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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
PI4KIIIP. 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 P1(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 8MS. Phone: (613) 562-5800, ext.
8640. Fax: (613) 562-5452. E-mail: jlee@uottawa.ca.

¥ Published ahead of print on 12 May 2008.

4549

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). P1(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. eEF1A2 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 RNA..
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
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dium formation. eEF1A2-mediated formation of filopodia and
PI1(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 wg. 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 n.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 pl 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 eEF1A2pL.XSN
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 MCF?7 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 MCF?7 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).
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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 eEF1A2 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). P1(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

eEF1A2 AND PI4KIIIB INDUCE FILOPODIA 4555

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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(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
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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 (» = 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 um in length. Significance (P <
0.05, Student’s ¢ test) is indicated by an asterisk. Scale bars represent 10 pm.

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 7 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 PI(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. SE). 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 PI4KIIIR 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
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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 pM 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 PI4 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 PI4KIIIB 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-PI4KIIIR
interaction to amino acid residues 163 to 320. It is likely that
amino acid residues therein are likely to directly bind PI4KIIIB

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 PI(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 PI(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 P1(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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