alterations also frequently co-
occur in breast cancer, suggesting that they present non-overlapping mechanisms of
oncogenicity (293). Increased Akt/PI3K/mTOR activation has been linked to resistance to
chemotherapy and radiation treatments (252, 377). Enhanced Akt activation also promotes
resistance to other therapeutic agents such as tamoxifen, which antagonises estrogen
receptors in luminal breast tumours, and trastuzumab, a monoclonal antibody that interferes
with HER2 receptors in HER2" breast tumours (378). In addition, triple negative breast
tumours, which in general lack hormone receptors and HER2 expression, display PI3KCA
and PDK 1 mutations in approximately a third of tumours, as well as frequent PTEN and
INPP4B losses (376). As there is no one therapeutic agent that has been proven effective in
treating triple negative tumours and only 20% of this breast tumour subtype respond well to
chemotherapy (186), the PI3K/Akt signalling pathway may be a promising target to treat this

breast tumour subtype.

Multiple agents targeting the PI3K/Akt pathway are in various stages of development

by both commercial and academic researchers (379-381). PI3K/Akt pathway nodes currently

149



targeted by drugs in clinical development are shown in Fig. 4.3. Coexisting PI3K/Akt
pathway mutations likely amplify Akt activation and arise due to the fact that each mutated
gene activates non-overlapping pathways that activate Akt or relieve negative feedback on
the PI3K/Akt pathway (293). Due to this, the use of combination therapy for PI3K-dependent
tumours appears most promising. Combination therapy has the potential to overcome drug
resistance and oncogene addiction (293). Breast tumours treated with both HER2 inhibitors
or antibodies and mTORCI inhibitors had a higher response rate than the single agents
would have predicted (382, 383). Similar results were seen in clinical trials done using
mTORCI inhibitors in combination with aromatase inhibitors, which block the synthesis of

estrogen (384, 385).

The work presented in this thesis shows that PI4KIIIP has a role in the PI3K/Akt
pathway, likely through the regulation of Rabl11-direted cell trafficking. Therefore, PI4KIIIfB
appears to regulate PI3K/Akt activation through a novel mechanism. PI4KIIIB may also
regulate oncogenesis through other non-overlapping pathways, such as through increased
provision of membrane protrusion components to the leading edge, increasing filopodia
production as shown in chapter 2. This posits PI4KIIIP as a possible new drug target in
breast cancer, which could prove to be useful in combination therapies used to treat breast
tumours. As this work has demonstrated that the catalytic activity of PI4KIIIf does not
appear to be critical for its role in Akt activation in breast cancer cells, kinase inhibitors
would not be effective in targeting PI4KIIIp in breast cast cancer cells, but alternatively
PI4KIIIP could be targeted for degradation siRNA delivered via nanoparticle which are

engineered to specifically bind to cancer cells (386).
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Figure 4.3: Diagram of PI3K/AKkt signalling pathway and the nodes targeted by
drugs in clinical development.

Tumour promoters and suppressors are labelled in pink and blue, respectively. Nodes
targeted by drugs in clinical development are shown in red. AMPK, AMP-activated
protein kinase; GPCR, G-protein-coupled receptor; GSK3, glycogen synthase kinase 3;
INPP4B, inositol polyphosphate-4-phosphatase type 1I; LKBI, liver kinase B1; PDK1,
phosphoinositide-dependent kinase 1; PI3K, phosphatidylinositol 3-kinase; PIP1,
phosphatidylinositol monophosphate; PIP2, phosphatidylinositol 4,5-bisphosphate; PIP3,
phosphatidylinositol 3,4,5-trisphophate; PTEN, phosphatase and tensin homolog; RTK,
receptor tyrosine kinase. Adapted from (376).
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4.4 Future Directions

PI4KIIIP protein expression was found enhanced in a subset of 169 breast tumours.
This results serves as a rationale to assess the expression of PI4KIIIP in a larger TMA study
with breast tumours annotated for molecular sub-type, survial, and tumour aggressiveness, to
determine the prognostic significance of enhanced PI4KIIIB expression in breast cancer. It
would be important to know if enhanced expression of PI4KIIIf correlates with a loss of
PTEN or other PI3K/Akt pathway alterations, such as the mutation or amplification of RTKs,
Akt or PI3K isoforms in human breast tumours. Furthermore, it remains to be shown whether
enhanced PI4KIIIP expression is an early or late transforming event in human breast
tumours. This resolution would shed light on whether enhanced PI4KIIIf expression is
linked to initial transforming events or tumour progression and metastasis. Whether
enhanced PI4KIIIP expression is linked to breast cancer recurrence should also be assessed.
These studies on the clinical significance and mode of action of PI4KIIIf on breast tumour
progression would help determine whether PI4KIIIP could be a possible drug target for
breast cancer therapy. Additionally, the results presented in this thesis focus on the role of
PI4KIIIB in breast cancer, however it would be of interest to know whether PI4KIIIf

expression plays a role in any other cancer types.

In chapter 2, enhanced PI4KIIIP expression is shown to promote greater filopodia
production in breast cancer cells. It is possible that PI4KIIIf expression is impacting
filopodia formation via both phosphoinositide dependent and independent pathways and
possibly through different mechanisms depending on the cell type. Research remains to be
done to uncover the specific mechanisms through which PI4KIIIB expression is driving

filopodia formation in non-transformed and transformed cells. As this increase in filopodia
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production did not enhance breast cancer cell migration as assessed by wound closure assay,
the role of PI4KIIIB-mediated filopodia formation also needs to be examined. It may be that
increased PI4KIIIB-mediated filopodia formation is involved in breast cancer cell invasion. It
is also possible that enhanced PI4KIIIP expression must be coupled with the alteration of

another actin remodelling pathway to impact cell migration and invasion.

Finally, in chapter 3, PI4KIIIp overexpression was shown to enhance
PI(3.,4,5)P5/P1(3,4)P, generation and Akt activation. This PI4KIIIB-mediated PI3K/Akt
activation appears to be independent of the lipid kinase's enzymatic function and likely
dependent on the protein's interaction with Rab11. These results were demonstrated in
BT549 cells, immortalized basal-like breast cancer cells, which do not express estrogen and
progesterone receptors or HER2 and are PTEN-null (333, 387). These experiments should be
replicated in other breast cancer cell lines to assess the impact of PI4KIIIP overexpression on
Akt activation in different molecular contexts and determine if specific cellular alterations
are needed in a cancer cell for PI4KIIIP overexpression to have an impact on Akt activation.

To investigate whether PI4KIIIP is in fact regulating Akt activation through Rabl11,
PI4KIIIB-overexpressing cells should be transfected with a dominant negative Rab11 to see
if Akt activation is lost. In addition, Akt activation should be assayed in cells expressing a
constitutively active Rab11 and treated with siRNA against PI4KIIIp. Moreover, breast
cancers cells that ectopically express a PI4KIII mutant, which cannot bind to Rab11, should
be generated to determine whether PI4KIIIP binding to Rab11 is required for its activation of
Akt. It still remains to be determined if enhanced PI4KIIIP expression is leading to enhanced
PI3K and Akt recruitment to recycling endosomes, as proposed in the model in Fig. 4.2. Cell

fractionation of early and recycling endosomes could be done in the vector control and
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PI4KIIIB overexpressing cell lines, as outlined in the work of Garcia-Regalado et al. (145),
and then PI3K isoforms as well as pAkt levels probed for in the isolated endocytic fraction,
to determine if PI4KIIIB overexpression drives the enhanced recruitment of PI3K and the
activation of Akt directly on endocytic vesicles. I hypothesis that PI4KIII} overexpression is
leading to the enhanced recruitment of Rab11 to endocytic vesicles, which is then recruiting
PI3K and activating Akt. It remains to be determined however, how Rab11 recruits PI3K to
endocytic structures. Whether these two proteins interact directly or through intermediates
needs to be determined. It has also remains to be demonstrated that PI4KIIIf itself does not
bind Akt, acting as a scaffold protein recruiting it to sites of activation at membrane
microdomains within the cell. Work should be undertaken to show whether PI4KIII directly
binds Akt.

Lastly, it would be beneficial to know if rates of vesicular transport and endocytic
recycling are upregulated in cells overexpressing PI4KIIIP, as enhanced endocytic trafficking
of signalling proteins may be driving both the formation of membrane protrusions and Akt
activation. Uncovering the detailed mechanism of action of PI4KIIIB-mediated PI3K/Akt
activation will allow a better understanding of how this novel oncogenic activation pathway

can impact PI3K-tumour dependent progression and treatment.
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Abstract

that influence the filopodia system.

filopodia production.

Background: Filopodia are small cellular projections that help cells to move through and sense their environment.
Filopodia play crucial roles in processes such as development and wound-healing. Also, increases in filopodia number
or size are characteristic of many invasive cancers and are correlated with increased rates of metastasis in mouse
experiments. Thus, one possible route to developing anti-metastatic therapies is to target factors that influence the
filopodia system. Filopodia can be detected by eye using confocal fluorescence microscopy, and they can be
manually annotated in images to quantify filopodia parameters. Although this approach is accurate, it is slow, tedious
and not entirely objective. Manual detection is a significant barrier to the discovery and quantification of new factors

Results: Here, we present FiloDetect, an automated tool for detecting, counting and measuring the length of
filopodia in fluorescence microscopy images. The method first segments the cell from the background, using a
modified triangle threshold method, and then extracts the filopodia using a series of morphological operations. We
verified the accuracy of FiloDetect on Rat2 and B16F1 cell images from three different labs, showing that per-cell
filopodia counts and length estimates are highly correlated with the manual annotations. We then used FiloDetect to
assess the role of a lipid kinase on filopodia production in breast cancer cells. Experimental results show that PI4KIlI 8
expression leads to an increase in filopodia number and length, suggesting that PI4KIlI8 is involved in driving

Conclusion: FiloDetect provides accurate and objective quantification of filopodia in microscopy images, and will
enable large scale comparative studies to assess the effects of different genetic and chemical perturbations on
filopodia production in different cell types, including cancer cell lines.

Keywords: Filopodia, Morphology, FiloDetect, Microscopy image

Background

Filopodia are thin, finger-like protrusions comprised of
tight parallel bundles of filamentous actin (Figure 1(a) and
(b)). These protrusions are found at the leading edge of
motile cells and are used to sense the cell’s microenviron-
ment [1,2]. Filopodia have been shown to regulate cancer
cell motility in vitro, and metastasis in vivo in mouse
experiments [3,4]. As enhanced filopodia production is
a characteristic of many invasive cancers, understanding
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School of Electrical Engineering and Computer Science, University of Ottawa,
Ottawa, Ontario, KIN 6N5, Canada
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the genetic and chemical factors that regulate filopodia is
an important problem. There are presently no algorithms
that automatically detect and accurately quantify filopodia
in the range of sizes and numbers that are relevant to can-
cer cell motility. Instead, filopodia are detected by eye, and
length or other spatial information are extracted by man-
ually tracing filopodia using image manipulation software.
Figure 1(c) shows the manually labeled filopodia. This
approach is tedious and slow, limiting the potential size
of studies and their statistical power. Our previous work
shows that there is high variability in filopodia character-
istics, even among genetically identical cells in identical
culture conditions [5]. Thus to study filopodia under sev-
eral different conditions can require tens, if not hundreds,

© 2013 Nilufar et al;; licensee BioMed Central Ltd. This is an Open Access article distributed under the terms of the Creative
Commons Attribution License (http://creativecommons.org/licenses/by/2.0), which permits unrestricted use, distribution, and
reproduction in any medium, provided the original work is properly cited.
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Figure 1 Images of cells displaying filopodia. (a) Fluorescence confocal microscopy image of a Rat2 fibroblast cell. (b) Close up of the region of
subfigure (a) shown by the red rectangle. (€) Manual labelling of the filopodia are shown by yellow arrows.

of manually annotated images. High-throughput image-
based screens, which may generate thousands or even
millions of images, are simply infeasible.

Although there are no automated tools for filopodia
detection on cancer cell images, there is considerable
work on the closely related problem of tracing neurites
in images of neurons. Neurites are any cellular extension
of a neuron. Usually, the term refers to axons and
dendrites, though it is sometimes used with filopodia.
There are sophisticated algorithms for tracing neurites
in images, and good public software packages are avail-
able [6-12]. The general neurite tracing problem differs
in some details from the filopodia detection problem we
study. Neurites can have complex branching structures,
and it is commonly required to trace them in congested
images with multiple cells and many visually crossing neu-
rites. We focus on single-cell images. In these images,
filopdia do not branch or cross so extensively as some
neurites—although it is not unusual for longer filopodia
to cross over other ones, and detection of these filopodia
is challenging. Neurites such as axons and dendrites are
significantly larger than filopodia, especially in compari-
son with the cell body. The filopodia we wish to detect can
be little more than a pixel wide. Moreover, unless global
context is taken into account, other cytoskeletal features
within the cell can be confused with filopodia, and the
bases of the filopodia, where they enter the cell body, have
a considerably heterogeneous appearance.

The neurite tracing literature includes methods to
detect and quantify filopodia on the growth cones of
axons during development. However, most of these algo-
rithms are only semi-automated, requiring user interac-
tion to set algorithm parameters for each image or movie.
For example [10] target only the larger, and thus eas-
ier to detect, filopodia. In a pilot study, we applied three
popular software tools, namely fTacker [10], Neurite-
Quant [13] and WIS-NeuroMath [11], on our non-neural
cell. fTracker, which was originally designed to quantify
filopodial dynamics from cultured neurons imaged by

time-lapse fluorescence microscopy, works by binarizing
the cell image, simplifying the boundary with morpho-
logical operators, and skeletonizing. Two types of bina-
rization are used in fTracker: intensity based and edge
based. NeuriteQuant is a freely available open-source tool
which enables automated morphological analysis of large-
scale image data from neuronal cultures or brain sections.
Recently proposed software WIS-NeuroMath is based on
efficient multiscale detection of edges and fibers in two-
dimensional images allowing direct and accurate detec-
tion of neurites in various conditions. Figure 2 shows the
results of these three existing tools on a sample image.
From this figure we can see the existing neurite detection
method failed to detect filopodia accurately in non-neural
cell. fTracker correctly identifies some filopodia tips, but it
traces them back far into the cell, and it misses many other
tips. NeuriteQuant and WIS-NeuroMath detect many
internal cellular structures, confusing them with cellular
protrusions.

Our recent work suggests that filopodia sizes in non-
neural cells are lognormally distributed [5]. The few,
longest filopodia are not representative of the majority of
the filopodia distribution, and thus we must detect all or
nearly all filopodia to accurately assess the length distribu-
tion. Thus, new algorithms that can accurately detect and
quantify filopodia in non-neural cells are greatly needed,
as this will allow more rigorous and thorough study of
the relationships between filopodia characteristics and the
factors that control them.

In this paper, we propose FiloDetect, a fully automated
method to detect filopodia from the cell body and mea-
sure filopodia length. The approach is inspired by neurite
detection methods, including NeuriteQuant and fTracker,
but designed in such a way as to avoid the problems
they have with our kind of images. We employ intensity-
based thresholding and a combination of morphological
operations to detect the filopodia. The algorithm is imple-
mented in Matlab and is publicly available at http://www.
perkinslab.ca/Software.html. We validated FiloDetect on
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betiet« (11 7)1

Figure 2 Filopodia detection in non neural cell of Figure 1. (a) result of edge based fTracker (where filopodia tips are represented by blue color
and base by pink color) and (b) result of intensity based fTracker (where filopodia tips are represented by blue color and base by pink color), (c)
result of NeuriteQuant (where the white lines represent filopodia) and (d) result of WIS-NeuroMath (where the black lines represent filopodia).

the non-transformed rodent cell line Rat2 and mouse
melanoma cell line B16F1. The Rat2 images used to test
the algorithm have been previously manually annotated
for filopodia length and number [5], allowing us to assess
the accuracy. The B16F1 images were annotated newly for
this study.

We then used FiloDetect on a novel dataset, to deter-
mine whether expression of the lipid kinase, PI4KIII,
impacts filopodia production in breast cancer cells.
We were interested in this question because of sev-
eral lines of evidence implicating a role for PI4KIIIB
in breast cancer and filopodia production: it is acti-
vated by eEF1A2 (eukaryotic elongation factor 1 alpha 2)
[14], which is amplified in approximately two-thirds of
breast tumours [15,16]; it was recently identified as a
putative breast cancer driver gene, in a large-scale copy
number and gene expression analysis of 2000 breast
tumours [17]; and ectopic expression of PI4KIIIS in
fibroblast cells increases filopodia number and length
[5,14]. Thus, we hypothesized that PI4KIII8 may drive
filopodia formation in breast cancer cells, potentially
enhancing their invasivenes. Our analysis shows this is

indeed the case, with PI4KIIIS involved in both increas-
ing the filopodia length and number in the breast cancer
cells.

Implementation

Dataset

Experiments were carried out on three datasets from
three different cell lines. Rat2 rodent fibroblasts, B16F1
mouse melanoma cells, and BT549 human breast ductal
carcinoma cells.

Rat2 dataset

This dataset consists of a subset of 38 single Rat2, rodent
fibroblast, cell images taken from [5]. The details of fix-
ation and imaging of these cells can be found in that
publication. In this work, all filopodia at least 0.4 microns
long were manually annotated, yielding the total number
of filopodia on each cell, as well as the lengths and posi-
tions of those filopodia (Figure 1(c)). The subset of Rat2
cells studied in this paper were not genetically altered or
chemically stimulated. Out of these 38 cells, 12 images
were used in the training phase for the development of the
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automatic detection method and the remaining 26 images
were used to test the method.

B16F1 dataset

This dataset consists of images of B16F1 mouse melanoma
cells, and was used for additional validation of FiloDe-
tect, without any further tuning of parameters. We used
five images provided by Dr. J. Schober [18] and seven
images provided by Dr. T. Svitkina [19,20]. We call these
two groups of images the Schober and Svitkina datasets
respectively. We manually annotated these images for
filopodia, as described previously [5].

BT549 dataset

This data set consists of images of BT549, human breast
cancer cells, that have been manipulated to express the
protein phosphatidylinositol 4-kinase III beta (PI4KIIIB).
The BT549 cells ectopically expressing PI4KIIIS were
generated using the pLXSN retroviral system as described
by [21]. Human PI4KIII8 c¢cDNA was cloned into the
pLXSN retroviral expression vector (Clontech). Polyclonal
pools of BT549 cells stably expressing PI4KIII8 were
selected with 0.4 mg/ml G418. Cells selected to con-
tain the empty pLXSN vector (EV) were also isolated
and used as a control. For filopodia imaging, the cells
were seeded onto coverslips in 6-well plates (1 x 10°
cells/well), and allowed to adhere for 24hrs. Cells were
then fixed in 3.7% paraformaldehyde, permeabilized with
0.1% Triton X-100, blocked with 1% BSA and stained
with Phalloidin-546 (Invitrogen). Following staining, cells
were mounted on slides using fluorescence mounting

Page 4 of 12

media (Dako). All images were acquired with a 100X NA
1.4 oil immersion objective (Olympus) at 1 airy U on
a laser-scanning confocal microscope (IX80, Olympus)
with Olympus Fluoview FV1000 software. From each
group, empty vector control (EV) and PI4KIIIB expressing
(PI4Kp), 5 images were used in the training phase to fine-
tune parameters and 30 images were used in the testing
phase.

Approach

As shown in Figure 3, the FiloDetect approach is divided
into three basic steps: 1) Intensity thresholding is used to
segment the cell body. 2) A series of morphological meth-
ods is applied to detect the filopodia. 3) The lengths of the
detected filopodia are calculated by thinning them to one
pixel wide and counting the pixels that remain. We expand
on this outline below.

Step 1: Cell segmentation

Intensity thresholding Intensity thresholding is used to
segment an image by setting all pixels whose intensity
values are above a threshold to a foreground value and
all the remaining pixels to a background value. In broad
brush-strokes, it is easy to separate the cell from the
background. However, fluorescence confocal microscopy
images are usually noisy, and some parts of the cell body
typically have low intensity that is very close to the back-
ground intensity. Moreover, because we are dealing with
fine structures at the periphery of the cell, which may not
have high intensity, high precision segmentation is impor-
tant. Some of our images are background-subtracted and

Step 1: Cell
segmentation S

Step 2: Filopodia .
detection c

Step 3: Length * Thinning
estimation y

Figure 3 Flowchart showing the steps of FiloDetect system.

* Modified triangle threshold method to
choose threshold intensity

Object detection

* Largest object selection

4

* Region filling of the selected largest object
Opening operation to peel off filopodia
Adaptive structuring element selection

* Size / shape filtering

* Detection of combined filopodia

4

Counting the number of pixels
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intensity-enhanced for better visibility and some are raw
images. As a result, we need an automatic method that can
apply for all of these different kinds of images. The pop-
ular Otsu’s thresholding method [22,23] which chooses
the threshold to minimize the intra-class variance of the
black and white pixels, was initially applied by [10] to
segment fluorescence microscopy images. However this
thresholding technique failed to properly segment the cell
body from the background in our images. Here we pro-
pose a modified triangle threshold method to segment the
cell body from the background. The triangle threshold-
ing method was originally proposed by [24] to segment
sister chromatids from microscopy images. In triangle
thresholding, a line is constructed between the peak of the
histogram b to the last non-zero value 4 on the longer tail
of the histogram (Figure 4).

The level where the normal distance between the his-
togram and the line is maximal is the threshold value
(Ievel). However in our case, we searched for local minima
at the right side of the threshold value (within 10 neigh-
bouring gray level values). This technique allows us to
eliminate some of the background pixels that are detected
as foreground pixels in traingle threshold method due
to their close intensity level to the foreground pixels.
Figure 4 shows the gray level values used in various dif-
ferent popular thresholding methods namely Otsu [22],
IsoData [25], mean [26], maximum entropy [27], trian-
gle [24] and the proposed modified triangle methods. The
intensity histogram of Figure 4 is generated using the
image of Figure 5(a). Figure 5(b) shows an enlargement
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of part of that image where filopodia can be observed.
Figure 5(c—h) show the results of different thresholding
methods.

Cell body selection There can be substantial noise in
images and debris in culture due to cell culturing, fix-
ing and/or imaging conditions. Collectively, these factors
result in a variety of objects of different sizes appearing
in the thresholded image. Therefore we must select the
primary cell from the image. To do this, we use an eight-
connected neighborhood to define individual objects.
This assigns all ON or white pixels touching vertically,
horizontally or diagonally to the same object. The areas
of all of the objects present in the image are calculated,
and the object with largest area is preserved and consid-
ered as the main cell body. All other pixels are set to OFF
or zero.

Step 2: Filopodia detection

After obtaining an initial segmented image, a series of
morphological operations is applied to detect the filopo-
dia. Morphology, originally defined as operations on sets,
is applied to process images based on shapes [28].

Region filling After intensity thresholding, usually some
parts of the cell body that have very low image intensity
are set to background pixels, as shown is Figure 6(b).
The foreground regions can simply be filled by applying
a morphological hole filling operation on the thresholded
image. A hole is a set of background pixels that cannot be
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Figure 4 Image pixel intensity histogram with selected threshold values generated by different thresholding methods.
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10pm

Figure 5 Results with different thresholding methods. (a) Original image. (b) Magnified part of original image. Thresholded images by: (c) Otsu,
(d) MaxEntropy, (e) mean, (f) IsoData, (g) triangle and (h) modified triangle method.

reached by filling in the background from the edge of the
image. Figure 6(c) shows the result after the region filling
operation.

Splitting the filopodia from the cell body To split the
filopodia from the main cell body, we begin by applying
the morphological opening operation. Opening consists
of an erosion step (in which a pixel remains ON only if
all pixels in its neighborhood are ON), followed by a dila-
tion step (in which a pixel is turned ON if any pixel in
its neighborhood is ON). The opening operation tends to
remove small protrusions from the periphery of a larger
object. In this case, the fragments removed from the cell
body are considered candidate filopodia. However, it is
unclear what size of neighborhood is ideal for detecting
filopodia. To address this problem, we initially take the
neighborhood of a pixel P to be all those pixels whose
centers are < 0.5 microns from the center of pixel P. We
chose this threshold because the filopodia in our images
generally had a width of < 0.4 microns, and thus are elim-
inated by the opening operation. We further filter objects
that are not sufficiently filament-like, by fitting an ellipse
to the pixels in the object and discarding objects whose
major axis in less than 1.5 times as long as the minor
axis. This removes cellular protrusions too thick to be

191

considered single filopodia. We use the remaining objects
to get a more precise, cell-specific estimate of filopodia
width, by calculating their average minor axis length L.
We then apply the opening operation again to the original
image using a structuring element of radius L, generat-
ing a revised set of candidate filopodia. Finally, we filter
this set to remove objects less than 0.4 microns long. The
same criterion was used in the [5] study, on the grounds
that human annotators could not always agree on whether
such small objects represented filopodia or not.

Detection of combined filopodia Combined filopodia
represent filopodia that are either fused at the base or
that cross over along the length of the filopodia. We
call these filopodia “combined” filopodia based on their
appearance in the image. They may or may not actually
touch in the cell (Figure 7). Detection of these combined
filopodia needs additional processing on the split filopo-
dia. The bounding box around each detected filopodium
is first obtained. The morphological thinning operation is
applied on that bounding box image and the number of
endpoints and branch points of the thinned filopodia are
calculated. If the number of branch points is greater than 1
and endpoints are greater than or equal to 4, the detected
filopodium is considered to be combined.
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final set of split filopodia.

Figure 6 Step-by-step results for the filopodia detection system. (a) input image, (b) thresholded image, (c) image after hole filling and (d)

Step 3: Length estimation of the filopodia

The split filopodia are morphologically thinned into one
pixel connected lines and the lengths of the filopodia
are calculated by the area of each thinned filopodium. In
this way, combined filopodia are length equivalent to the
total length of all filopodia in the combined group. In the
Rat2 cells images, the majority of the combined filopo-
dia represent fused or bifurcating filopodia, which share a
common base, and are not due to crossing over events. We
have considered these fused filopodia as one object and
have calculated the length of the fused filopodia using the
method detailed above. In the manual count, combined
filopodia were also considered as a single object, as they
share the same base [5].

Results and discussion

Filopodia size and number can vary greatly across individ-
ual cells. To gauge the ability of the proposed detection
system to effectively identify filopodia and substitute for
a human expert, we compared the manual count and
length measurements of filopodia to the proposed detec-
tion method in 26 Rat2 cell images. The density of filopo-
dia of this test set varies from 10 filopodia per cell to 64
filopodia per cell. Also the images are captured in differ-
ent resolutions. The scatter diagram of Figure 8 shows
the automatic and manual filopodia counts on our 26
Rat2 test images. The mean absolute error of FiloDe-
tect counts is 15.69%.! We next compared the manual
and FiloDetect-computed lengths of Rat2 filopodia. For

Figure 7 Two examples of combined filopodia. (a) cross over along length and (b) fused at base.
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Figure 8 Scatter plot showing the correlation between manual and automatic count in Rat2 dataset (correlation coefficient = 0.93 and
slope of the best fit line = 0.84). Each point represents one of 26 test images.

the majority of cases, the automatic length measurement
generated a slightly lower value than the manual calcu-
lation (Figure 9; this plot excludes one cell image which
contained very long filopodia, a point agreed upon by
both manual annotation and FiloDetect.) This system-
atic difference in assessed filopodia lengths is due to the
fact that there is a certain ambiguity in defining where
the base of a filopodium begins on the cell body. The

manual annotations appear to consistently begin count-
ing the filopodia pixels further down in the cell body.
However, using FiloDetect, the filopodia base points,
determined by the size of the structuring element, is
the point where the filopodia touches the border of the
cell body. Even with this difference between the man-
ual and automatic lengths, the mean lengths obtained
across all 26 Rat2 cell test images by automatic versus
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Mean length of filopodia by manual annotation

Figure 9 Scatter plot showing the correlation between manual and automatic length calculation in Rat2 dataset (correlation coefficient =
0.74 and slope of the best fit line = 0.61). Each point represents one of 25 test images.
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Figure 10 Example results on images of B16F1 mouse melanoma cells. (a) detected filopodia of a sample cell of Schober dataset and (b)
detected filopodia of a sample cell of Svitkina dataset, where single filopodia are shown in red and combined filopodia are shown in yellow.

manual detection, 15.89um and 19.27um with standard
errors 3.26 and 6.23 respectively, are not statistically dif-
ferent. To further validate the performance of FiloDetect,
we applied it to images of B16F1 mouse melanoma cells
used in [18] and [19,20]. For the Schober dataset, the
MAE of the automated count to the manual count is
6.8%, and the mean length obtained by automatic versus
manual detection is 13.64um and 13.89um with stan-
dard errors 2.37 and 2.27 respectively. For the Svitkina
dataset, the MAE of the automated count to the manual
count is 19.96% and the mean length obtained by auto-
matic versus manual detection is 15.95um and 18.18um
with standard error 1.21 and 2.78 respectively. Figure 10
shows a sample image from each of these datasets and
corresponding detected filopodia with FiloDetect. Thus,
we can conclude that the automated algorithm designed

effectively identifies and measures filopodia length in
a manner that replicates results obtained by manual
count.

To detect the robustness of the proposed method we
applied FiloDetect on noisy images. We added artificial
poisson and salt & pepper noise to our test set. Poisson
noise, a common type of noise for confocal microscopy
images, is multiplicative noise described by a Poisson dis-
tribution, [29,30]. The MAE of FiloDetect count for this
noisy test set is 20.23%. To see the performance of FiloDe-
tect system for different signal to noise ratio, we have
recorded the MAE on test set with varying degrees of salt
and pepper noise. Figure 11 shows the plot of MAE on test
set for different percentages of salt and pepper noise.

Next we applied FiloDetect to assess whether increased
PI4KIIIB expression leads to enhanced filopodia number

0.22
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0.2

0.19

0.18

0.17
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0.16

0.15 ; : :
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Figure 11 Mean absolute error for different signal to noise ratio.
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or length in BT549 breast cancer cells. Here we calculated
the length and number of single and combined filopodia
separately in response to the fact that filopodia are rela-
tively long in BT549 cells, with many filopodia crossing
events.

The box plots in Figure 12(a), (b) and (c) show that
the mean number of single, combined and total filopo-
dia per cell are greater in the PI4KIIIS expressing BT549
cells as compared to the empty vector control cells.
From these plots we can see for all cases these results
were statistically significant. Using a two-tailed unpaired
t-test, the difference in the total number of filopodia
per cell in EV and PI4KIIIB is statistically significant
with p-value=0.00001. Filopodia length was measured for
each group of cells, PI4KIIIB versus EV, for the single
and combined filopodia separately (Figure 12(d) and (e))
and then for all filopodia (Figure 12(f)). The average
filpodium length, for all filopodia, was determined to be
4.45 pm for the empty vector controls and 7.10 um for
the PI4KIIIB expressing cells. When treated separately,
the single and crossing filopodia both showed a greater
average length in the PI4KIIIB expressing cells versus the
empty vector controls. In all cases these results were sta-
tistically significant. By t-test, the difference of average
length of filopodia per cell in EV and PI4KIII is sta-
tistically significant with p-value=0.00001. Therefore, we
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can conclude from these results that PI4KIII8 expression
leads to a greater number of filopodia, and filopodia
that are longer on average, in BT549 breast cancer
cells.

Conclusion

In this paper, we proposed FiloDetect to automate the
quantification of filopodia, making more reliable and
reproducible the task of quantifying filopodia from static
microscopy images. The proposed FiloDetect system was
evaluated on Rat2 fibroblast and B16F1 mouse melanoma
cell images, manually annotated for filopodia number and
length. A comparative analysis of the results shows the
good performance of FiloDetect, in both number and
length determination. This method was then applied to
measure the effect of PI4KIIIA’s expression on filopodia
production in BT549 breast cancer cells. We found that
PI4KIIIB expression leads to an increase in filopodia num-
ber and length, suggesting that PI4KIIIB is involved in
driving filopodia production in the cell. When overex-
pressed, PI4KIIIS may promote cancer cell metastasis, as
filopodia are a characteristic of invasive cells.

Although FiloDetect compared favorably to manual
annotations and was accurate enough to carry out the
PI4KIIIB analysis, further improvements may be pos-
sible. In Costantino’s work on detecting filopodia on
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neural growth cones [10] they found that segmentation
based on edge detection was superior to intensity based
thresholding—although both are options in their software.
In pilot studies, we did not find an advantage to edge
detection. However this might be true for other image
sets. Adaptive intensity thresholding methods, where the
threshold varies for different parts of the image, or meth-
ods that combine intensity and edge information might
also yield improvements. Because the filopodia are com-
paratively small objects in typical images, and because
it can be difficult for morphological analysis to correct
for errors in segmentation, high quality segmentation is
key to our approach. A completely different approach
would be to forego segmentation and use a tracing-based
approach to delineate filopodia. In the neurite detection
literature, tracing-based approaches are generally consid-
ered to be the most accurate, although their computa-
tional burden is higher than that of morphology-based
approaches.

Another area for possible improvement is in the untan-
gling of combined filopodia. Following the policy of our
previous manual annotations, we have not attempted
untangling. However, some combined filopodia are truly
physically joined, whereas others are really separate but
overlap visually. By analyzing joined structure in more
detail, it may be possible to discriminate between these
cases. We have conducted preliminary analysis of 3D
image stacks, to see if they might be informative in this
regard. However, segmenting the cell is much more diffi-
cult in this case, because each layer of the stack contains
differing and only partial information on where the cell
boundaries are.

Filopodia are just one of many cytoskeletal features that
are biologically relevant and that we might want to quan-
tify automatically from images. For instance, it would be
of interest in the study of cytoskeleton remodelling to
be able to automatically define and measure the relative
size/cellular proportion of a cell’s lamellipodium, which
defines the flat and broad cellular protrusion contain-
ing a meshwork of branched F-actin found at the leading
edge [2]. In addition, it would be useful to develop an
algorithm that is able to quantify the number/proportion
of stress fibers, contractile acto-myosin structures, which
span the length of a cell, and are involved in adhesion
and motility [31]. Robust and automated quantification of
the size of the lamellipodium and the number of stress
fibers in a cell under genetic and chemical perturba-
tions, along with the measure of filopodial protrusions
would allow a broader study of events of cytoskeletal
rearrangement. Also, it would be interesting to see if
our algorithm to measure filopodia number and length
could be applied in a live cell imaging context, allowing
real-time actin dynamic remodelling events to be studied
quantitatively.

196

Page 11 of 12

Availability and requirements

Algorithms were implemented in Matlab2009. The
FiloDetect system and some sample cell images are avail-
able at http://www.perkinslab.ca/Software.html. There is
no restrictions on non-commercial use of this software.

Endnote

'Here we define, MAE = Zfil |M; — F;|/NM; where
M; = My, My, - - - My are the manual counts and
F; = F1, F,, - - - Fy are the FiloDetect counts for N
different cells.
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Abstract

network is and how perturbations alter it.

detection range (04 um to 50 um).

Background: Filopodia are actin-based cellular projections that have a critical role in initiating and sustaining
directional migration in vertebrate cells. Filopodia are highly dynamic structures that show a rich diversity in
appearance and behavior. While there are several mathematical models of filopodia initiation and growth, testing
the capacity of these theoretical models in predicting empirical behavior has been hampered by a surprising
shortage of quantitative data related to filopodia. Neither is it clear how quantitatively robust the cellular filopodial

Results: We have measured the length and interfilopodial separation distances of several thousand filopodia in the
rodent cell line Rat2 and measured these parameters in response to genetic, chemical and physical perturbation.
Our work shows that length and separation distance have a lognormal pattern distribution over their entire

Conclusions: We find that the lognormal distribution of length and separation is robust and highly resistant to

perturbation. We also find that length and separation are independent variables. Most importantly, our empirical
data is not entirely in agreement with predictions made based on existing theoretical models and that filopodial
size and separation are an order of magnitude larger than what existing models suggest.

Background

When mammalian cells migrate, they do so by generat-
ing protrusive actin structures in the form of advancing
lammellipodia or filopodia [1,2]. The lamellipodium is a
broad cellular extension composed of a mesh-like net-
work of crosslinked actin fibers. Filopodia, on the other
hand, are finger-like cellular projections composed of a
core of actin filaments bundled in a parallel array [3,4].
Filopodia are the first cellular structures to reach new
space during cell migration and their growth factor
receptors guide movement towards chemoattractants
[5]. Filopodial adhesion molecules also provide traction
[6]. During migration, filopodia are often overtaken by
advancing lamellipodia and filopodial actin bundles con-
tribute to the formation of contractile structures within
the cell body [7]. Filopodia have an important role in
controlling cell migration in vivo and are essential for
neurogenesis in mice and for cell-cell adhesion during
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Drosophila embryogenesis [3,4]. Filopodia are also
involved in cancer progression, as many filopodial pro-
teins are known to regulate tumor invasion and meta-
static development [8,9].

The simple composition of filopodia belies the com-
plex biochemical events that shape their initiation and
growth. The pathways controlling the assembly of
mature filopodia are controversial, and two different
models, convergent elongation and de novo nucleation,
compete for general acceptance [3,4,10]. During conver-
gent elongation, linear actin bundles in the lamellipod,
termed microspikes, fuse into a lambda-shaped structure
that becomes a filopodium as is grows outward from the
plasma membrane [10,11]. In de novo nucleation, filopo-
dia are created by actin nucleating proteins at or near
the plasma membrane and are independent of lamellar
actin [4,10,12]. Experimental evidence supports both
models and it therefore seems likely that there are mul-
tiple mechanisms of filopodia initiation.

In mammalian cells, filopodia have a strikingly varied
appearance and behavior. Their lengths span greater
than two orders of magnitude and they can grow to

© 2010 Husainy et al; licensee BioMed Central Ltd. This is an Open Access article distributed under the terms of the Creative Commons
Attribution License (http://creativecommons.org/licenses/by/2.0), which permits unrestricted use, distribution, and reproduction in
any medium, provided the original work is properly cited.
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50 um or more in size [3,4]. Filopodial behavior is also
highly variable, and filopodia in the same cell are
observed undergoing phases of growth, retraction or sta-
sis. The velocity of growth and retraction is variable, and
filopodia can have velocities ranging from 0.25-1 pum/
minute [13]. Several theoretical models have been used
to describe filopodia formation and growth [14-20].
Parameters that have been incorporated into these
models include the number of actin filaments in a filo-
podium, plasma membrane elasticity, G-actin concentra-
tion, actin retrograde flow, actin depolymerization and
the mechanical strength of the actin polymers [14-20].
These studies make predictions as to the length distri-
bution of filopodia and interfilopodial separation dis-
tances. However, there is a surprising paucity of
quantitative data related to these parameters. In addi-
tion, it is unclear how perturbation quantitatively affects
the filopodial system. In this report, we have measured
the length and distance separation of several thousand
filopodia in the non-transformed rodent cell line Rat2.
Analysis of this data indicates that filopodia length and
interfilopodial distance are distributed lognormally and
this distribution is highly robust and resistant to
perturbation.

Methods

Cell lines and treatments

Rat2 fibroblasts were purchased from American Type
Culture Collection (Manassa, VA) and cultured in
Dubecco’s Modified Eagle Medium High Glucose 1X
from Gibco, Invitrogen (Grand Island, NY) containing
10% Fetal Bovine Serum (FBS) (Gibco) and 1% antibio-
tic/antimycotic (Gibco). The cultured cells were incu-
bated in 10 cm plates at 37°C in 5% CO—»,. Cells were
treated with bradykinin at 100 ng/ml for 30 minutes
using DMSO as a vehicle. For poly-D-lysine experi-
ments, cover slips were coated with 50 pg/ml poly-D-
lysine for 2 hours prior to cell plating. Rat2 fibroblast
cells ectopically expressing PI4KIIIB and empty vector
controls have been previously described [21,22].

Immunofluorescence

Rat2 cells were grown to 70-80% confluency, trypsinized
with 0.05% 1X Trypsin-EDTA (Gibco), diluted 1:100
and plated in 6 well plates containing glass coverslips
(Fisher; Pittsburg, PA). 24 hrs later, cells were fixed in
3.7% paraformaldehyde for 20 minutes, permeabilized
with 0.5% Triton-X for 15 minutes and left overnight in
IF Buffer (130 mM NaCl, 7 mM Na—,HPO,, 3.5 mM
NaHPO,, 7 mM NaN3j, 0.2% Triton X-100, 0.1% BSA,
0.05% Tween-20, ph 7.4). The following day, cells were
stained for 1 hr with Phalloidin-488 (Invitrogen) diluted
1:200 in 1X PBS (pH7.4) and subsequently stained with
Hoescht-405 (Invitrogen) diluted 1:40 in 1X PBS.
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Coverslips were mounted on glass microscope slides
(Fisher) with Fluorescent Mounting Medium (Dako;
Carpinteria, CA). Images of single Rat2 cells were
obtained from an Olympus Fluoview FV1000 laser scan-
ning confocal microscope. Openlab Software (Improvi-
sion, MA) was used to measure filopodia lengths and
separation.

Data Analysis

For each length or distance data set, histograms were
plotted on a logarithmic axis, with bins of equal width
in log-space. For both visualization and statistical fitting
purposes, as described below, the empirical cumulative
distribution function, F(x), is defined as the fraction of
the data having a value strictly less than x. The empiri-
cal probability density function, which was used only for
visualization purposes, was taken to be the Parzen win-
dows estimator with a radius parameter of h = 0.25
applied in the log-transformed space. That is, if x; ... x,
are the original data and y; ... y, are the transformed
data (y; = logjox;) then the probability density function
is f(y) = c(y)/n, where c(y) is the number of points y; ...
yn for which the absolute difference to point y is less
than or equal to h.

We fit different distributions to the data by compari-
son of idealized and empirical cumulative distribution
functions. Let G(x, 0) denote the cumulative distribution
function of a statistical distribution with parameter or
parameters 0. We judged that filopodia lengths or inter-
filopodial distances less than 0.4 pm could not be
reliably quantified from the images. So, no such mea-
surements were included in our data set. To fit 6 based
on the data we first defined the “cut-off cumulative dis-
tribution function” as G¢(x, 6) = 0 if x < 0.4 and G¢(x,
0) = (G(x, 0)-G(0.4, 0))/(1-G(0.4, 0)) if x > 0.4. The cut-
off function recognizes that our data collection proce-
dure does not record any values smaller than 0.4 pm; in
essence, any part of the statistical distribution falling
below that threshold is zeroed out and the remainder of
the distribution is rescaled so that it integrates to one.
We define the error of parameters 0 as the sum of
squared residuals: E(0) = Zx(F(x)- G¢(x, 08)), where the
sum is over x = 10°°%%, 10°°%?, 10?8, ..., 10" for
length data and x = 10°%, 10°%%, 1038, .., 10*%° for
distance data. Parameters 0 are fit by minimizing the
error E(8). We fit four different families of distributions
in this way: the exponential, which has probability den-
sity function g(x, L) = A exp(-Ax) and cumulative distri-
bution function G(x, A) = 1- exp(-Ax); the powerlaw,
which has probability density function g(x, Xy, @) =
((0-1)/Xpmin) (X/Xmin)* and cumulative distribution func-
tion G(X, Xmin, @) = 1 - (X/Xpmin)'™® for X = Xpin; the
Gaussian, which has probability density function g(x, y,
6) = (2n6?) % exp(-(x-p)%/26%); and the lognormal,
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which has probability density function g(x, y, o) =
(2mo?x?)12 exp(-(ln(x)-p)2/202) for x > 0.

Results
Quantitation of Filopodia
Filopodia span a wide range of observable lengths and
individual cells show high variability in the size and
number of filopodia they possess. To understand filopo-
dia in their cellular context, we observed filopodia pro-
duction in rodent fibroblast Rat2 cells. We chose this
cell line because it is non-cancerous and individual cells
have filopodia that span nearly two orders of magnitude
in length. The appearance of the actin cytoskeleton in
typical Rat2 cells is shown in Figure 1. In interphase,
two types of linear actin polymers are commonly seen,
stress fibers (S) and filopodia (F). Stress fibers traverse
the cell in a lengthwise manner. Filopodia, on the other
hand, are visible as linear projections from the cell body
that emanate from multiple places and proceed in multi-
ple directions. Filopodia are distinguishable from the
less frequently observed and visibly similar retraction
fibers. Retraction fibers are seen primarily in mitotic
cells but also appear in cells in interpahse, at the trailing
edge during migration. Based on our previously pub-
lished work with living Rat2 cells [23], filopodia can be
visually distinguished from retraction fibers (R) based on
their relative thickness and extended presence behind
the plasma membrane. We have purposely excluded
mitotic cells from our analysis to avoid potential confu-
sion between filopodia and retraction fibers. Moreover,
Rat2 cells are relatively non-migratory so they have very
few retraction fibers relative to filopodia in non-mitotic
cells.

To quantitate filopodial properties in Rat2 cells, we
used image analysis software to manually trace the
lengths of individual filopodia in fixed Rat2 cells. The

mitotic

interphase

Figure 1 The actin cytoskeleton in Rat2 cells. Rat2 fibroblast cell
stained for actin (white) and DNA (blue). The leftmost panel shows
transverse actin stress fibers (S) and filopodia (F) as hair-like
projections from the cell perimeter. The central panel shows
counting of individual filopodia lengths (L1, L2, L3, L4) and distance
separation (D1, D2, D3). The right panel shows a mitotic cell with
retraction fibers (R) indicated. The red scale bar is 10 um.
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length of a filopodium was extrapolated from the pixel
length of the trace line. Based on the resolution of our
fluorescence microscopy system, we estimate that we
can accurately determine the length of filopodia > 0.4
pum in length. Filopodia shorter than this cannot accu-
rately be distinguished from lamellar actin structures
and therefore were not counted. We also measured the
distance that separates a given filopodium from its near-
est neighbor. Cells visualized were non-mitotic and not
visibly attached to other cells but were otherwise ran-
domly chosen. The cell population as a whole was in a
logarithmic phase of growth and no attempt was made
to synchronize filopodia growth cycles. As such, the filo-
podia that we measure represent structures in undeter-
mined phases of growth, shrinkage and stasis. We
collected this data for all filopodia in the individual cells
that we imaged. Thus, each filopodium is defined by a
length (L,) and a separation distance (D,) measurement.

Filopodia lengths are distributed lognormally

We compiled filopodia length measurements from three
independent experiments. We counted filopodia from a
total of 52 Rat2 cells (experiment 1 = 25; experiment 2
= 18; experiment 3 = 10). The total number of filopodia
was 1,682 (experiment 1 = 745; experiment 2 = 573;
experiment 3 = 364). As shown in Figure 24, filopodia
distribution in the total data set is unimodal with a
mean of 2.70 um. The length distribution of the indivi-
dual experiments was also unimodal with a respective
mean of 2.79 pym, 2.49 pm, and 2.84 pm for Experi-
ments 1, 2 and 3. Approximately 82% of the filopodia
fall within the range of 1 pm to 10 um in length.

We next determined the statistical model that would
best fit the empirical cumulative probability distribution
(CDF) of filopodia lengths and distances. We found that
the length distribution of the collective dataset was best
modeled as a lognormal distribution (p(x)= (2no?x?) 12
exp(-(In(x)-p)*/26?)) (Figure 2B). That is, the logarithm
of the length is approximately normally distributed. The
dataset is poorly modeled as an exponential (p(x) = A
exp(-Ax)), Gaussian (p(x) = (216%) ™ ?exp(-(x-p)*/262))
or power law (p(x) = ((0t-1)/Xmin) (X/Xmin)*) distribution
(Figure 2B). The power law and exponential distribu-
tions fit least well, as they are incapable of capturing the
unimodality of the observed data. The exponential, how-
ever does provide a reasonable fit for the distribution of
filopodia larger than ~1.5 um. The Gaussian is the next
most accurate, capturing the unimodal data, but it over-
estimates the left tail while underestimating the right
tail. The lognormal captures both unimodality and the
heavy right tail. The datasets of individual experiments
are also fit well by lognormal distributions (Figure 2A,
B), as are the length distributions from each individual
cell (Figure 2C). The similarity in CDF distribution
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between individual cells in a population indicates that
the system regulating filopodia length shows robust
behavior in the Rat2 population.

Filopodia distance separations are distributed
lognormally

As we did for filopodia lengths, we compiled the data
for the separation distances between adjacent filopodia.
As with filopodia length, the separation distance is
unimodal in both the total data set and in the three
separate experiments (Figure 3A). The mean distance
for the collective dataset was 6.18 um and experiments
1, 2 and 3 had respective means of 5.52 um, 5.11 pm,
and 9.23 um. When we calculated the CDF for the dis-
tance distribution, lognormal was the best fit of the dis-
tribution data (Figure 3B). As is the case of filopodial
length, the separation dataset is poorly modeled as an
exponential, Gaussian, or power law distribution (Figure
3B). The power law distribution is the poorest fit, while
an exponential distribution may fit the distribution of
filopodia that are separated by 10 um or more. Nearly
all of the cells in a Rat2 population show a good lognor-
mal fit of separation distance data. The similarity in
CDF distribution between individual cells in a popula-
tion indicates that the system regulating filopodia dis-
tance separation shows robust behavior between cells.
74% of the interfilopodial distance separation falls within
the range of 1 um to 10 pum.

Length and separation distance are independent
variables

The polymerization of actin polymers within a filopo-
dium depends on an intracellular pool of G-actin. It is
possible that as an individual filopodium grows, it might
locally deplete the G-actin pool around it and thereby
interfere with de novo filopodia creation or actin poly-
merization in pre-existing filopodia. If this were the
case, then there may be some empirical relationship
between filopodia length and separation. To test this
idea, we determined whether or not the length of an
individual filopodium is detectably correlated with
separation distance between its neighbours (Figure 4A).
The figure shows the length of individual filopodia ver-
sus the average separation distance between its two
nearest filopodia plotted on a log-log scale. On the
whole, however, there is no substantial correlation
between filopodial length and interfilopodial separation
distance (r~0.02). On a per cell basis, there are some
cells that show a weak negative correlation between
length and separation (r~-0.6) and some with a weak
positive correlation (r~0.25). We next determined
whether or not there was any substantial correlation
between the distance separating adjacent filopodia and
whether there might be correlation between the lengths

Page 5 of 11

of filopodial neighbours. Such a correlation would be
predicted should the concentration of a G-actin pool be
a limiting factor in either the initiation of an individual
filopodium or in its total length. Figure 4B shows that
there is a mild correlation between the separation dis-
tance of adjacent filopodia. A similar weak correlation
exists between the length of filopodial neighbours (Fig-
ure 4C). This suggests that any spatial constraints link-
ing filopodia length and separation are likely to be quite
small and, together with Figure 4A, suggests that filopo-
dial length and separation distance are likely to be inde-
pendent variables.

Perturbation Analysis of Filopodia

We next wanted to investigate how the filopodia system
quantitatively responds to perturbation. There are many
agents that have been described to be inducers of filopo-
dia formation, but high-quality empirical measurement
of what these agents do to filopodia are not common.
Since we have been able to mathematically describe the
filopodia system with some degree of confidence, we are
now able to define how known filopodial perturbations
affect the system as a whole. We chose to alter filopodia
production in three distinct manners: genetically, chemi-
cally and physically. For the genetic perturbation, we
engineered Rat2 cells to ectopically express the lipid
kinase PI4KIIIB, which we have reported stimulates filo-
podia production [22]. To chemically induce filopodia,
we used the peptide hormone bradykinin, which induces
filopodia through activation of G-protein coupled recep-
tors [24]. To physically induce filopodia, we coated the
growth substrate with poly-D-lysine, which could
increase filopodia size by increasing the positive charge
of the substrate and enhancing adhesion.

As shown in Figure 5A, expression of PI4KIIIB causes
a large increase in the length of filopodia. The mean
length in PI4KIIIB-expressing cells was 5.13 pm, signifi-
cantly longer than the 2.03 pm mean length in the vec-
tor-only controls (t-test, p < 0.0001). The length
distribution remains unimodal, and an increase in the
number of long filopodia (10 pm - 100 pum) is visible.
The longest filopodium in PI4KIII expressing cells was
65.71 um. Interestingly, the separation distance between
the filopodia also increases following PI4KIIIB expres-
sion and the mean separation in PI4KIIIB-expressing
cells was 12.00 pum, significantly higher than the 4.16
pum distance in vector-only controls (t-test, p < 0.00005).
Importantly, even though the length and separation of
filopodia have increased substantially, the distribution of
both parameters remains lognormal. This indicates that
the lognormal distribution is a robust aspect of filopodia
length and separation distance control.

Bradykinin treatment causes an increase in filopodia
length, albeit to a much lesser extent than PI4KIIIP
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expression. The mean length of bradykinin treated filo-
podia was 5.19 um, significantly longer than the 3.95
pum mean length in DMSO treated controls (t-test, p <
0.04773). The change that bradykinin makes to filopodia
length distribution is primarily in the longer filopodia as
27% of filopodia in bradykinin treated cells were > 6 um
in length, compared to only 17% (48/282) of filopodia in
the DMSO controls. The mean separation did not
change appreciably, with a mean distance of 4.97 um in
the bradykinin-treated cells compared to 5.16 pm in the
DMSO-treated cells. The lack of significant change in
distance separation (t-test, p < 0.4386) further strength-
ens our assertion that filopodia length and distance
separation are independent variables. As in the case
with PI4KIIIB expression, the distributions of length and
separation following bradykinin remain unimodal and
are best fit by lognormal distributions.

The effects of poly-D-lysine on filopodia were very
modest (Figure 5C). The mean length of filopodia in
cells grown on poly-D-lysine was 3.13 pm which is not
much longer than the 2.82 pm mean filopodia length of
Rat2 cells grown on plain glass slides. This difference is
statistically significant (t-test, p < 0.02968) due to the
large number of samples, but it is not readily apparent
in the PDF and CDF distribution. Like bradykinin, no
change in filopodia separation distances is apparent
(5.90 um compared to 5.49 um). The distribution of
filopodia is unimodal and fits a lognormal distribution.
Collectively, the effects of genetic, chemical and physical
filopodia inducers show that increases in filopodia
length do not apparently alter the lognormal distribution
pattern of filopodia length nor the lognormal distribu-
tion of the distances that separate them.

Lastly, we chose to analyze the relationship between
length and separation distance in the perturbed cells.
Figure 6 shows this relationship, plotted on a log-log
scale, for all three perturbations. In the case of bradyki-
nin and poly-D lysine, there was no obvious relationship
between length and separation. In this respect, these
two perturbations do not cause changes from the wild-
type situation. In the case of PI4KIIIB expression, there
is a weak, albeit statistically significant, positive correla-
tion (r~0.39). This appears to result from two individual
cells (coloured black and purple) with very long and
highly separated filopodia. Filopodia length and separa-
tion are not highly correlated in these two cells, but the
magnitude of the length and separation measurements
leads to an apparent correlation in the overall popula-
tion. As such, we conclude that length and filopodial
separation remain independent variables even following
perturbation.
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separation lognormal distribution. Perturbation analysis of Rat2 0 10
cells after genetic, chemical and physical induction of filopodia. Length (um)
(A) PMI4KIIIB expression induces filopodia and increases both length Figure 6 Filopodia length and distance separation are
and separation distance relative to the empty vector control. Rat2 independent after perturbation. Graph of filopodial length and
cells stably expressing PI4KIIB and controls have been previously separation distance for PI4KIIIB, Bradykinin and Poly-D-lysine
described [22]. (B) Bradykinin, a chemical inducer of filopodia, perturbations. Identically coloured data points represent
increased the length but had no effect on the interfilopodial measurements from the same cell.
distances compared to the DMSO control. Rat2 cells were treated
with 100 ng/mL bradykinin. (C) Poly-D-lysine, a physical inducer of
filopodia, increased the length of filopodia modestly but had no
effect on distances.
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Discussion and Conclusions
Among the goals for this study was to identify a method
to quantitatively describe the filopodial system in a
given cell population. Our interest in this idea first
arose when we began to quantitate the effect that
PI4KIIIB expression had on filopodia in the mammalian
breast cancer cell line BT549 [22]. PI4KIIIB is one of
four mammalian kinases, PI4KIla, PI4KIIB, PI4KIIlo
and PI4KIIIB, which generate PI4P (Phosphatidylinositol
4-phosphate) from PI (phosphatidylinositol) [25,26]. Our
work with this kinase and an oncogenic protein that
activates it, eEF1A2, suggested that eEF1A2 and
PI4KIIIB stimulated filopodia production by activating
the production of PI1(4,5)P, [21-23]. PI(4,5)P, abundance
regulates filopodia by recruiting actin-remodeling pro-
teins to the migratory leading edge [27]. While the effect
that PI4KIIIB expression had on filopodia was visually
striking and qualitatively apparent, quantitative descrip-
tion proved difficult because of the highly variable
appearance of filopodia in a given cell population. Filo-
podia numbers vary per cell; their lengths in a single
cell frequently span more than an order of magnitude
and very long filopodia sometimes appear even in unsti-
mulated cells. In the end, we adopted a system that
approximated our qualitative visual evaluation [22]. We
scored cells that had 10 or more filopodia > 3 pm in
length as positive and the remainder as negative [22].
Based on this criterion, PI4KIIIB expression has a
demonstrable and significant numerical effect on filopo-
dia production [22]. However, this descriptive system
was unsatisfying because there is nothing intrinsically
unique about filopodia longer than 3 pm nor is having
10 or more long filopodia of obvious biologic impor-
tance. In this study, we hoped to identify objective and
quantitative parameters of the filopodial system to
determine whether or not any given stimulus was alter-
ing filopodia production. Based on our current analysis,
we propose that p the peak of the density of the lognor-
mal distribution represents a useful quantitation para-
meter of the filopodial network. The robust nature of
the lognormal distribution (Figure 2) among indepen-
dent replicates of the same cell population indicates that
it appears to be a tightly regulated feature of the cell
type. Moreover, individual cells of the same population
have a similar CDF distribution (Figure 2C). Based on
our analysis of the bradykinin, poly-D-lysine perturba-
tion, and PI4KIIIB expression, we believe that counting
~300 filopodia in a population will allow quantitative
determination of the effect that a given stimulus has on
filopodial appearance based on alterations in p.

The extensive filopodia length data that we have col-
lected provide an empirical base on which to test exist-
ing theoretical models of filopodia growth [14-16]. Our
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empirical data does not closely match many existing
theoretical models. For example, Lan and Papoian pre-
dict that the frequency distribution of filopodia lengths
will be tight and will peak at ~0.6 um [16] while our
empirical peak is ~3 pm. Moreover, we frequently
observe filopodia >5 pm in length, which is not readily
accounted for in their work. The presence of these long
filopodia is also not in agreement with Atligan et al.,
who propose that mechanical buckling forces provide
strong limits on filopodia growth beyond a length of 1.7
pm [14]. It is possible that adhesion between filopodia
and the growth substrate may reduce the effect that
buckling forces have in retarding filopodial growth, but
this remains to be empirically tested. While Mogilner &
Rubinstein predict that most of the filopodia will be of 2
pm in length [15], in closer agreement with our studies,
their modeling does not account for the lognormal dis-
tribution of the filopodial nor the large numbers of long
filopodia that we observe. Mogilner & Rubinstein postu-
late that three different parameters limit filopodia
growth dependent on filopodial length [15]. According
to their model, membrane resistance limits filopodia
below 0.4 um in length, between 0.4-1.5 pm filopodia
length is limited by buckling, while longer filopodia
growth is limited by the diffusion of G-actin. More
recent modeling has suggested that the generation of
long filopodia (~4-6 pm length) may be the result
of active G-actin transport within filopodia or the loss
of capping protein function [17,18]. However, we consis-
tently observe filopodia in the > 6 um range, therefore
we hypothesize that additional factors must be at work.

It is worth mentioning that existing models of filopo-
dia formation are based on the assumption that the
actin filaments within an individual filopodium are as
long as the filopodium itself [14-16]. Because of the
directionality of the filopodial actin fibers, filopodial
growth directly reflects actin polymerization at the tips.
Many studies support this model [4,10,12], but a recent
cryo-electron tomographic analysis of filopodia in Dic-
tyostelium suggests otherwise [28]. This ultrastructural
analysis indicates that filopodia are composed of discon-
tinuous actin filament bundles ~100 nm in length. The
discontinuous nature of the actin filaments within these
filopodia could therefore allow for longer filopodia
because the buckling forces that affect individual fila-
ments would be predicted to be smaller. However, the
commonality of this structure in filopdia in other cell
types remains to be determined.

It is important to note some limitations in our current
study. Firstly, we have relied exclusively on the Rat2 cell
line and other cells may behave differently. The B16
melanoma line is commonly used to study filopodia and
these cells show much smaller filopodia and more
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uniform length distribution relative to Rat2 [13]. The
cell-type specificity of filopodial quantitative parameters
indicates that differing biochemical pathways are at play
in individual cell lines. Another limitation of our study
is that we have not measured filopodia in living cells.
Individual filopodia undergo phases of growth, stasis
and retraction during their lifespan [13]. Our use of
fixed (non-living) cells, treats filopodia as stationary
objects and, in a sense, ignores their dynamism. To help
circumvent this issue, we have collected data from a
large population of cells. Because we have made no
attempt to synchronize or otherwise manipulate the filo-
podial growth cycle, our collective dataset represents
filopodia in all their dynamic phases. Large-scale analysis
of filopodia in living cells will be necessary to betterun-
derstand and measure filopodial dynamics.

The inter-filopodial distance separation data that we
collected also allow sus to test the predictions made by
Mogilner et al. [15]. Mogilner based their model on pre-
vious work by Svitkina et al. [11], which provided evi-
dence that filopodia are initiated from the fusion of
cytosolic actin fibers. These lamellar actin fibers fuse
into a A-shaped precursor and subsequent actin poly-
merization creates a filopodium. Based on the distribu-
tion of A-precursors and their lateral motion, Mogilner
modeled interfilopodial spacing to a range of 1-3 um,
with a tight distribution. Another theoretical study,
based on the idea that membrane protein adhesion com-
plexes regulate the initiation of protrusive structures,
also suggests that filopodia will have separation dis-
tances in this range [29]. However, we observe that filo-
podia are often widely spaced, frequently having
separation distances of 10 um or more. It should be
noted that lambda precursors are not the only proposed
pathway of filopodia initiation, and filopodia may also
form from de novo nucleation by Formin proteins inde-
pendent of lamellar actin strands [4,10,12]. Moreover,
filopodial fusion, an event predicted [14,20] but not yet
reported may also function to increase inter-filopodial
distances. These may account for our large filopodial
spacing.

We were initially surprised to find that PI4KIIIB
expression not only increases filopodial length, but also
increases their separation (Figure 5). Since no biochem-
ical regulators of interfilopodial separation have been
identified to date, it is not immediately apparent how
PI4KIIIf increases this parameter. However, it is possi-
ble that concomitant with an increase in filopodial
length, PI4KIIIB may be depleting a pool of G-actin or
actin polymerizing factors that control filopodial initia-
tion. On the other hand, our work indicates that filopo-
dia length and separation are independent variables
(Figure 4), suggesting they are regulated by different
mechanisms. This is also further buttressed by our
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observation that PI4KIIIB affects both length and
separation, while bradykinin and poly-D-lysine only
affect filopodial length.

We find that both filopodial length and separation dis-
tance have a lognormal distribution. Earlier biophysical
modeling of filopodia-like structures in lymphocytes
shorter than 1.1 pm has suggested the restraining force
of the membrane might account for a heavy right-tailed
length distribution [20]. In this work, a Gaussian distri-
bution accounts for filopodia up to ~0.3 um in length
and then an exponential distribution of longer filopodia
generates a heavy right tail. Qualitatively, this is consis-
tent with our data. The presence of some experimental
skew even in our log-transformed length dataset indi-
cates that the lognormal does not wholly account for
the data. Indeed, fitting a distribution of the type
described by Gov [27] results in a tighter fit to the data
(results not shown). However, it is not clear that the
biophysical model studied by Gov has relevance to our
data, as the lengths that we observe are an order of
magnitude larger than the ones modeled by Gov. More-
over, we found that much of the skew in the log-trans-
formed data is due to cell-to-cell variation. Some
individual cells showed positive skew, but others showed
negative skew. As such, we did not feel there was suffi-
cient support to adopt the four-parameter Gov model
[27] or even a three-parameter skew-lognormal model
for filopodial length distribution.

The lognormal distribution is not uncommon in biol-
ogy. For example, species abundance distributions and
long-term survival in breast cancer are lognormal func-
tions [30,31]. Fruit and flower sizes also show lognormal
distributions [32]. With respect to filopodia, the cellular
significance of lognormal length and separation distance
distributions is unclear. However, this distribution is
highly robust and resistant to perturbation. PI4KIIIf
expression and bradykinin treatment affect filopodia
length but do not change the lognormal distribution.
This suggests that the lognormal distribution is robust
and likely reflects strong biophysical constraints on the
pathways controlling filopodial dynamics. Filopodia
length distribution is lognormal from the smallest length
that we confidently detect (0.4 um) up to almost 100
pm. Generally speaking, a lognormal distribution can
arise as the product of a number of random variables.
There are dozens, perhaps hundreds of proteins that
affect actin polymerization and higher-ordered polymer
assembly [1,2]. The biochemical mechanism(s) through
which their combinatorial action creates a lognormal
distributed function is unclear to us. Nevertheless, fluc-
tuations in the concentrations of these proteins may be
among the factors influencing filopodia length and
separation. Membrane forces are also likely to be impor-
tant [19,20]. Further theoretical modeling of the actin
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cytoskeleton is likely to be necessary to resolve this
issue.
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Eukaryotic elongation factor 1 alpha 2 (eEF1A2) is a transforming gene product that is highly expressed in
human tumors of the ovary, lung, and breast. eEF1A2 also stimulates actin remodeling, and the expression of
this factor is sufficient to induce the formation of filopodia, long cellular processes composed of bundles of
parallel actin filaments. Here, we find that eEF1A2 stimulates formation of filopodia by increasing the cellular
abundance of cytosolic and plasma membrane-bound phosphatidylinositol-4,5 bisphosphate [PI(4,5)P,]. We
have previously reported that the eEF1A2 protein binds and activates phosphatidylinositol-4 kinase III beta
(PI4KIIIB), and we find that production of eEF1A2-dependent PI(4,5)P, and generation of filopodia require
PI4KIIIB. Furthermore, PI4KIIIQ is itself capable of activating both the production of PI(4,5)P, and the
creation of filopodia. We propose a model for extrusion of filopodia in which eEF1A2 activates PI4KIIIf3, and
activated PI4KIII3 stimulates production of PI1(4,5)P, and filopodia by increasing PI4P abundance. Our work
suggests an important role for both eEF1A2 and PI4KIII@ in the control of PI(4,5)P, signaling and actin

remodeling.

Filopodia are fingerlike projections from the plasma mem-
brane that are the first cellular structures to reach new spaces
during cell migration. Filopodia are composed of bundled actin
filaments and actin-associated proteins (9, 13). Transmem-
brane receptors within filopodia respond to extracellular cues
and guide directional movement toward chemoattractants
(26). In addition, filopodia contain abundant adhesion mole-
cules that regulate cellular attachment to growth substrates
and cell-cell interactions (37). As such, filopodia regulate sev-
eral key physiological processes, including cell migration,
wound healing, and development. For example, filopodia are
essential for neurogenesis in mice and for cell-cell adhesion
during Drosophila melanogaster embryogenesis (9, 13).

We have previously described a role for eukaryotic elonga-
tion factor 1 alpha 2 (eéEF1A2) in the initiation and mainte-
nance of filopodia (1). In several types of mammalian cells,
eEF1A2 expression is sufficient to stimulate formation of filo-
podia (1). eEF1A2 is one of two members of the eEF1A family
of proteins, eEF1A1 and eEF1A2. During the elongation
phase of protein synthesis, GTP-bound eEF1A proteins inter-
act with amino-acylated tRNA and recruit them to the ribo-
some (18). While eEF1A1 and eEF1A2 are believed to have
equivalent roles in protein translation, their tissue-specific ex-
pression patterns are each markedly different. eEF1AL1 is ex-
pressed ubiquitously, whereas eEF1A2 is detectably expressed
only in normal tissues of mammalian heart, brain, and skeletal
muscle (24a, 24b, 28). Homozygous deletion of eEF1A2 occurs

* Corresponding author. Mailing address: Department of Biochem-
istry, Microbiology, and Immunology, University of Ottawa, 451 Smyth
Road, Ottawa, Ontario, Canada K1H 8M5. Phone: (613) 562-5800, ext.
8640. Fax: (613) 562-5452. E-mail: jlee@uottawa.ca.

¥ Published ahead of print on 12 May 2008.
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in the wasted mouse (7). These mice develop normally but
suffer from neuromuscular abnormalities and immunodefi-
ciency and die at approximately 1 month of age (35, 36). Im-
portantly, eEF1A2 is likely to be a human oncogene, it is highly
expressed, and its gene is amplified in 30 to 60% of human
tumors of the breast, ovary, and lung (2, 24, 24a, 25, 40).
eEF1A2 is transforming, and its expression in mammalian cells
increases the cells’ in vitro growth rate, allows cells to grow in
soft agar, and enhances cells’ tumorigenicity in xenograft mod-
els (2).

The mechanism by which eEF1A2 stimulates production of
filopodia is currently unclear. The production of filopodia is reg-
ulated in major part by the plasma membrane abundance of
phosphatidylinositol-4,5 bisphosphate [PI(4,5)P,] (9). PI(4,5)P,
cooperates with the WASP family of proteins and the Cdc42
GTPase to stimulate the ability of the Arp2-Arp3 complex to
assemble actin (9). As such, proteins that control PI(4,5)P, abun-
dance are likely to have critical roles in controlling initiation of
filopodia. Consistent with a role for eEF1A2 in phospholipid
signaling, we have previously reported that eEF1A2 binds to the
lipid kinase phosphatidylinositol-4 kinase III beta (PI4KIIIB) and
increases its kinase activity (21). PI4KIIIB is a member of the
PI4K family of lipid kinases that phosphorylates the D4 carbon of
the inositol ring in phosphatidylinositol to yield phosphatidylino-
sitol-4 phosphate (PI4P) (5, 17). PI4Ks are emerging as important
mediators of cell physiology because PI4P is itself a regulatory
phospholipid and additionally an obligate precursor for P1(4,5)P,
and PI(3,4,5)P5 (4, 29).

Here, we investigated whether eEF1A2 might activate pro-
duction of filopodia through PI4KIIIB. We find that eEF1A2
expression is sufficient to increase the cytoplasmic and plasma
membrane abundance of PI(4,5)P, This increase in plasma
membrane PI(4,5)P, is necessary for eEF1A2-induced filopo-
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FIG. 1. eEF1AZ2 regulates formation of filopodia. (A) Left panel, BT549 and Rat2 cells stably expressing eEF1A2 have more filopodia (arrows)
than do the empty vector control cells. Middle panel, transient transfection of eEF1A2 in Rat2 cells increases the number of filopodia (arrows)
relative to those of GFP-transfected controls. Right panel, quantification of the number of cells with filopodia (n = 138, 152, 131 and 157, for
GFP-transfected, eEF1A2-transfected, stable-EV, and stable-eEF1A2 cells, respectively). Filled columns indicate cells with at least 10 filopodia
greater than or equal to 3 wm in length. Open columns indicate cells with any number of filopodia less than 3 pm in length. Significance (P < 0.05,
Student’s ¢ test) is indicated by an asterisk. (B) Expression of eEF1A2 protein in MCF7 variants with stable downregulation of eEF1A2 by RNAI.
NC, negative control. (C) MCF7 stable cell lines with control RNAi (NC) cells show abundant filopodia (arrows), while those showing con-
stitutive ¢eEF1A2 downregulation (1A and 2A) show little or none. (D) Left panel, MCF7 cells grown in the presence of 100 nM

210


anneamorrow
Typewritten Text
210


VoL. 28, 2008

dium formation. eEF1A2-mediated formation of filopodia and
PI(4,5)P, accumulation are both dependent on PI4KIIIB.
Cdc42 activation is also required for eEF1A2-induced forma-
tion of filopodia, and eEF1A2 expression is sufficient to acti-
vate Cdc42. Furthermore, we find that PI4KIIIB expression is
sufficient to induce formation of filopodia and localization of
plasma membrane PI(4,5)P,. Our work is consistent with a
model for filopodium production in which eEF1A2 stimu-
lates production of filopodia through Cdc42 activation and a
PI4KIIIB-mediated increase in PI(4,5)P, abundance. Our
work also suggests an important regulatory role for PI4KIIIB
in controlling actin remodeling.

MATERIALS AND METHODS

Cell lines and vectors. Rat2, BT549, and MCF7 cells were obtained from the
American Type Culture Collection (Manassas, VA) and grown according to their
instructions. MCF?7 cell lines with stable eEF1A2 ablation were generated using
a pSilencer Neo short interfering RNA (siRNA) expression vector (Ambion)
with eEF1A2-directed siRNA, using sequences previously described (21). Bra-
dykinin was purchased from Calbiochem (San Diego, CA). Generation of the
eEF1A2 plasmid (eEF1A2-pcDNA3.1) is described in the report by Anand et al.
(2). Generation of the adenoviral vectors (Ad-eEF1A2 and Ad-GFP) was de-
scribed previously (1, 24). The PI4KIIIB-expressing stable cell lines and the
vector controls were generated using the pLXSN retroviral system described by
Grignani et al. (12). PI4K111B, PM-FRB-CFP, mRFP-FKBP-5-ptase, and
PLC3-PH-GFP plasmids were a generous gift of T. Balla (41, 42).

Antibodies. Generation of the rabbit polyclonal eEF1A2 antibody and its
validation by Western blotting and immunohistochemistry were described pre-
viously (24). eEF1A2 expression was also detected using a V5-horseradish per-
oxidase (HRP) antibody (Invitrogen or Sigma). The PI4KIIIB and goat anti-
mouse, HRP-conjugated immunoglobulin G (IgG) antibodies were from Upstate
Cell Signaling Solutions (Charlottesville, VA). Actin antibody was from Sigma
(Oakville, Ontario), and HRP-conjugated anti-rabbit IgG was from Cell Signal-
ing Technology (Danvers, MA). PI(4,5)P, was visualized by using an anti-
PI(4,5)P, IgM antibody (Echelon Biosciences Inc., Salt Lake City, UT) and a
goat anti-mouse IgM, (R)-phycoerythrin secondary antibody (Caltag Laborato-
ries, Carlsbad, CA).

siRNA and transfections. The sequence of the PI4KIIIB siRNA is 5'-GGAG
GUGUUGGA-GAAAGUCHt-3". This siRNA and the negative control siRNA
(catalog no. 4611) were purchased from Ambion (Austin, TX). siRNA transfec-
tions were performed using siPORT Lipid (Ambion) according to the manufac-
turer’s instructions.

During the immunofluorescence experiments, parental Rat2 cells were triply
transfected with the PLC8-PH-GFP plasmid, with eEF1A2-pcDNA3.1, and ei-
ther the negative control siRNA or the PI4KIIIB siRNA. The eEF1A2 or vector
plasmid was always at a 10-fold molar excess over that of the PLC3-PH-GFP
plasmid. When the Rat2 cells stably expressing eEF1A2 were used, the trans-
fections were done using only the PLC3-PH-GFP plasmid and the siRNA. For
transfections, the total plasmid amount was 4 ug. When the stable cell lines were
used for the siRNA experiments, cells were transfected with 3.7 pg of the
PLC3-PH-GFP plasmid and 20 nM of either the negative control siRNA or the
PI4KIIIB siRNA. To study the PI(4,5)P, levels induced upon transient eEF1A2
or empty vector expression, Rat2 cells were transfected with the PLC3-PH-GFP
plasmid and either an eEF1A2-pcDNA3.1 or a pcDNA3.1 plasmid. For all
transient eEF1A2 transfections, the eEF1A2 or vector plasmid was at a 10-fold
molar excess over that of the other plasmids. All transfections were performed
using Lipofectamine 2000 reagent (Invitrogen) according to the manufacturer’s
protocol.
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Immunofluorescence. Cells were plated in six-well plates containing coverslips.
The next day, cells were fixed in 3.7% paraformaldehyde (15 min), permeabilized
with 0.1% Triton-X (20 min), and blocked with 5% fetal bovine serum/phos-
phate-buffered saline (1 h; 37°C). Following staining, cells were mounted on
slides, using fluorescence mounting medium (Dako Cytomation, Golstrup, Den-
mark). Actin was stained with either Alexa Fluor phalloidin 546 or Alexa Fluor
594 (Invitrogen). In experiments where eEF1A2 was analyzed, ¢eEF1A2 was
stained by using one of two methods. For the first method, we used an eEF1A2-
specific rabbit polyclonal antibody (MCF7 cells, 1:100, overnight), followed by
Alexa Fluor 488 goat anti-rabbit IgG secondary antibody (1:300, 2 h, room
temperature). In the second method, we used a monoclonal anti-V5 antibody
(Rat2 cells, 1:1000, 1 h, room temperature), followed by Alexa Fluor 680 goat
anti-mouse IgG secondary antibody (1:300, 1 h, room temperature). The
PI(4,5)P,-specific antibody was used at 1:100 (overnight), followed by the goat
anti-mouse IgM, (R)-phycoerythrin secondary antibody (1:500, 1 h, room tem-
perature). All images were acquired using an Olympus FluoView FV1000 laser
scanning confocal microscope. PI(4,5)P, fluorescence was quantified with Olym-
pus software (FV1000, version 01.04a; Center Valley, PA) and analyzed using
GraphPad Prism version 4 software (San Diego, CA).

Phosphoinositide labeling. The medium of near-confluent Rat2 cell cultures
was removed and replaced with phosphate-free Dulbecco’s modified Eagle’s
medium (Invitrogen) and labeled inorganic phosphate (40 p.Ci/ml; GE Health-
care, Piscataway, NJ) for 4 h. Following the incubation, cells were pelleted, and
phospholipids were extracted with 40 wl of 1:1 methanol-water, 10 pl of salt-
saturated NaCl, 2 ul of glacial acetic acid, and 40 ul of chloroform. The sample
was vortexed vigorously and frozen at —20°C. Samples were thawed at room
temperature, 40-pl aliquots of the organic phase were spotted onto precoated
thin-layer chromatography (TLC) plates, and the plates were placed in the
appropriate solvent system. The precoating protocol and details of the solvent
system were described previously (21). The phosphatidylinositol-stained cells
were visualized with storage phosphor screens (GE Healthcare), which were
placed on top of the plates for a 24-h period. For the adenoviral experiments,
Rat2 cells were incubated with the Ad-eEF1A2 or Ad-GFP virus (multiplicity of
infection of 500) when they were 50 to 60% confluent for an overnight period.
The next day, medium was replaced with phosphate-free medium, and the above-
described procedure was followed.

In vitro PI4KIIIB lipid kinase assay. Total cellular protein (20 pl) from
PI4KIIIB or vector stable cells was added to 35 pl of kinase buffer (1 mM EDTA,
30 mM HEPES [pH 7.4], 100 mM NaCl, 2 mM MgCl,, and 0.2% Triton X-100)
and 5 pl of 10 mM ATP containing 10 nCi of [*?P]ATP. Following a 20-min
incubation, the reactions were stopped by the addition of 60 pl of 1 N HCL
Phospholipids were then extracted by adding 160 pl of chloroform-methanol (1:2
[vol/vol]). After samples were vortexed briefly, they were centrifuged for 10 min
at 10,000 X g. Aliquots of the organic phase were spotted onto precoated TLC
plates, and the plates were placed in the same solvent system as that mentioned
previously. Once complete, the plates were placed in a cassette and covered with
a phosphor screen (GE Healthcare) for a 24-h period. The screen was then
analyzed with a Storm 860 phosphorimager unit (GE Healthcare).

Generation of eEF1A2 mutants. eEF1A2 mutant proteins were generated by
using a PCR-mediated deletion protocol (14). Briefly, we used the eEF1A2pLXSN
retroviral plasmid (1) as the template (50 ng) and Pfu Turbo DNA polymerase
(Stratagene) with the appropriate primers (0.2 uM each), 1X Pfu buffer, and 0.2 mM
of each deoxynucleoside triphosphate. The 5’-phosphorylated primers used were as
follows: 5'-TCGGTGAAGGACATCGGTAAGCCTATCCCTAACCCTCTC-3'
(A321 to 464, forward); 5'-AGGGATAGGCTTACCGATGTCCTTCACCGACA
CGTTCTT-3' (A321 to 464, reverse); 5'-ACAGAGCCGGCCTACGGTAAGCCT
ATCCCTAACCCTCTC-3' (A163 to 464, forward); 5'-AGGGATAGGCTTACCG
TAGGCCGGCTCTGTGGAGTCCAT-3" (A163 to 464, reverse); 5'-GCGCCGG
AATTCATGCGGCGGGGCAACGTGTGTGGGGAC-3' (Al to 320, forward);
and 5'-CACGTTGCCCCGCCGCATGAATTCCGGCGCCTAGAGAAG-3' (Al
to 320, reverse). The PCR was carried out as follows: denaturation at 95°C for 45 s,

bradykinin. eEF1A2-deficient 1A and 2A cells show fewer filopodia and pseudopodia (arrows) than control cells. Right panel, quantification of
filopodia/pseudopodia (n = 148, 165, and 154 for MCF7-NC, MCF7-1A and MCF7-2A cells, respectively). Filled columns indicate cells with at
least 10 pseudopodia/filopodia greater than or equal to 5 wm in length. Open columns indicate cells with any number of filopodia/pseudopodia less
than 5 pm in length. (E) eEF1A2 protein levels in MCF7 cells are not detectably altered upon bradykinin treatment. (F) MCF7 cells grown in the
presence of bradykinin were stained for eEF1A2 and actin. eEF1A2 is found in filopodia and pseudopodia, as well as along their bases (arrows).

Scale bars represent 10 pm.
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FIG. 2. eEF1A2 regulates development of filopodia through Cdc42. (A) Cdc42 activation in cells transduced with a GFP adenovirus or an
eEF1A2 adenovirus. Multiplicity of infection (MOI) is as indicated. Cdc42 activity, as measured by glutathione S-transferase (GST)-Pakl
precipitation, is increased in cells transduced with the eEF1A2 adenovirus in a dose-dependent manner. Total Cdc42 protein is derived from a
whole-cell lysate of infected cells. The control is GST-rhotekin precipitation. (B) Expression of a dominant-negative GFP-Cdc42 (DN-GFP-Cdc42)
in eEF1A2-expressing cells inhibits development of filopodia (arrows). Expression of DN-GFP-Cdc42 has no noticeable effect on the overall shape
or actin architecture in vector control cells. Scale bars represent 10 wm. Bottom panel, quantification of filopodia after Cdc42 inhibition (n = 137
and 144 for GFP and DN-GFP-Cdc42 cells, respectively). Filled columns indicate cells with at least 10 filopodia greater than or equal to 3 pm in
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annealing at 43°C (A163 to 464 and A321 to 464) or 55°C (Al to 320) for 45 s, and
elongation at 72°C for 14 min (2 min/kb). Following the PCR, the 50-pl reaction
product was Dpnl digested for 1 to 2 h at 37°C and heat inactivated for 20 min at
80°C. One to two microliters of the treated reaction mixture were then transformed
into competent cells. Rat2 cells stably expressing the mutants were generated as
described previously (1).

Coimmunoprecipitation. For coimmunoprecipitation, cells were grown to 80
to 95% confluence in 100-mm cell culture plates. Cells were lysed by sonication
on ice in detergent-free buffer (137 mM NaCl, 8 mM KH,PO, [pH 7.5], 2.7 mM
KCl, 2.5 mM EDTA, 1% aprotinin, 1 mg/ml leupeptin, 50 mM NaF, 1 mM
Na3VO,, 10 pg/ml pepstatin, I mM phenylmethylsulfonyl fluoride) and centri-
fuged at 10,000 X g for 20 min to remove membranes. Supernatants were
collected, and protein levels were quantified by using a Bradford assay (Bio-Rad)
according to the manufacturer’s instructions. Total protein (250 pg) was pre-
cleared with protein A-agarose (Amersham Biosciences) for 1 h at 4°C. Follow-
ing this, 2 to 4 pg of PI4KIIIB antibody (rabbit polyclonal; Upstate Cell Signaling
Solutions), anti-V5 agarose affinity gel (Sigma) or anti-FLAG affinity gel (Sigma)
was added and incubated overnight at 4°C. Beads were washed three times in
phosphate-buffered saline, centrifuged, and boiled for 5 min in sample buffer,
and the supernatant was subjected to sodium dodecyl sulfate-polyacrylamide gel
electrophoresis. The antibodies used to detect the proteins were mouse anti-
PI4KIIIB antibody (BD Biosciences), anti-V5-HRP (Invitrogen), and anti-
FLAG-HRP (Sigma).

RESULTS

eEF1A2 regulates formation of filopodia. We have previ-
ously reported that eEF1A2 expression induces formation of
filopodia in rodent and mammalian cell lines (1). For example,
stable expression of eEF1A2 in the Rat2 fibroblast line and the
BT549 breast carcinoma cell line visibly increases the number
and size of filopodia (Fig. 1A). This also occurs in Rat2 cells
transiently transfected with eEF1A2 (Fig. 1A). In general,
eEF1A2 expression causes a significant, eight- to ninefold,
increase in the number of cells with filopodia greater than 3
pm in length relative to that of empty vector controls (P <
0.05, Student’s ¢ test). To further investigate a role for eEF1A2
in production of filopodia, we studied the MCF7 human breast
cancer cell line. These cells express abundant eEF1A2 message
and protein (24). We generated MCF7 variants, in which en-
dogenous eEF1A2 expression had been stably reduced by us-
ing RNA interference (Fig. 1B). While abundant filopodia are
observed for control cells, their size and number are visibly
reduced upon eEF1A2 ablation (Fig. 1C). To quantify the
reduction in filopodia, the eEF1A2-deficient cells and control
cell lines were incubated with bradykinin, a soluble stimulator
of filopodium formation (23). After cells were incubated with
100 nM bradykinin, there was a significant, ninefold, decrease
in the number of eEF1A2-ablated MCF7 cells with filopodia
and pseudopodia relative to those of control MCF?7 cells (Fig.
1D). Bradykinin has no effect on eEF1A2 protein levels (Fig.
1E). Thus, eEF1A2 likely has a physiological role in formation
of filopodia. For the most part, the eEF1A2 protein is diffusely
cytoplasmic but can be found within filopodia and also in the
bases and edges of pseudopods, colocalizing there with actin
(Fig. 1F).

eEF1A2 AND PI4KIIIB INDUCE FILOPODIA 4553

eEF1A2 regulates development of filopodia through Cdc42
activation. One of the key proteins that regulates formation of
filopodia is the Rho family GTPase Cdc42 (9). Bradykinin, for
example, stimulates filopodia through Cdc42 activation (23).
eEF1A2 expression is sufficient to increase Cdc42 activity (Fig.
2A). In four separate experiments, eEF1A2 expression in-
creased Cdc42 activity two- to eightfold relative to that of
green fluorescent protein (GFP) controls. To investigate
whether Cdc42 played a role in eEF1A2-dependent filopodium
production, we inhibited Cdc42 activity in eEF1A2-expressing
Rat2 cells by using dominant-negative GFP-tagged Cdc42
(DN-GFP-Cdc42) (39). Untransfected eEF1A2-expressing
cells or those transfected with a GFP control plasmid showed
many filopodia, but those expressing DN-GFP-Cdc42 showed a
visibly reduced number of filopodia (Fig. 2B). Moreover, the
filopodia that remained were reduced in length relative to
those of controls. Overall, there was a significant, eightfold,
decrease (P < 0.05, Student’s ¢ test) in the number of eEF1A2/
DN-GFP-Cdc42-expressing cells with filopodia greater than 3
pm in length relative to those of eEF1A2/GFP-expressing con-
trol cells (Fig. 2B). DN-GFP-Cdc42 expression had no visible
effect on the overall shape or cytoplasmic actin architecture in
the vector control cell lines. To confirm the specificity of these
effects for dominant-negative Cdc42, we repeated the experi-
ments using dominant-negative Rac (DN-GFP-Rac) or a dom-
inant-negative Rho (DN-GFP-Rho). Cells expressing DN-GFP-
Rac showed no significant decrease in the size or length of
filopodia relative to those of the GFP-expressing controls (Fig.
2C). However, there was a nearly twofold increase in the num-
ber of DN-GFP-Rho-expressing cells with filopodia greater
than 3 wm in length compared to those of GFP controls (Fig.
2C). This is still fourfold more filopodia than in cells expressing
DN-GFP-Cdc42 (Fig. 2B), suggesting that either eEF1A2 may
regulate development of filopodia through a mechanism that is
partially Rho dependent or that DN-Rho is interfering with
Cdc42 function. Taken together, however, our findings indicate
that eEF1A2 regulates filopodia primarily through Cdc42.

eEF1A2 stimulates PI(4,5)P, accumulation and membrane
localization. A major pathway for the production of filopodia
is controlled through Cdc42 and the abundance of PI(4,5)P,
(9). Active Cdc42 and PI(4,5)P, cooperate to activate actin
nucleation by the Arp2/3 complex (19). We have previously
found that eEF1A2 can activate PI4KIIIB, leading to an in-
crease in the intracellular abundance of PI4P (21), a precursor
for PI(4,5)P,. We reasoned that eEF1A2 might be inducing
filopodia through an increase in cellular PI(4,5)P, abundance.
To test this idea, we first used TLC to measure total PI(4,5)P,
levels in Rat2 cells transduced with an eEF1A2 adenovirus and
in Rat2 cells stably expressing eEF1A2. We observed an in-
crease in PI(4,5)P, levels upon eEF1A2 expression relative to
that of controls (2.1-fold * 0.4-fold in adenovirally transduced

length. Open columns indicate cells with any number of filopodia less than 3 pm in length. Significance (P < 0.05, Student’s ¢ test) is indicated
by an asterisk. (C) eEF1A2-expressing Rat2 cells transfected with a dominant-negative Rho (DN-GFP-Rho) or Rac (DN-GFP-Rac) and stained
for actin. DN-GFP-Rac-expressing cells show filopodia similar to those of untransfected cells, but those expressing DN-GFP-Rho show a decrease.
Bottom panel, quantification of filopodia after Rac or Rho inhibition (n = 125, 166, and 176 for GFP, DN-GFP-Rac, and DN-GFP-Rho cells,
respectively). Filled columns indicate cells with at least 10 filopodia greater than or equal to 3 wm in length. Open columns indicate cells with any
number of filopodia less than 3 wm in length. Significance (P < 0.05, Student’s ¢ test) is indicated by an asterisk. Scale bars represent 10 pm.
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cells and 1.5-fold = 0.2-fold in the eEF1AZ2 stable cell line)
(Fig. 3A). Because Cdc42 cooperates with membrane-bound
PI(4,5)P, during filopodium generation, we next investigated
PI(4,5)P, localization in eEF1A2-expressing cells. To this end,
cells were transfected with a fluorescent PI(4,5)P, reporter
constructed from the fusion of the PI(4,5)P,-binding pleckstrin
homology (PH) domain of phospholipase C delta (PLC8) and
GFP as described previously (41). PLC3-PH-GFP binds to
membrane-bound PI(4,5)P,. When Rat2 cells were cotrans-
fected with eEF1A2 and PLC3-PH-GFP, PI(4,5)P, was ob-
served to be prominent at the cell membrane (Fig. 3B). The
staining in eEF1A2-expressing cells was visibly thicker and
more intense than that found in control cells transfected with
an empty vector and the reporter. Furthermore, the ratio of
the PI(4,5)P, staining in the membrane relative to that in the
cytosol was greater in eEF1A2-expressing cells than in vector
controls. A similar increase in membrane PI(4,5)P, staining
was observed for cell lines stably expressing eEF1A2 (Fig. 3C).
PI(4,5)P, can also be visualized within filopodium-like struc-
tures and at their bases (Fig. 3D). To further extend these
studies, we used a PI(4,5)P, antibody to quantify cytosolic
PI(4,5)P,. This antibody does not detect PI(4,5)P, at the cell
membrane. We transiently transfected Rat2 cells with either GFP
or eEF1A2 and then stained fixed cells with this antibody (Fig.
3E). Cells transfected with eEF1A2 showed visibly more
PI(4,5)P, staining than untransfected cells or those transfected
with GFP. We quantified PI(4,5)P, fluorescence intensity in in-
dividual eEF1A2-transfected and -untransfected cells, as well as
in GFP-transfected and -untransfected cells (Fig. 3F). PI(4,5)P,
fluorescence intensity is significantly higher (P < 0.0001, Mann-
Whitney U test) in eEF1A2-expressing cells (2,160 = 712 fluo-
rescence units) than in either untransfected (1,522 = 268 fluores-
cence units) or GFP-transfected cells (1,441 * 261 fluorescence
units). Thus, eEF1A2 expression increases the abundance of both
plasma membrane-bound and cytoplasmic PI(4,5)P,.
eEF1A2-mediated formation of filopodia is dependent on
PI(4,5)P,. To determine whether the eEF1A2-mediated in-
crease in PI(4,5)P, levels was necessary for production of filo-
podia, we used a rapamycin-inducible system to decrease
membrane-bound PI(4,5)P,. This system uses two plasmids,
PM-FRB-CFP and mRFP-FKBP-5-ptase (42). The mRFP-
FKBP-5-ptase contains the phosphoinositide-5 phosphatase
domain of the inositol polyphosphate 5-phosphatase enzyme
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fused to the rapamycin-binding FKBP12 protein and the red
fluorescent protein (mRFP). The PM-FRB-CFP is a fusion of
the plasma membrane-bound FRB domain of mTOR (contain-
ing the palmitoylation sequence of the human GAP43 protein)
and cyan fluorescent protein (CFP). Upon addition of rapa-
mycin, mRFP-FKBP-5-ptase translocates to the membrane,
where it heterodimerizes with the PM-FRB-CFP protein via
the FRB domain. Once it is localized to the plasma membrane,
the phosphatase in mRFP-FKBP-5-ptase depletes plasma
membrane PI(4,5)P, by converting it to PI4P. We transfected
Rat?2 cells stably expressing eEF1A2 with these plasmids (Fig.
4A). In the presence of rapamycin, the eEF1A2-expressing
cells transfected with PM-FRB-CFP and mRFP-FKBP-5-ptase
show visibly decreased plasma membrane-bound PI(4,5)P, and
a concomitant reduction in the number and length of filopodia
relative to those of cells without rapamycin. Rapamycin treat-
ment of eEF1A2-expressing cells without PM-FRB-CFP and
mRFP-FKBP-5-ptase was unable to elicit changes in the ap-
pearance of filopodia or PI(4,5)P, membrane localization in
eEF1A2-expressing cells (Fig. 4B). Therefore, the induction of
filopodia by eEF1A2 is dependent on plasma membrane
PI(4,5)P..

eEF1A2-mediated formation of filopodia is dependent on
eEF1A2 interaction with PI4KIIIP. Thus far, we have deter-
mined that eEF1A2 can increase PI(4,5)P, production and
that membrane PI(4,5)P, is required for eEF1A2-mediated
formation of filopodia. Because we have previously shown that
eEF1A2 can increase the cellular pool of PI4P by binding to
and activating PI4KIIIB (21), we next investigated the role of
PI4KIIIB in eEF1A2-dependent P1(4,5)P, generation and pro-
duction of filopodia. We first designed eEF1A2 variants that
did not interact with PI4KIIIB. Based on its homology with
yeast and Dictyostelium eEF1A, the eEF1A2 protein contains
domains for GTP binding, GTP hydrolysis, tRNA binding, and
two putative actin binding domains (Fig. 5A). We generated
mutants lacking amino acids 163 to 464, 321 to 464, and 1 to
320 (A163 to 464, A321 to 464, and Al to 320) and tagged them
with a C-terminal V5 epitope. We generated polyclonal cell
lines expressing each of these proteins (protein expression
levels in the polyclonal cell lines are shown in Fig. 5B). To
determine which of these mutants interact with PI4KIIIB, we
performed coimmunoprecipitation assays with each of these
cell lines. As shown in Fig. 5B, both the full-length eEF1A2

FIG. 3. eEF1AZ2 stimulates overall accumulation and membrane localization of P1(4,5)P,. (A) TLC of labeled phosphatidylinositol from Rat2
cells transduced with either a GFP-adenovirus (Ad-GFP) or an eEF1A2-adenovirus (Ad-eEF1A2) or from vector only or eEF1A2-expressing
stable cells. The TLC shown is a representative sample of three independent experiments. (B) Rat2 cells, transiently transfected with eEF1A2,
show greater membrane-localized PI(4,5)P, fluorescence (dashed arrows) than vector-transfected cells. The first and second columns (at left) show
eEF1A2 and PI(4,5)P, staining, respectively. The third column (middle) shows a cross-section of PI(4,5)P, fluorescence intensity along the white
line indicated in the second column. The fourth column (at right) shows a three-dimensional (3D) representation of PI(4,5)P, staining in the entire
cell. (C) eEF1A2-expressing Rat2 stable cells show greater membrane-bound PI(4,5)P, than vector stable cells. First and second columns (at left)
show PI(4,5)P, staining. The third column (middle) shows a cross-section of PI(4,5)P, fluorescence intensity along the line indicated in the first
column. The fourth column (at right) shows a 3D representation of the PI(4,5)P, staining pattern of cells seen in the first column. Filopodium-like
structures are visible (solid arrows). (D) Colocalization of PI(4,5)P, and actin in eEF1A2-expressing Rat2 cells. Some colocalization is observed
along the bases of the filopodia, as well as along the filopodia (arrows). (E) Rat2 cells transfected with either eEF1A2 or GFP, stained for eEF1A2
(green) or GFP (green) and for P1(4,5)P, (white). eEF1A2-transfected cells show more intense PI(4,5)P, staining than either GFP-transfected cells
or untransfected control cells. The bottom two panels show a GFP-transfected cell stained with the IgM secondary antibody alone. (F) Quanti-
fication of the PI(4,5)P, fluorescence in the GFP control-transfected cells or the eEF1A2-transfected cells. Red circles represent fluorescence
intensity in individual cells, with the means and standard deviations for each transfection condition indicated. eEF1A2-transfected cells have
significantly more PI(4,5)P, fluorescence than controls (* and **, P < 0.0001, Mann-Whitney test). Scale bars represent 10 wm.
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FIG. 4. eEF1A2-mediated formation of filopodia is dependent on PI(4,5)P,. Rat2 cells stably expressing eEF1A2 were transfected with
mRFP-FKBP-5-ptase, PM-FRB-CFP, and PLC3-PH-GFP. (A) Addition of rapamycin (+Rapamycin) depletes the levels of membrane-bound
PI(4,5)P, and reduces production of filopodia (arrows). (B) Addition of rapamycin, without mRFP-FKBP-5-ptase and PM-FRB-CFP, has no effect
on eEF1A2-dependent PI(4,5)P, accumulation on the plasma membrane or on development of filopodia (arrows). Scale bars represent 10 um.
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generated mutants. (B) Polyclonal cell lines expressing eEF1A2 or mutants were used for coprecipitation analysis with PI4KIIIB. Whole-cell lysate
(WCL) lanes indicate expression of PI4KIIIB and eEF1A2 in the cell lines used. eEF1A2 is V5 tagged, and actin is used as a loading control. Reciprocal
PI4KIIIB and eEF1A2 coimmunoprecipitation proteins were detected by immunoprecipitation (IP) with the indicated antibody, followed by the indicated
Western blotting antibody. No precipitation of either protein was detected using the Flag antibody control. The WCL lane contains 40 pg of total cellular
protein, and each IP was performed using 250 pg of protein lysate. (C) eEF1A2 mutants that cannot bind PI4KIIIB do not show increased membrane-
bound PI(4,5)P, staining or any formation of filopodia. The first and second columns (at left) show PI(4,5)P, and actin staining, respectively. The third
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vector, eEF1A2, A163-t0-464, Al-to-320, and A321-to-464 stable cells, respectively). Filled columns indicate cells with at least 10 filopodia greater than
or equal to 3 wm in length. Open columns indicate cells with any number of filopodia less than 3 wm in length. Significance (P < 0.05, Student’s ¢ test)
is indicated by an asterisk. (E) Western blots showing downregulation of PI4KIIIB in Rat2 cells using siRNA. (F) Downregulation of PI4KIIIB in
eEF1A2-expressing Rat2 stable cells leads to a decrease in membrane-bound PI(4,5)P, and a decrease in the number and length of filopodia. (G) Data
shown are the same as in panel F, except Rat2 cells are transiently expressing eEF1A2. (H) Quantification of filopodia (n = 141, 157, 122, and 127 for
negative control [NC; stable], PI4KIIIB [stable], NC [transient], and PI4KIIIR [transient], respectively). Filled columns indicate cells with at least 10
filopodia greater than or equal to 3 wm in length. Open columns indicate cells with any number of filopodia less than 3 wm in length. Significance (P <
0.05, Student’s ¢ test) is indicated by an asterisk. Scale bars represent 10 pwm.

and the A321-to-464 mutant bind to PI4KIIIB, but the A163-
to-464 and Al-to-320 mutants do not. Thus, a putative
PI4KIIIB interaction domain is likely contained within
eEF1A2 residues 163 to 320.

We next investigated whether these eEF1A2 mutants were
competent for increasing PI(4,5)P, or producing filopodia. As
shown in Fig. 5C, both the full-length eEF1A2 and the A321-
to-464 mutant activate production of filopodia and membrane
PI(4,5)P2 accumulation, but the A163-to-464 and Al-to-320
mutants do not. Overall, the wild-type eEF1A2-expressing cells
and the A321-to-464 mutant-expressing cells had a significant,

ca. fourfold, increase (P < 0.05, Student’s ¢ test) in the number
of cells showing filopodia greater than 3 pum in length (Fig.
5D). The A163-to-464 and Al-to-320 mutant-expressing cells
were no different from vector controls with respect to filopo-
dium appearance (Fig. 5D). Thus, eEF1A2 proteins that do
not interact with PI4KIIIB do not activate PI1(4,5)P, produc-
tion or generate filopodia.

To further study the requirement for PI4KIIIB interaction in
eEF1A2-medated formation of filopodia, we used siRNA to de-
crease PI4KIIIB protein levels in Rat2 cells (Fig. 5E). The siRNA
decreased PI4KIIIB protein levels by ~60%. We transfected the
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eEF1A2-expressing Rat2 stable cell lines with PLC3-PH-GFP to
visualize PI(4,5)P, production and either PI4KIIIB or negative
control siRNA (Fig. 5F). Cells with the PI4KIIIB siRNA show a
marked decrease in the intensity of PI(4,5)P, fluorescence rela-
tive to that of the control siRNA-treated cells. Importantly, the
number of cells with filopodia was similarly decreased. This at-
tenuation was not absolute, however, likely because some
PI4KIIIB was still present in the cells. To confirm these results, we
repeated this experiment with Rat2 cells cotransfected with the
wild-type eEF1A2 and the siRNAs (Fig. 5G). As with the
eEF1A2 stable cell lines, eEF1A2-expressing cells transfected
with PLC3-PH-GFP and the PI4KIIIB siRNA had decreased
filopodia compared to those with the control siRNA. In general,
eEF1A2-expressing cells with ablated PI4KIIIB protein levels had
a significant, two- to threefold, decrease (P < 0.05, Student’s ¢
test) in the number of cells with filopodia greater than 3 pm in
length (Fig. 5H).

PI4KIIIB is sufficient for the formation of filopodia. The
data thus far suggest that PI4KIIIB is necessary for eEF1A2-
induced development of filopodia. We thus decided to deter-
mine whether PI4KIIIB alone was sufficient to activate both
the generation of PI(4,5)P, and the production of filopodia.
We generated Rat2 cell lines that stably overexpressed
PI4KIIIB (Fig. 6A). These cells have an ~1.5-fold increase in
PI4KIII lipid kinase activity (Fig. 6B). Like eEF1A2-express-
ing cells, there is a significant, ca. fourfold, increase (P < 0.05,
Student’s ¢ test) in the number of PI4KIIIB-expressing cells
with filopodia greater than 3 um in length (Fig. 6C), as well as
an increase in membrane-bound PI(4,5)P, staining compared
to that of vector controls (Fig. 6D). The PI(4,5)P, also shows
some degree of colocalization with the actin in the filopodia
(Fig. 6D). PI4KIIIB has previously been reported to be en-
riched in the trans-Golgi apparatus network and to have roles
in vesicular trafficking (16, 30, 44). However, we have observed
no visible changes in Golgi apparatus appearance in cells ec-
topically expressing eEF1A2 or PI4KIIIB (not shown). Taken
together, these results indicate that PI4KIIIB is sufficient to
increase PI1(4,5)P, levels and activate the development of filo-
podia.

DISCUSSION

eEF1A2 is a transforming gene, highly expressed in ~50% of
breast, ovarian, and lung tumors (2, 24, 24a, 25, 40). eEF1A2
expression also stimulates actin remodeling and cell invasion and
migration (1). Here, we propose a pathway of actin remodeling in
which eEF1A2 stimulates the extrusion of filopodia through
PI4KIIIB and PI4KIIIB-mediated accumulation of PI(4,5)P,.
This leads to filopodium creation through a Cdc42-dependent

eEF1A2 AND PI4KIIIB INDUCE FILOPODIA 4559

pathway. We also identify a region within the eEF1A2 protein
that is necessary for its interaction with PI4KIIIB.

We have previously found that eEF1A2 increases cellular
PI4P abundance in a PI4KIIIB-dependent manner (21). Here
we report that eEF1A2 expression increases PI(4,5)P, abun-
dance as well. eEEF1A2 mutants that are unable to interact with
PI4KIIIB activate neither the generation of PI(4,5)P, nor the
production of filopodia. Furthermore, PI4KIIIB RNA interfer-
ence (RNAI) ablation attenuates the eEF1A2-mediated in-
crease in PI(4,5)P, abundance, and PI4KIIIB expression is
sufficient to increase PI(4,5)P, levels at both the cytosol and
the cell membrane. The simplest interpretation of these find-
ings is that the increased PI1(4,5)P, abundance upon eEF1A2
expression is a direct consequence of the larger PI4P precursor
pool created by PI4KIIIB activation. The K,,, of mammalian
PI4PS kinases, the enzymes responsible for converting PI4P to
PI(4,5)P,, are in the 10 to 45 wM range (20). Thus, an increase
in PI4P concentration will stimulate PI(4,5)P, accumulation
wherever PI4P concentrations are in the magnitude of 10 pM
or less. In eukaryotic cells, phosphatidylinositol concentrations
range from 0.5 to 2.5 wmol/g (31), with an overall concentra-
tion of ~10 to 500 pM in cells with a volume range of 500 to
3,000 wm? (10). PI4P comprises ~10 to 20% of total phospha-
tidylinositol, suggesting that the overall cellular PI4P abun-
dance is in the 1 to 100 pM range. However, plasma membrane
concentrations of PI4P may be much higher. Stephens et al.,
for example, estimated that PI4P concentrations in the inner
plasma membranes of unstimulated neutrophils approach 3
mM (38). Here, we find that eEF1A2 expression doubles both
the total cellular PI4P and the PI(4,5)P, abundance in cells.
Furthermore, increased levels of PI(4,5)P, are distributed
along the plasma membrane, as well as in the cytoplasm. In
vitro, purified eEF1A2 doubles the V. of recombinant
PI4KIIIB (21). Thus, PI4P concentration is likely to be limiting
in the generation of PI(4,5)P, in our cell lines. Broadly con-
sistent with this idea, previous reports have suggested the ex-
istence of an intracellular pool of PI(4,5)P, in mammalian cells
that was under the control of a wortmannin-sensitive P14 ki-
nase (32), later identified as PI4KIIIB (6).

The mechanism of PI4KIIIB activation by eEF1A2 is un-
known. Because purified eEF1A2 increases the lipid kinase
activity of PI4KIIIp in vitro, it is likely that eEF1A2 induces a
conformational change in PI4KIIIB that increases its activity.
The small GTPase Ras activates PI3K via a change in confor-
mation, so this method of activation is not unprecedented (33).
We have mapped the residues necessary for eEF1A2-PI4KIIIB
interaction to amino acid residues 163 to 320. It is likely that
amino acid residues therein are likely to directly bind PI4KIII@

FIG. 6. PI4KIIIB is sufficient to induce production of filopodia. (A) Western blots showing PI4KIIIB overexpression in Rat2 stable cell lines.
(B) Rat2 cells stably overexpressing PI4KIIIB have greater PI4KIIIB lipid kinase activity, as seen by an increase in the PI4P product. The TLC
is a representative sample of three independent in vitro kinase assays. (C) Left panels, PI4KIIIB-overexpressing Rat2 stable cells show more and
longer filopodia than vector controls. Right panels, quantification of filopodia (n = 134 and 118 for vector stable cells and PI4KIIIB stable cells,
respectively). Filled columns indicate cells with at least 10 filopodia greater than or equal to 3 wm in length. Open columns indicate cells with any
number of filopodia less than 3 pm in length. Significance (P < 0.05, Student’s ¢ test) is indicated by an asterisk. (D) PI4KIIIB-overexpressing Rat2
stable cells show more membrane-bound PI(4,5)P, than control cells. The PI(4,5)P, localizes to the plasma membrane as well as to parts of

filopodia. Scale bars represent 10 pm.
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and induce an as-yet-uncharacterized structural change in the
protein that stimulates kinase activity.

The eEF1A2 protein is diffusely cytoplasmic (21, 24),
whereas PI4KIIIB is localized largely in the Golgi apparatus (3,
16, 44, 45). Thus, it was somewhat of a surprise to us that
PI4KIIIB can stimulate plasma membrane PI(4,5)P, accumu-
lation and activate the generation of filopodia there. Inactiva-
tion of PI4KIIIB in both yeast and mammalian cells impairs
Golgi structure and function (11, 16, 43). However we have not
observed gross Golgi apparatus abnormalities in eEF1A2- or
PI4KIIIB-overexpressing cells (not shown). Furthermore, the
increased cytosolic PI(4,5)P, accumulation we observed with
the PI(4,5)P, antibody did not appear to be like the distribu-
tion observed for the Golgi apparatus. Since eEF1A2 or
PI4KIIIB expression stimulates production of filopodia, we
favor the idea that the PI(4,5)P, generated upon eEF1A2 or
PI4KIIIB expression has primary importance at the cell mem-
brane. eEF1A2-PI4KIIIB interaction, mediated through amino
acid residues 163 to 320 in eEF1A2, and activation could occur
on organelle membranes in the cytosol. The resulting PI4P
would then be shuttled rapidly to the plasma membrane to
generate filopodia. It may even be possible that the PI4P is
converted to PI(4,5)P,, coincident with its transport to the
plasma membrane. This scenario may explain why we observed
a general increase in overall membrane-bound PI(4,5)P, levels
and not distinct pools of the lipid on the membrane. PI4KIIIR’s
ability to affect the plasma membrane may not require sub-
stantial localization of the protein there. For example,
PI4KIIIw is localized primarily to the endoplasmic reticulum in
mammalian cells (8, 45), but it controls plasma membrane
PI4P levels (5) and is part of the P2X7 ion channel (22). Thus,
the interaction between eEF1A2 and PI4KIIIB could occur
away from the plasma membrane, even though the PI(4,5)P,
generated would be functional there. Alternatively, while
eEF1A2 and PI4KIIIB proteins are found in the cytoplasm, the
interaction and activation of the kinase may occur transiently,
near the plasma membrane.

While we propose that eEF1A2-mediated activation of
PI4KIIIB leads to P1(4,5)P, accumulation due to a larger PI4P
substrate pool, other possibilities do exist. For example, PI4P
could also be activating PTEN, the 5’-phosphatase responsible
for converting PI(3,4,5)P; to PI(4,5)P,, thereby increasing
PI(4,5)P, abundance. Alternatively, PI4P could be directly ac-
tivating a PI4P5K. Monophosphoinositide can influence the
activity of other proteins involved in bi-PI and tri-PI genera-
tion. For example, Pendaries et al. have recently reported that
an increase in cellular PISP levels upon Shigella flexneri infec-
tion leads to the activation of a class 1A PI3-kinase, resulting
in an increased level of active Akt, a downstream target of
PI3-kinase (34a). Thus, it is possible that the generated pool of
PI4P could be indirectly regulating P1(4,5)P, levels.

We have previously reported that eEF1A2 expression can
cause activation of the Akt serine threonine kinase (1). The
Akt/PKB is a regulator of cell proliferation, insulin responsive-
ness, and apoptosis (27, 34). Akt activation is dependent, in
major part, on plasma membrane levels of PI(3,4,5)P;. The
mechanism by which eEF1A2 activates Akt is currently un-
known, but we speculate that eEF1A2 activates Akt indirectly,
since we have been unable to coimmunoprecipitate or colocal-
ize eEF1A2 with Akt (not shown). We hypothesize that
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eEF1A2 can increase membrane abundance of PI(3,4,5)P; in
the same manner that it does with PI(4,5)P,.

The ability of PI4KIIIB to increase production of filopodia
also suggests that transcriptional or posttranscriptional control
of PI4KIIIB abundance could be an important facet of both
actin remodeling and PI signaling control. To the best of our
knowledge, however, no extracellular stimulus is known to
increase the abundance of PI4KIIIB message or protein. It is
also unclear whether the ability of eEF1A2 to activate
PI4KIIIB and PI signaling contributes to its ability to transform
cells in vitro or to enhance their tumorigenicity. Moreover,
eEF1A2 might have effects on other aspects of cell physiology
that depend on PI(4,5)P,. For example, hydrolysis of PI(4,5)P,
by phospholipase C yields diacylglycerol and inositol trisphos-
phate (IP;). IP; is known to release calcium from its storage
pools in the endoplasmic reticulum (15). Similarly, PI(4,5)P, is
known to mediate endocytosis/exocytosis and vesicular trans-
port (42). Thus, eEF1A2 could have multiple effects on plasma
membrane physiology.

There may be other pathways of eEF1A2-dependent actin
remodeling; for example, purified eEF1A proteins bundle ac-
tin in vitro, and in Dictyostelium sp. they become localized in
filopodia extended in response to cyclic AMP stimulation (7a,
7b). This suggests that direct actin bundling by eEF1A2 could
also contribute to filopodium production. The localization of
eEF1A2 to filopodium bases and within filopodia suggests that
both actin bundling and phospholipid regulation may contrib-
ute to actin remodeling.

In summary, we have shown that eEF1A2 regulates the
formation of filopodia through the binding and activation of
PI4KIIIB. This activation is required to generate a pool of
cytosolic and membrane-bound PI(4,5)P,. The membrane
PI(4,5)P, then induces formation of filopodia through a
Cdc42-dependent mechanism(s). Moreover, we also show that
PI4KIIIB itself can regulate formation of filopodia, a novel
function for this enzyme. This work provides additional evi-
dence for the link between protein translation, phosphatidyl-
inositol signaling, actin remodeling, and oncogenesis.
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