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Introduction
The overall goal of the project is to explore the role of protein elongation factor eEF1A2
in breast tumour development and to determine whether eEF1A2 is a useful breast cancer
prognostic factor. Elongation factor eEF1A2 is one of two members of the eEF1A family
of proteins (eEF1A1 and eEF1A2) that bind amino-acylated tRNA and facilitate their
recruitment to the ribosome during protein translation elongation[1]. eEF1A proteins
have other functions and can also induce actin [2] and tubulin [3] cytoskeleton
rearrangements. Inactivation of the mouse eEF1A2 homolog, Eef1a2, leads to
immunodeficiency and neural/muscular defects and death by 30 days of age [4, 5].  We
had previously identified eEF1A2 as an ovarian cancer oncogene that could transform
human and mouse cells[6], but its role in breast cancer was unknown.  We also proposed
to test the idea that eEF1A2 could modulate sensitivity to cisplatin and taxol and whether
eEF1A2-inactivation could be used as a treatment for breast cancer.  In addition, we
hoped to understand the mechanism by which eEF1A2 regulates cell and oncogenesis.

We have made progress in the following areas:
1. The prognostic significance of eEF1A2 in breast cancer.
2. The ability of eEF1A2 to enhance the growth properties of malignant breast cells.
3. Generation of eEF1A2 transgenic mice.
4. The role of eEF1A2 in regulating the cytotoxicity of anti-cancer agents.
5. eEF1A2 inactivation as an anti-cancer treatment.
6. Modulation of cell adhesion and migration by eEF1A2.

Specific Aim 1. The prognostic significance of eEF1A2 in breast cancer.
Progress.  We analyzed 69 primary breast tumours for eEF1A2 mRNA expression and
divided them into eEF1A2 positive and negative groups (Fig 1a). eEF1A2 mRNA
expression does not correlate with tumour size (Fig 1b), or ER or HER-2 status (not
shown). To complement the eEF1A2 gene and mRNA studies, we have derived an rabbit
polyclonal antibody that is reactive against eEF1A2 in Western blots of whole cell lysates
from breast cells that express eEF1A2 (Fig 2a and b). This antibody recognizes eEF1A2
in paraffin embedded cells and we used this antibody to determine the prognostic
significance of eEF1A2 in breast cancer.  To this end, we measured eEF1A2 protein
expression in a sample of 438 primary breast tumours annotated with 20-year survival
data. We find that high levels of eEF1A2 protein are detected in 60% of primary breast
tumours independent of HER-2 protein expression, tumour size, lymph node status, and
estrogen receptor (ER) expression.  Importantly, we find that high eEF1A2 is a
significant predictor of outcome.  Women whose tumour has high eEF1A2 protein
expression have a significantly increased probability of 20-year survival compared to
those women whose tumour does not express substantial eEF1A2 (Figure 3). In addition,
eEF1A2 protein expression predicts increased survival probability in those breast cancer
patients whose tumour is HER-2 negative or who do not have lymph node involvement
(not shown).  A paper detailing these findings is in press (Kulkarni et al. 2006. Breast
Cancer Research and Treatment).
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Specific Aim 2 eEF1A2 enhances growth of human malignant breast cell lines and
activates Akt.
Progress.  We have analyzed eEF1A2 in a panel of breast cancer cell lines and identified
lines that highly express eEF1A2 and those that do not (Fig. 4a).  We have made variants
of MCF10AT and BT549 cell lines that highly express eEF1A2 (Fig 4b).  eEF1A2
expression increases the in vitro growth rates of both cell lines (Fig 4c). Importantly, we
have found that eEF1A2 is an activator of the Akt kinase as measured by an eEF1A2-
dependent increase in phosphorylation on Akt residues 308 and 473  (Fig 4d). The
involvement of eEF1A2 in increasing Akt phosphorylation suggests a plausible
mechanism by which eEF1A2 could enhance oncogenesis. A paper containing our
observation that eEF1A2 is a novel Akt activator is in press in Oncogene (Amiri et al.
Oncogene).

Specific Aim 3. eEF1A2 transgenic mice.
Progress.  We have derived three independent lines of mice that express eEF1A2 under
the control of the MMTV promoter.  Expression of transgenic eEF1A2 in the two highest
expressing lines are shown in figure 5a. 6-8 month old virgin mice from these two lines
show some evidence of nodal hyperplasia and increased ductal branching in their duct
network (Fig 5b).  The oldest of these mice is 20 months of age, but no spontaneous
breast tumours have been observed in virgin mice.  At the moment we are making
multiparous eEF1A2 mice, but none have currently developed spontaneous breast
tumours.

Specific Aim 4 eEF1A2 and sensitivity to taxol and cisplatin.
Progress.  We have found no difference in sensitivity to cisplatin and taxol between
eEF1A2 expressing cells and parental and vector controls (nor shown).  Moreover, si-
RNA mediated inactivation of eEF1A2 in MCF7, a breast tumour line that has high
endogenous eEF1A2 levels, has no effect on sensitivity to either agent (not shown).

Specific Aim 5. eEF1A2-inactivating agents.
Progress.  We have derived two siRNA and two phospho-orthioated antisense that
reduce eEF1A2 mRNA and protein.  Transient delivery of these siRNA into MCF7
reduce in vitro growth rate and sensitize them to anoikis (not shown).  This suggests that
eEF1A2 could be a suitable target for anti-cancer therapy.

Other Progress
eEF1A2 regulates cellular adhesion and migration.  We have found that eEF1A2
regulates actin cytoskeleton rearrangement and in vitro migration. BT549 cells that stable
express eEF1A2 have more filopodia-like structures than control cell lines (Fig 6a).  This
alteration in actin structure correlates with an increased ability of eEF1A2 to migrate and
invade in vitro (Fig 6b).   Enhanced filopodia production, increased migration is
dependent on both Akt and phosphatidyl-inositol-3’ kinase (not shown).  This suggests
that eEF1A2 is a novel component of phospho-inositide signaling.  A paper detailing
these findings is in press in Oncogene.   
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eEF1A2 is a novel activator of phosphatidyl-inoistol 4-kinase beta.   We have found
that purified recombinant eEF1A2 binds recombinant phosphatidyl-4-kinase III beta
(PI4KIIIβ) (fig 7a) and increases its lipid kinase activity in vitro (fig 7b). eEF1A2
expression also increases the generation of phosphatidyl-inositol 4 phosphate (PI4P) in
living cells (fig 7c).  PI4P generation is an essential step in the generation of PI(3,4,5)P, a
signaling intermediary crucial in Akt activation and other signaling cascades  Our data
suggests that eEF1A2 activates phosphatidyl-inositol signaling through PI4 kinases.  A
paper detailing this work is current under revision for Journal of Biological Chemistry.

List of Publications.
1. J.M. Lee, S. Dedhar, R. Kalluri, & E.W. Thompson. 2006. The Epithelial-

Mesnechymal transition: New insights in signaling, development and disease.
Journal of Cell Biology.  172: 973-981.

2. G. Kulkarni, , D.A. Turbin, A. Amiri, S. Jeganathan, M.A. Andrade-Navarro,
T.D. Wu, D.G. Huntsman  & J.M. Lee. 2006. Expression of protein elongation
factor eEF1A2 predicts favorable outcome in breast cancer.  (in press, Breast
Cancer Research & Treatment)

3. A. Amiri, F. Noei,  S. Jeganathan, G.Kulkarni & J.M. Lee. eEF1A2 activates Akt
and actin remodeling and enhances cell invasion and migration. (in press,
Oncogene)

4. S. Jeganathan & J.M. Lee.  Binding of elongation factor eEF1A2 to
Phosphatidylinositol-4 kinase beta stimulates lipid kinase activity and
phosphatidyl-4 phosphate generation (under revision,  J. Biol. Chem)
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Key Research Accomplishments

• Determined that eEF1A2 expression is increased in approximately 30% of human
breast tumours.

• Identified high eEF1A2 mRNA expression as a marker for breast tumour
recurrence.

• Generated a rabbit polyclonal antibody that recognizes eEF1A2 protein.
• Determined that eEF1A2 can enhance the growth rate  of malignant breast cells.
• Determined that eEF1A2 is an inhibitor of anoikis.
• Determined that eEF1A2 is a novel activator of the Akt/PKB serine/threonine

kinase.
• Generated three independent lines of transgenic mice that expresses eEF1A2 in

their mammary tissue.
• Generated siRNA that inactivate eEF1A2 and inhibit the in vitro growth of breast

cell lines.
• Determined that eEF1A2 regulates the actin cytoskeleton.
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Reportable Outcomes

• eEF1A2 expression is increased in approximately 50% of human breast tumours.
• An eEF1A2 rabbit polyclonal antibody has been derived
• eEF1A2 protein expression is a marker for breast tumour recurrence.
• eEF1A2 enhances the growth rate  of malignant breast cells.
• eEF1A2 inhibits anoikis.
• eEF1A1 activates the Akt/PKB serine/threonine kinase.
• Three independent lines of eEF1A2 transgenic mice have been derived
• siRNA that inactivate eEF1A2 and inhibit the in vitro growth of breast cell lines

have been created.
• eEF1A2 regulates filopodia and the actin cytoskeleton.
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Conclusions

EEF1A2 has been identified as a novel breast cancer oncogene.  Supporting this idea are
our observations that:

• eEF1A2 expression is increased in approximately 50% of human breast tumours.
• eEF1A2 mRNA expression is a prognostic marker for breast tumour recurrence.
• eEF1A2 enhances the growth rate  of malignant breast cells.
• eEF1A2 inhibits anoikis.
• eEF1A1 activates the Akt/PKB serine/threonine kinase.
• Three independent lines of eEF1A2 transgenic mice have been derived
• siRNA that inactivate eEF1A2 and inhibit the in vitro growth of breast cell lines

have been created.
• eEF1A2 regulates the actin cytoskeleton.

Taken together, our observations indicate that eEF1A2 is likely to play a causal role in
the development of breast cancer and that it is a likely target for breast cancer therapy.
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The conversion of an epithelial cell to a mesenchymal cell 
is critical to metazoan embryogenesis and a defi ning 
structural feature of organ development. Current interest 
in this process, which is described as an epithelial–
 mesenchymal transition (EMT), stems from its develop-
mental importance and its involvement in several adult 
pathologies. Interest and research in EMT are currently at 
a high level, as seen by the attendance at the recent EMT 
meeting in Vancouver, Canada (October 1–3, 2005). 
The meeting, which was hosted by The EMT International 
Association, was the second international EMT meeting, 
the fi rst being held in Port Douglas, Queensland, Australia 
in October 2003. The EMT International Association was 
formed in 2002 to provide an international body for those 
interested in EMT and the reverse process, mesenchymal–
epithelial transition, and, most importantly, to bring to-
gether those working on EMT in development, cancer, 
fi brosis, and pathology. These themes continued during 
the recent meeting in Vancouver.

Discussion at the Vancouver meeting spanned sev-
eral areas of research, including signaling pathway acti-
vation of EMT and the transcription factors and gene 
targets involved. Also covered in detail was the basic cell 
biology of EMT and its role in cancer and fi brosis, as well 
as the identifi cation of new markers to facilitate the obser-
vation of EMT in vivo. This is particularly important be-
cause the potential contribution of EMT during neoplasia 

is the subject of vigorous scientifi c debate (Tarin, D., 
E.W. Thompson, and D.F. Newgreen. 2005. Cancer Res. 
65:5996–6000; Thompson, E.W., D.F. Newgreen, and 
D. Tarin. 2005. Cancer Res. 65:5991–5995).

Defi ning epithelial–mesenchymal 
transition (EMT)
Historically, epithelial and mesenchymal cells have been identi-
fi ed on the basis of their unique visual appearance and the mor-
phology of the multicellular structures they create (Shook and 
Keller, 2003). A typical epithelium is a sheet of cells, often one 
cell thick, with individual epithelial cells abutting each other in 
a uniform array. Regularly spaced cell–cell junctions and adhe-
sions between neighboring epithelial cells hold them tightly to-
gether and inhibit the movement of individual cells away from 
the epithelial monolayer. Internal adhesiveness allows an epi-
thelial sheet to enclose a three-dimensional space and provide it 
with structural defi nition and mechanical rigidity. The epithelial 
sheet itself is polarized, meaning that the apical and basal sur-
faces are likely to be visually different, adhere to different sub-
strates, or have different functions. Mesenchymal cells, on the 
other hand, generally exhibit neither regimented structure nor 
tight intracellular adhesion. Mesenchymal cells form structures 
that are irregular in shape and not uniform in composition or 
density. Adhesions between mesenchymal cells are less strong 
than in their epithelial counterparts, allowing for increased mi-
gratory capacity. Mesenchymal cells also have a more extended 
and elongated shape, relative to epithelial cells, and they pos-
sess front-to-back leading edge polarity. Unlike epithelia, the 
irregular structure of mesenchyme does not allow for rigid 
 to pological specialization. Moreover, mesenchymal migration is 
mechanistically different from epithelial movement. Epithelial 
cells move as a sheet en block, whereas mesenchymal migration 
is considerably more dynamic. Mesenchymal cells move indi-
vidually and can leave part of the trailing region behind. Elizabeth 
Hay (Harvard University, Boston, MA), who fi rst described 
the EMT (Hay, 2005), illustrated the fundamental differ ences 
of such movement in embryogenesis (subtle/controlled) and 

Correspondence to Shoukat Dedhar: sdedhar@interchange.ubc.ca
Abbreviations used in this paper: BMP7, bone-morphogenic protein 7; EGFR, 
EGF receptor; EMT, epithelial–mesenchymal transition; ER, estrogen receptor; 
FSP1, fi broblast-specifi c protein 1; GSK, glycogen synthase kinase; ILK, integrin-
linked kinase; MET, mesenchymal–epithelial transition; MMP, matrix metallopro-
teinase; OSE, ovarian surface epithelium; PARP-1, poly-ADP-ribose polymerase 1; 
ROS, reactive oxygen species; siRNA, small interfering RNA.
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tumorigenesis (aggressive/uncontrolled) to defi ne the distinct 
EMT mechanisms at the EMT conference.

Turning an epithelial cell into a mesenchymal cell requires 
alterations in morphology, cellular architecture, adhesion, and 
migration capacity. Commonly used molecular markers for EMT 
include increased expression of N-cadherin and vimentin, 
nuclear localization of β-catenin, and increased production of the 
transcription factors such as Snail1 (Snail), Snail2 (Slug), Twist, 
EF1/ZEB1, SIP1/ZEB2, and/or E47 that inhibit E-cadherin 
production. Phenotypic markers for an EMT include an increased 
capacity for migration and three-dimensional invasion, as well 
as resistance to anoikis/apoptosis. A summary of common EMT 
markers is listed in Table I. Importantly, these developmental 
regulators can induce EMT in a nondevelopmental context and 
thereby have an important role in cancer and fi brosis.

Signaling pathways in EMT
Much of the meeting highlighted signaling pathways that regu-
late or mediate the EMT, focusing both on refi nement and ex-
tension of known pathways, but also on the discovery of new 
regulators and novel pathways (Fig. 1). 

One of the fi rst cell surface receptors identifi ed that was 
able to stimulate scattering of epithelial cells was the Met recep-
tor tyrosine kinase. Activation of Met by its ligand, hepatocyte 
growth factor, enhances the migration of multiple cell lines in 
vitro, and scattering of cultured multicystic dysplastic kidney 
cells is a classical EMT assay. Morag Park (McGill University, 
Montreal, Quebec, Canada) reported that transgenic mice ex-
pressing wild-type or active variants of Met under the control of 
the mouse mammary tumor virus promoter develop nodal and 
ductal hyperplasia and spontaneous mammary tumors, albeit 
with a long latency period (�1.5 yr). Park suggested that Met 
cooperates with the Her2/neu oncogene in activating EMT, and 
that the Crk family of SH2 and SH3 adaptor proteins are critical 
in Met-mediated EMT. Crk proteins are highly expressed in 
 human breast tumors, and Park reported that small interfering 
RNA (siRNA) ablation of Crk inhibits Met-dependent cell 
migration and EMT.

Although the Met receptor-mediated signaling results in 
cell scattering, it has not been made clear whether Met signaling 
also has a more permanent effect on the expression or localiza-
tion of some of the effectors of EMT, such as E-cadherin and 
β-catenin. Recent work by Walter Birchmeier (Max Delbruck 
Center, Berlin, Germany) suggests that Met also regulates intra-
cellular localization of β-catenin. β-Catenin has a dual role in 
the EMT; it enhances cell–cell adhesion when bound to cad-
herin complexes in adherens junctions and also functions as a 
transcriptional coactivator upon entry into the nucleus (van Es 
et al., 2003). The ability of β-catenin to enhance cadherin-
 dependent adhesion depends on β-catenin binding to α-catenin 
and on α-catenin binding to the cadherin (Chu et al., 2004). 
Phosphorylation of β-catenin residue Y142 prevents α-catenin 
interaction and enhances the binding of β-catenin to BCL9-2, 
which is the vertebrate homologue of the Drosophila melano-
gaster legless gene (Brembeck et al., 2004). Interaction of 
β-catenin with BCL9-2 enhances nuclear accumulation of both 
proteins, simultaneously decreasing cadherin-mediated adhesion 

and activating catenin target gene transcription. Ectopic BCL9-2 
expression is suffi cient to induce EMT in cultured cells, and 
siRNA-mediated BCL9-2 inactivation drives the reverse 
 mesen chymal–epithelial transition (MET). Birchmeier reported 
that Y142 can be phosphorylated by the Met tyrosine kinase, in-
dicating the existence of an EMT activation pathway where Met 
induces β-catenin nuclear translocation by enhancing BCL9-2 
interaction. This pathway satisfactorily links these two well 
known EMT regulators.

Interestingly, Pez/PTPN14, which is a tyrosine phospha-
tase that is frequently mutated in colorectal tumors (Wang et al., 
2004), induces Snail1 expression and can also activate cell 
 migration (Yeesim Khew-Goodall, Hanson Institute, Adelaide, 
Australia). Pez can dephosphorylate β-catenin on tyrosine resi-
dues that regulate its interaction with the adherens junction 
complex, suggesting that Pez mutations contribute to EMT by 
preventing cytoplasmic β-catenin–cadherin interaction and en-
hancing its nuclear translocation. However, Pez overexpression 
in MDCK and MDA-MB468 cells was shown to be suffi cient to 

Table I. EMT markers

Proteins that increase in abundance

 N-cadherin
 Vimentin
 Fibronectin
 Snail1 (Snail)
 Snail2 (Slug)
 Twist 
 Goosecoid
 FOXC2
 Sox10
 MMP-2
 MMP-3
 MMP-9
 Integrin αvβ6

Proteins that decrease in abundance

 E-cadherin
 Desmoplakin
 Cytokeratin
 Occludin

Proteins whose activity increases

 ILK
 GSK-3β
 Rho

Proteins that accumulate in the nucleus

 β-catenin
 Smad-2/3
 NF-κβ
 Snail1 (Snail)
 Snail2 (Slug)
 Twist

In vitro functional markers

 Increased migration
 Increased invasion
 Increased scattering
 Elongation of cell shape
 Resistance to anoikis
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cause EMT, and knockdown in zebrafi sh causes multiple devel-
opmental abnormalities, including aberrant pigmentation and 
craniofacial deformation. These defects are broadly consistent 
with dysfunctional neural crest EMT in the absence of Pez.

Cancer-relevant insights into EGF signaling were pro-
vided by Erik Thompson (University of Melbourne, Melbourne, 
Australia), who has identifi ed EGF as a novel EMT inducer in 
human breast cancer, as measured by EGF’s ability to decrease 
E-cadherin and increase vimentin production in PMC42 cells. 
Interestingly, EMT may infl uence the response of certain can-
cers to EGF receptor (EGFR)–targeted therapeutics. John Haley 
(OSI Pharmaceuticals, Melville, NY) presented data showing 
that the sensitivity of nonsmall cell lung cancer cell lines to 
 erlotinib, which is an EGFR-targeted monoclonal antibody, did 
not correlate with EGFR levels, but rather depended on their 
EMT status, with those having undergone EMT showing resis-
tance (Thomson et al., 2005).

An interesting and novel aspect of EGFR signaling was 
presented by Mien-Chie Hung (The University of Texas MD 
Anderson Cancer Center, Houston, TX), who reported that 
EGFR, which is a transmembrane receptor tyrosine kinase, 
complexes with the STAT3 transcription factor in the nucleus 
and can be immunoprecipitated from the EGF-responsive iNos 
promoter (Lo et al., 2005a). The role that promoter-complexed 
EGFR has in EMT is uncertain, but high nuclear EGFR is asso-
ciated with a poor prognosis in breast carcinoma (Lo et al., 2005b). 

The observation that a transmembrane receptor is found in 
functional promoter complexes in the nucleus was one of the 
meeting’s most surprising observations, and it will be of great 
interest to characterize the topological and structural mecha-
nisms through which a membrane receptor enters the nucleus 
and activates transcription (Giri et al., 2005).

TGF-β is a major regulator of EMT and has been im-
plicated in skin cancer development (Zavadil and Bottinger, 
2005). Jiri Zavadil (New York University School of Medicine, 
New York, NY) reported that TGF-β activates EMT through 
Smad-3–dependent activation of the HEY1 gene, a member 
of the Hairy/Enhancer-of-split family of transcriptional re-
pressors. Zavadil used extensive gene expression profi ling to 
identify HEY1 targets that are important in EMT induction 
(Zavadil et al., 2004). He reported on the profi ling of EMT in 
the following three different contexts: HaCaT human keratino-
cyte EMT in response to TGF-β, mouse model of aristolochic 
acid nephropathy, and human kidney-proximal tubule cells. 
Satisfyingly, one of these targets is Dishevelled 2 (DVL2), 
which is a gene that regulates EMT by repressing the produc-
tion of Notch, GSK3β, and β-catenin. Another HEY1 target 
seen in all three systems was the polycomb family histone 
methyltransferases EZH1/EZH2, suggesting that TGF-β–
 activated EMT could be controlled through structural histone
modifi cation. Other TGF-β targets include integrins β4 and α6.
Richard Bates (University of Massachusetts, Worcester, MA) 
reported that the integrin αvβ6 is up-regulated during co-
lon cancer development and highly expressed in metastatic 
samples (Bates, 2005).

Christopher Gebeshuber showed that TGF-β induced 
Smad-2 tyrosine phosphorylation and that TGF-β–induced 
EMT was blocked upon expression of nonphosphorylatable 
Smad-2 mutant, the expression of which inhibited metastases 
formation. Gebeshuber also reported that this mutant had a re-
duced ability to interact with the Tcf–Lef1 transcription factor. 
This suggests that tyrosine phosphorylation of Smad-2 may po-
tentiate Tcf–Lef1 interaction and stimulate both EMT and meta-
static induction. Ali Nawshad (University of Nebraska, Lincoln, 
NE) and Elizabeth Hay reported a similar noncanonical role for 
TGF-β in the EMT of mouse palatal epithelial seam and kidney-
proximal tubule cells. They reported that Smad-2/4 repressed 
E-cadherin transcription through Tcf–Lef1 (Masszi et al., 2004; 
Nawshad et al., 2005).

One of the functions of TGF-β is to stimulate expression 
of ECM proteins. Do ECM proteins initiate EMT? Andre Menke 
(University of Ulm, Ulm, Germany) showed that extracellular 
collagen that is deposited during a fi brotic disease can be an 
 initiator of EMT. Menke reported that pancreatic cancer cell 
lines cultured on collagen I have a reduced capacity to cluster 
E-cadherin at points of cell–cell contact and have a more 
mesenchyme-like morphology. Menke postulated an EMT path-
way where collagen induces both the recruitment of FAK to cad-
herin adhesion complexes and the phosphorylation of β-catenin. 
Phosphorylated β-catenin then translocates to the nucleus, acti-
vating EMT target genes. Conceptually, this may be similar to 
work by Mina Bissell describing the capacity of mechanical 
forces or the shape of the cell to initiate EMT.

Figure 1. Signaling events during EMT. The major signaling events that 
were reported in the meeting are summarized. Cleavage of E-cadherin 
(yellow) by MMP-3 resulted in activation of Snail1 through ROS. Snail1 
 localization to the nucleus is controlled by phosphorylation of a nuclear 
 export motif and a proteosomal degradation motif, which are each phos-
phorylatable by GSK-3β. An ILK-responsive element in the Snail1 pro-
moter binds PARP-1. Snail1 expression is inhibited by the MTA3–NuRD 
 chromosomal rearrangement complex, acting downstream of the activated 
estrogen receptor. Repression of E-cadherin by Snail1, Twist, or other re-
pressors leads indirectly to expression of vimentin and other mesenchymal 
gene products, partly because of β-catenin/Tcf–Lef1 activation. FOX-C2, 
as well as SIP1, can also directly activate mesenchymal gene expression. 
Translocation of β-catenin to the nucleus requires BCL9-2, which itself can 
induce EMT. Abundance of β-catenin is regulated by phosphorylation-
 dependent proteosomal degradation, unless GSK-3β is silenced through 
Wnt signaling. TGF-β is known to activate this canonical Wnt pathway, but 
TGF-β also directly activates the Tcf–Lef1 transcription complex through 
 tyrosine phosphorylation of SMAD-2. The c-Met receptor tyrosine kinase, 
through the Crk adaptor, also stimulates EMT.

 on M
arch 29, 2006 

w
w

w
.jcb.org

D
ow

nloaded from
 

http://www.jcb.org


JCB • VOLUME 172 • NUMBER 7 • 2006 976

Regulating Snail1
The Snail1 transcriptional repressor is a key EMT regulator 
(Barrallo-Gimeno and Nieto, 2005). There was much interest in 
signaling pathways converging on Snail1 production,  stability, 
and intracellular localization. Derek Radisky (Mayo Clinic,
Jacksonville, FL) reported that matrix metalloproteinase-3 
(MMP-3) activates Snail1 production in mammary cells. MMP-3
is expressed in many primary breast tumors, induces mam-
mary carcinogenesis in transgenic mice, and causes an in vitro 
EMT in mouse mammary cells (Lochter et al., 1997;  Sternlicht 
et al., 1999). Radisky reported that MMP-3 activates EMT by 
inducing the production of an alternatively spliced variant of 
Rac1, which is a small GTPase that regulates cell migration 
through control of actin polymerization (Burridge and Wenner-
berg, 2004). This splice variant, termed Rac1b, activates the 
mitochondrial production of reactive oxygen species (ROS), 
which subsequently activates Snail1 production (Radisky et al., 
2005). However, the mechanism by which MMP-3 stimulates 
alternative splicing, or how the Rac1 variant activates ROS, is 
unclear. Snail genes can be considered regulators of cell sur-
vival, adhesion, and migration, and the triggering of the EMT is 
just one of the mechanisms they use to promote cell movement 
(Barrallo-Gimeno and Nieto, 2005). Pierre Savagner (Batiment 
de  Recherche en Cancerologie, Montpellier, France) reported 
that Snail2-defi cient mice show delayed mammary gland tubule 
growth, and precocious branching morphogenesis similar to 
that seen in the mammary gland lacking P-cadherin, which is 
a cadherin that is selectively expressed in myoepithelial cells 
(Radice et al., 1997). Snail2-defi cient mammary gland retained 
nor mal smooth muscle actin-staining myoepithelial cells. These 
cells lack P-cadherin, suggesting that Snail2 controls a progenitor-
like phenotype in the mammary gland through P-cadherin.

Several investigators reported new insights into the con-
trol of Snail1 expression. Shoukat Dedhar (University of British 
Columbia, Vancouver, British Columbia, Canada) reported that 
integrin-linked kinase (ILK) activates Snail1 expression. Using 
proteomic approaches, Dedhar and coworkers made the surpris-
ing fi nding that ILK-mediated induction of Snail1 transcrip-
tion maps to a portion of the Snail1 promoter that is bound by 
poly-ADP-ribose polymerase 1 (PARP-1). PARP-1 regulates 
transcription by modifying chromatin structure and through in-
teraction with other transcription factors (Kim et al., 2005). ILK 
activation promotes PARP-1 binding to the Snail1 promoter, 
whereas siRNA ILK knockdown and drug inhibition of ILK 
 activity prevents PARP-1 from binding to the promoter. siRNA 
knockdown of PARP-1 in mesenchymally transformed PC-3 
cells inhibited Snail1 expression and stimulated E-cadherin 
 expression, suggesting the novel idea that PARP-1 itself is an 
important factor in EMT control. It is unclear whether direct 
phosphorylation of PARP-1 by ILK controls its ability to inter-
act with the Snail1 promoter. Inhibiting ILK activity with the 
small molecular inhibitor QLT0267 inhibited production of uro-
kinase type plasminogen activator and the invasion of MDA-
MB231 breast cancer cells (Nancy Dos Santos, University of 
British Columbia, Vancouver, British Columbia, Canada).

Anna Bagnato (Regina Elena Cancer Institute, Rome, 
 Italy) also reported that endothelin 1 induced EMT in ovarian 

carcinomas in in vitro and in vivo cells through a phosphoino-
sitide 3 kinase– and ILK-mediated signaling pathway, leading 
to glycogen synthase kinase-3β (GSK-3β) inhibition, Snail and 
β-catenin stabilization, and transcriptional programs that con-
trol repression of E-cadherin. Inhibition of the endothelin A re-
ceptor reversed the EMT, suppressed ILK and Snail1 expression, 
and restored E-cadherin expression. Snail1 represses E- cadherin 
expression by binding to three independent E-boxes in the cad-
herin promoter. Snail1 prevents E-cadherin expression through 
at least two pathways, one dependent on class I histone deacet-
ylases and the other independent of it (Antonio Garcia de 
 Herreros, Universitat Pompeu Fabra, Barcelona, Spain).

Snail transcription is regulated by the estrogen receptor 
(ER; Paul Wade, National Institute of Environmental Health 
Sciences, Research Triangle Park, NC). ER is an EMT inhibitor 
and is critical in maintaining the epithelial status of normal 
breast cells. Wade reported that MTA3, which is a component 
of the Mi-2–NuRD transcriptional repressor complex, is an 
ER-responsive gene, and its expression correlates well with ER 
expression in primary breast tissue samples. Wade reported that 
MTA3 binds to the Snail1 promoter and inhibits Snail1 tran-
scription (Fujita et al., 2003). Because expression of the ER is a 
marker for good breast cancer prognosis, the observation that 
ER is an EMT inhibitor provides further evidence in support of 
a role for EMT in oncogenesis.

Snail1 levels can also be controlled posttranslationally, 
and Garcia de Herreros and Hung both reported that Snail1 is a 
phosphoprotein. Garcia de Herreros reported that Snail1 phos-
phorylation prevents its nuclear accumulation and inhibits its 
ability to activate EMT (Dominguez et al., 2003). Hung reported 
that Snail1 is phosphorylated by GSK-3β on two distinct motifs. 
Phosphorylation of two serines in the fi rst motif directs Snail1 
ubiquitination and proteolytic destruction. Phosphorylation of 
four serines on the second motif directs nuclear export. Muta-
tion of all six GSK-3β phosphorylation sites increased the half-
life of the Snail1 protein and ensured that it was constitutively 
nuclear. Consistent with a role for Snail1 phosphorylation in 
EMT, expression of Snail1 that could not be phosphorylated 
caused a loss of E-cadherin production and an EMT-like mor-
phological change in human tumor lines (Zhou et al., 2004). 
Jim Woodgett (Samuel Lunenfeld Research Institute, Toronto, 
 Ontario, Canada) described an important role for GSK-3β in 
controlling embryonic stem cell differentiation and the mainte-
nance of pluripotency.

EMT in embryogenesis and adults
During embryogenesis, the neural crest develops from a small 
portion of the dorsal neural tube (Huang and Saint-Jeannet, 
2004; Newgreen and McKeown, 2005). After an EMT, neural 
crest cells migrate away from the neural tube and differentiate 
into bone, smooth muscle, peripheral neurons and glia, and me-
lanocytes. Don Newgreen (Murdoch Children’s Research Institute, 
Melbourne, Australia) reported that the Sox transcription 
factors control this EMT and subsequent migration. Using an 
electroporation system that delivers Sox genes to cells on one 
side of the neural tube in living chicken embryos, Newgreen re-
ported that ectopic expression of Sox-8, -9, or -10 was suffi cient 
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to induce EMT and activate migration away from the neural 
tube while suppressing terminal differentiation. This migratory 
capacity was conferred to all cells of the neural tube, indicating 
that Sox expression was overriding inhibitory signals that nor-
mally restrict neural tube EMT to cells of the neural crest.

Nelly Auersperg (University of British Columbia, Van-
couver, British Columbia, Canada) provided evidence that EMT 
occurs in the ovaries of adult women. The mature mammalian 
ovary is enveloped by the ovarian surface epithelium (OSE), 
and the bulk of ovarian carcinomas arise from these cells. As a 
result of wound repair after egg extrusion, OSE cells are trapped 
in the ovarian follicle or stroma of postovulatory ovaries. 
Dr. Auersperg presented evidence showing that normal human 
OSE cells have a strong propensity to undergo EMT in vitro and 
in vivo in response to growth factor stimulation and alteration 
in their extracellular matrix. Auersperg suggested that normal 
OSE trapped within the ovary may undergo EMT as a means of 
maintaining ovarian homeostasis.

Cell adhesion and EMT
A defi ning feature of EMT is a reduction in E-cadherin levels 
and a concomitant production of N-cadherin. Cadherins are 
transmembrane proteins whose homotypic interaction between 
neighboring cells creates adherens junctions (Gumbiner, 2005). 
Alteration of cadherin-based adhesion has a key role in modu-
lating development and organogenesis. At the cell membrane, 
cadherin proteins are found as homodimers tethered to the actin 
cytoskeleton by a multiprotein complex that includes α-, β-, 
and p120-catenin.

To characterize the physical forces underlying cadherin-
based adhesion, Jean-Paul Thiery (Institut Pasteur, Paris, 
France) reported on an elegant system designed to measure the 
force necessary to separate two cells that are adhered solely to 
each other (Chu et al., 2004, 2005). Thiery reported that the 
 development of intercellular adhesion by N- or E-cadherin is a 
two-step process. The fi rst step relies on interactions between 
the cadherins on the surface of adjacent cells. This interaction 
takes 30 s to develop and requires a force of �10 nanoNewtons 
to break apart. The second step, which takes up to 30 min to 
maximize, strengthens the initial interaction and requires �200 
nanoNewtons to separate it. This strengthening depends on 
Rac- and Cdc42-mediated induction of actin polymerization, 
presumably to anchor the cell surface cadherins to the cytosol. 
Thiery also reported that four times more force is required to 
separate adhesions between E-cadherin molecules compared 
with N-cadherin ones. In addition, there is no detectable inter-
action strength between E- and N-cadherin. This supports the 
current EMT paradigm, where the presence of E-cadherin in 
epithelial cells allows for greater cell–cell adhesive strength 
compared with that of the N-cadherin–expressing mesenchyme. 
Moreover, the minimal adhesive interaction between E- and 
N-cadherin would be predicted to allow an N-cadherin–expressing 
cell to migrate through a layer of E-cadherin–expressing cells.

Alpha Yap (University of Queensland, Brisbane, Australia)  
reported evidence that E-cadherin clustering at cell–cell 
junction sites requires dynamic microtubules. Yap reported 
visual evidence that the plus ends of microtubules terminate in 

E-cadherin puncta and that agents that block dynamic plus ends 
inhibit the ability of cells to concentrate cadherin at cell–cell 
contacts. This suggests that the actin and microtubule cytoskel-
etons both serve to anchor E-cadherin adhesions. This would 
contrast cadherin adhesions to integrin-containing focal adhe-
sions because microtubule association with focal adhesions 
triggers their disassembly (Ezratty et al., 2005).

Mina Bissell (Lawrence Berkeley National Labora-
tory, Berkeley, CA) described data suggesting that cell shape 
changes brought about by the destruction of the basement mem-
brane cause EMT. She then described a model of branching 
morphogenesis of the mammary gland and showed data to sup-
port a transient EMT at the tip of the branching structures. This 
was demonstrated by the activation of the vimentin promoter 
(visualized by a GFP reporter) at the branch tip. Bissell went 
on to describe studies that provided an understanding of how 
branching structures are created. She used engineered matrices 
and biomaterials to show that the architecture of the created ves-
sel in collagen gels can determine where and how branches are 
 created. Although the role of cell geometry in growth (Folkman 
and Moscona, 1978; Chen et al., 1997), apoptosis (Chen et al., 
1997), and metabolic regulation (Bissell et al., 1977) has been 
known for decades, the molecular pathways that link cell shape 
to these events, and also to EMT, are only now beginning to be 
elucidated (Weaver et al., 2002; Paszek et al., 2005; Radisky 
et al., 2005). The orientation of a cell to its growth substrate 
may also regulate EMT. Marcia McCoy and Calvin Roskelley 
(University of British Columbia, Vancouver, British  Columbia, 
Canada) reported that overexpression or mislocalization of the
apical marker podocalyxin destabilized cell polarity in vitro, 
which may explain why podocalyxin overexpression is an 
 independent marker of in vivo breast carcinoma progression 
(Somasiri et al., 2004).

EMT in cancer
The occurrence of EMT during tumor progression allows benign 
tumor cells (i.e., ones that are noninvasive and nonmetastatic) 
to acquire the capacity to infi ltrate surrounding tissue and to 
 ultimately metastasize to distant sites. The pathological staging 
of tumors supports this paradigm. The most compelling evidence 
for the involvement of EMT in oncogenesis is the ability of mul-
tiple EMT regulators to enhance tumor formation and/or metas-
tasis (Thiery, 2002). For example, expression of Snail1 increases 
the aggressiveness of experimentally induced breast tumors, and 
high Snail1 expression correlates with an increased risk of tumor 
relapse and poor survival rates in human breast cancer (Moody 
et al., 2005). Loss of E-cadherin is a hallmark of metastatic car-
cinoma (Cavallaro and Christofori, 2004), and proteomic analy-
sis of breast cancer reveals that circulating mammary tumor 
cells, or those found as micrometastases, show evidence of mes-
enchymal conversion (Willipinski-Stapelfeldt et al., 2005). The 
EMT meeting added to the growing list of EMT regulators that 
control some aspect of oncogenesis, which includes MMP-3, 
BCL9–2, EGFR, Met, Goosecoid, Kaiso, TGF-β, FOXC2, 
GSK-3β, Smad-3, Pez, Snail1, Snail2, and ILK (Table I).

However, there remains some controversy in the cancer 
community, particularly among pathologists, as to whether the 
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transformation of a normal cell into a cancerous cell or a non-
invasive tumor into a metastatic tumor is truly an EMT (Tarin 
et al., 2005). Skepticism about the role of EMT in cancer stems 
from the apparent rarity of the EMT–like morphological changes 
that are observed in primary tumor sections, and also from the 
observation that metastases appear histologically similar to the 
primary tumor from which they are derived. Of central impor-
tance, therefore, is the direct visualization of EMT during tumor 
progression. Garcia de Herreros used a new Snail1 antibody 
that is suitable for mouse and human immunohistochemistry 
(EC3) to show that Snail1 protein is expressed specifi cally at 
the invading front of colorectal tumors. Snail antibodies have 
been diffi cult to use in immunohistochemistry, and Karl-
 Friedrich Becker (Technical University of Munich, Munich, 
Germany) used another new Snail1 antibody (Sn9H2; Rosivatz 
et al., 2005) to demonstrate nuclear Snail1 in gastric, mammary, 
and endometrial tumors. Richard Bates reported that integrin 
αvβ6 is specifi cally expressed at the invading edge of colorectal 
cancer xenografts. Thomas Brabletz (University of Erlangen, 
Erlangen, Germany) reported that tumor cells at the invading 
edge of colorectal carcinomas have nuclear β-catenin and loss 
of E-cadherin. Nuclear localization of β-catenin is frequently 
used as an EMT marker, and nuclear β-catenin is a marker for 
a poor prognosis in colorectal cancer. The ability of EMT 
 markers to identify a subset of tumor cells raises the possibility 
that EMT could be associated with the maintenance of cancer 
stem cells. Brabletz reported that invading cells with nuclear 
β-catenin also express the stem cell markers hTert and survivin, 
possibly implicating EMT in cancer stem cell maintenance 
(Brabletz et al., 2005). The presence of EMT markers at the 
 tumor–host interface, but not in the bulk tumor, is strong evidence 
that EMT occurs during tumor development and that it regulates 
invasiveness and tumor aggressiveness.

The histological similarity of secondary, metastasis-
 derived tumors to the primary tumor indicates that EMT-
 mediated metastatic development must be followed by a reverse 
MET to allow colonization of secondary sites. Brabletz reported 
that metastases derived from tumors originally expressing nu-
clear β-catenin were found to reexpress E-cadherin, and their 
β-catenin became cytoplasmic, which is suggestive of a MET 
(Brabletz et al., 2001). Similarly, Christine Chaffer (Bernard 
O’Brien, Institute of Microsurgery, Melbourne, Australia) re-
ported that variants of the metastatic T24/TSU-Pr1 bladder car-
cinoma line that were selected for enhanced metastatic potential 
have more epithelial markers (E-cadherin and keratins) than 
their less metastatic counterparts, but continue to express some 
mesenchymal markers (vimentin and MMPs). This ability of 
cells to express attributes of both epithelial and mesenchymal 
phenotypes was referred to by Savagner as a “metastable pheno-
type” (Fig. 2). Consistent with this idea, Savanger reported 
that Rac distribution can be found with both epithelial-like 
( adherens junctions) and mesenchyme-like (lamellopodia) pat-
terns during the migration of cohesive epithelial cells, and prob-
ably during tumor invasion as well. Metastability is consistent 
with the expression of stem cell markers in colorectal cells un-
dergoing EMT and suggests that such plasticity may be found in 
progenitor cells in various organs. This plasticity could also be 

an explanation for the diffi culty in observing EMT in cancer 
 development; acquisition of mesenchymal characteristics may 
be transitory and undergo a reversal during later tumorigenesis.

Robert Weinberg (Whitehead Institute, Cambridge, MA) 
reported that three transcription factors regulating develop-
mental EMT—Twist, Goosecoid, and FOXC2—have important 
roles in metastasis. Each of these gene products enhances me-
tastasis in experimental mouse models and is highly expressed 
in primary human tumors and metastases. Twist is a basic helix-
loop-helix transcription factor that was originally identifi ed 
as a D. melanogaster EMT activator (Castanon and Baylies, 
2002). Weinberg reported that Twist expression is suffi cient 
to induce an in vitro EMT in breast cells and that Twist inac-
tivation inhibits metastasis development in vivo (Yang et al., 
2004). Goosecoid is a homeobox transcriptional repressor that 
marks the Spemann organizer in vertebrate gastrulation and is 
one of the fi rst identifi ed regulators of embryological patterning 
(De Robertis et al., 2001). Both Twist and Goosecoid regulate 
FOXC2, which is a transcription factor of the FOX family of 
forkhead helix-turn-helix DNA-binding proteins that regulates 
EMT and organ development in multiple tissues (Carlsson and 
Mahlapuu, 2002). Twist, Goosecoid, and Snail1 all repress 
E-cadherin and induce FOXC2; they also enhance cell migra-
tion in vitro and metastatic potential in vivo. It is not yet known 
whether these three genes regulate individual or overlapping 
pathways of EMT and metastases. Importantly, FOXC2 also di-
rectly up-regulated mesenchymal gene transcription, rather than 
causing an EMT through E-cadherin repression.

Frans van Roy and Geert Berx (Ghent University, Ghent, 
Belgium) reported on the identifi cation of a series of novel tar-
get genes of the E-cadherin repressors Snail1 and SIP1/ZEB2 
that control the establishment of junctional complexes, interme-
diate fi lament networks, and the actin cytoskeleton (De Craene 
et al., 2005). They also showed some direct effects on mesen-
chymal factor transcription via these pathways. Christine Gilles 
(University of Liege, Liege, Belgium) reported that vimentin 

Figure 2. The metastable cell phenotype. Several studies have identifi ed a 
hybrid cell showing both epithelial and mesenchymal traits. These cells are 
summarized here, in conjunction with their epithelial and mesenchymal 
counterparts. The term metastable was introduced at the meeting by Pierre 
Savagner, who showed evidence of epithelial and mesenchymal Rac local-
ization within the same cells. Similar scenarios of hybrid cells were shown by 
Chaffer (metastasis-derived T24 human bladder carcinoma cells) and Thomp-
son (EGF-treated PMC42 human breast cancer cells). Coexpression of mixed 
lineage traits within the same cell may be consistent with the stem cell–like 
profi les reported by Brabletz in colon carcinoma cells at the invasive front.
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transcription was activated by SIP1/ZEB2, as well as a Tcf–
β-catenin complex.

EMT in fi brosis
The accumulation of fi broblasts, excess collagen, and other 
 matrix components at sites of chronic infl ammation lead to scar 
tissue formation and progressive tissue injury. These fi broblasts 
derive from the bone marrow, but also arise from an EMT of 
cells at injury sites (Kalluri and Neilson, 2003; Neilson, 2005). 
EMT is likely involved in the progressive fi brotic diseases of the 
heart, lung, liver, and kidney.

Eric Neilson (Vanderbilt University, Nashville, TN) pre-
sented work using fi broblast-specifi c protein 1 (FSP1) as a 
marker for EMT that occurs during fi brosis (Iwano et al., 2002). 
FSP1-positive cells appear during kidney fi brosis and in IgA 
nephropathy; increased expression of FSP1 correlates with the 
prognosis and extent of fi brosis (Nishitani et al., 2005). The ab-
lation of FSP1 cells attenuates fi brosis and collagen deposition, 
indicating a causal role for these cells in fi brotic disease (Iwano 
et al., 2001). Kidney FSP1-positive cells derive from two 
sources; from the bone marrow and from an EMT at sites of 
 renal fi brosis (Iwano et al., 2002). Inactivation of FSP1 with 
a LacZ “knock in” mouse produced fi broblasts that were less 
motile in wound healing assays and had impaired angiogenesis 
in an aortic ring outgrowth model. Neilson also introduced stud-
ies on the FSP1 promoter and reported the identifi cation a new 
zinc fi nger protein, fi broblast transcription factor 1, which 
binds in the FSP1 promoter. Fibroblast transcription factor 1 
also up-regulates Twist and Snail1 and suppresses β-catenin, 
E-cadherin, and ZO-1 during EMT, indicating that it may be a 
key regulator of the EMT transcriptome.

Raghu Kalluri (Harvard University, Boston, MA) intro-
duced the novel concept of endothelial–mesenchymal transi-
tion, which is probably an important process in TGF-β1–mediated 
cardiac fi brosis. Kalluri also reported that an inhibitor of TGF-β 
signaling, bone-morphogenic protein 7 (BMP7), could inhibit 
cardiac fi brosis in two mouse models of this disease. BMP7 be-
longs to the BMP family of TGF-β growth factors, and has a 
specifi c role as a morphogen during liver development. Kalluri 
also discussed the functional interconnection between EMT and 
angiogenesis, suggesting that angiogenesis inhibition could be 
therapeutic for fi brosis as well as cancer. Michael Zeisberg 
(Harvard University, Boston, MA) reported that BMP7 can in-
hibit fi broblast migration and prevent fi brotic disease in mouse 
models of liver fi brosis.

Emerging concepts and future directions 
of EMT
The detection of EMT in vivo during disease progression in 
adult organisms remains one of the central challenges of EMT 
physiology. Pioneering work by Iwano et al. (2002) established 
that fi brosis involves EMT, and this approach has been extended 
to include the formation of metastatic tumor cells (Xue et al., 
2003). Evidence of EMT markers at the leading edge of invad-
ing tumors was provided by Bates (integrin αvβ6), Garcia de 
Herreros (using a new Snail1 antibody), and Brabletz (nuclear 
β-catenin), and these new fi ndings were some of the highlights 

of the meeting, strongly suggesting an important role for EMT 
in driving tumor invasion and metastasis.

Because it is now possible to visualize the movement and 
morphology of individual tumor cells in real-time in a living 
 animal (Condeelis and Segall, 2003), the examination of EMT 
in real-time is a possibility for the future. The detailed molecular 
studies of many investigators at the EMT meetings will hope-
fully provide additional markers for this task (Table I). These 
markers may allow further investigation into the role of metasta-
bility in cancer. Metastability indicates the existence of cells 
with features of both epithelial and mesenchymal cells. This 
concept is consistent with the sequential steps of junctional dis-
solution that were described by Thiery (Thiery and Huang, 
2005) and is gaining momentum through the accumulation of 
evidence in favor of such hybrid states. The predominantly epi-
thelial, yet somewhat mesenchymal, phenotype of highly ag-
gressive and metastatic bladder cancer cells presented by Chaffer 
reinforces the potential of many cancer cells for plastic differen-
tiation. In addition, Savagner showed evidence of both epithelial 
and mesenchymal patterning of Rac in epithelial cells that were 
induced to migrate. The importance of MET or other partial loss 
of mesenchymal markers in the successful growth of metastases 
could add further opportunities for therapies that block metastases. 
The possibility that softer boundaries exist between epithelial 
and mesenchymal tumor cells and the possibility of hybrid cells 
may help explain the current lack of robust clinical evidence for 
EMT as a metastasis mediator (Tarin et al., 2005).

Most importantly, the meeting witnessed the emergence 
of EMT as a target for drug development in cancer and fi brosis. 
For example, BMP7 mimetics antagonize TGF-β–driven EMT 
in fi brotic kidney and heart and inhibit disease development. 
In addition, small molecule ILK inhibitors inhibit Snail1 produc-
tion, induce E-cadherin expression, and inhibit invasion. Also 
discussed at the meeting was the possibility that angiogenesis, 
EMT, fi brosis, and cancer have common regulatory pathways 
and that the angiogenesis inhibition may be useful in both fi bro-
sis and cancer. The involvement of ILK in angiogenesis, EMT, 
fi brosis, and cancer suggest that ILK inhibition may be one 
 useful therapy. In addition, EMT could be used as a functional 
screen for novel anticancer agents, a strategy that led to the 
identifi cation of motuporamine (Calvin Roskelley). Motupora-
mine was derived from a library of marine invertebrate com-
pounds and inhibits in vitro invasion and migration by activating 
the Rho GTPase and stimulating actin stress fi ber formation. 
Continued identifi cation of new EMT inhibitors holds the prom-
ise of novel cancer and fi brosis treatment options.

We anticipate considerable progress in this fi eld in the 
year leading up to the 2007 EMT meeting, which is planned 
to take place in Montpellier, France (http://www.mtci.com.au/
temtia.html), building on the current exponential trend of EMT 
observations in numerous cellular systems of physiological and 
pathophysiological importance.

We thank all those whose presentations we summarized for reviewing the 
 appropriate text and for their permission to report unpublished work. The EMT 
2005 meeting was convened by Shoukat Dedhar and Raghu Kalluri and with 
an International Committee comprised of Mina Bissell, Elizabeth Hay, Kohei 
Miyazono, Suresh Mohla, Donald Newgreen, Pierre Savagner, Jean-Paul 
Thiery, Erik Thompson, and Robert Weinberg.
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Abstract Breast cancer is the most common malig-

nancy among North American women. The identifi-

cation of factors that predict outcome is key to

individualized disease management and to our under-

standing of breast oncogenesis. We have analyzed

mRNA expression of protein elongation factor

eEF1A2 in two independent breast tumor populations

of size n = 345 and n = 88, respectively. We find that

eEF1A2 mRNA is expressed at a low level in normal

breast epithelium but is detectably expressed in

approximately 50–60% of primary human breast tu-

mors. We have derived an eEF1A2-specific antibody

and measured eEF1A2 protein expression in a sample

of 438 primary breast tumors annotated with 20-year

survival data. We find that high levels of eEF1A2

protein are detected in 60% of primary breast tumors

independent of HER-2 protein expression, tumor size,

lymph node status, and estrogen receptor (ER)

expression. Importantly, we find that high eEF1A2 is a

significant predictor of outcome. Women whose tumor

has high eEF1A2 protein expression have an increased

probability of 20-year survival compared to those wo-

men whose tumor does not express substantial

eEF1A2. In addition, eEF1A2 protein expression

predicts increased survival probability in those breast

cancer patients whose tumor is HER-2 negative or who

have lymph node involvement.

Keywords Oncogene Æ Protein translation Æ eEF1A2 Æ
Prognostic factor Æ Tissue microarray Æ Gene expression

Introduction

Despite early screening programs and new treatment

options, an estimated 45,000 North American women

will die of breast cancer in 2005 because their tumor

recurred after surgery and chemotherapy. The best

current predictors of tumor recurrence are lymph

node involvement and tumor size [1]. Lack of estro-

gen receptor (ER) and high expression of the HER-2

receptor tyrosine kinase in the primary tumor are also

reliable markers of increased recurrence risk [1].

However, using conventional histo-pathological

methods, we can accurately predict recurrence likeli-

hood for only about 1/3 of breast cancer patients [2].

Large-scale analysis of gene expression patterns in

breast tumors suggest that relapse is under the

aggregate control of dozens of genes [3–5]. Aggregate

gene expression patterns, termed gene signatures, can
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be used to retrospectively predict chemotherapy

response and survival probability [3–5]. The use of

gene signatures to predict outcome is useful [6], but it

does not lead to the identification of individual genes

that regulate tumor recurrence or mechanistic

understanding of relapse or to identifying novel

therapy targets [7, 8].

We have previously reported that EEF1A2, the gene

encoding protein elongation factor eEF1A2, is ampli-

fied and overexpressed in ~30% of ovarian tumors [9].

eEF1A2 is one of two members of the eEF1A family of

proteins (eEF1A1 and eEF1A2) that bind amino-

acylated tRNA and facilitate their recruitment to the

ribosome during translation elongation [10]. eEF1A

proteins have other functions not related to translation

such as inducing actin and tubulin cytoskeleton rear-

rangements [11, 12]. The eEF1A1 and eEF1A2 iso-

forms share greater than 90% sequence identity but

have different expression patterns: eEF1A1 is ubiqui-

tously expressed while eEF1A2 is detectably expressed

only in normal heart, brain and muscle [13]. Inactiva-

tion of the mouse eEF1A2 homolog, Eef1a2, leads to

immunodeficiency and neural and muscular defects

and death by 30 days of age [14, 15]. eEF1A2 has

transforming properties: ectopic expression of wild-

type eEF1A2 in mammalian cells enabled growth in an

anchorage-independent manner and enhanced tumor-

igenicity in nude mice [9]. While eEF1A2 is likely to be

important in ovarian cancer, it is not known whether

eEF1A2 contributes to breast cancer or could be used

as a prognostic marker.

In this report we find that eEF1A2 mRNA and

protein are highly expressed in 50–60% of primary

human breast tumors and metastases but not in normal

breast epithelium. Importantly, we find that high

eEF1A2 protein expression in the primary tumor is

associated with a significantly increased 20-year sur-

vival. Our data suggests that there is a relationship

between the oncogenic program induced by eEF1A2

and reduced aggressiveness of breast tumors.

Materials and methods

Cell lines, adenovirus and siRNA

Cell lines were obtained from the American Tissue

Culture Collection (ATCC). For adenoviral infection,

eEF1A2 was cloned into pShuttle-IRES (EcoRV/

XhoI). The EEF1A2-directed siRNA is 5¢-UCGAA-

CUUCUCAAUGGUCCTT-3¢. siPORT Lipid (Am-

bion) was used for siRNA transfection according to the

manufacturer’s instructions.

Gene expression analysis

eEF1A2 gene expression data in Fig. 1 was extracted

from the GeneExpress database from GeneLogic

(Gaithersburg, MD) for probe set 204540_at on the

HG-U133A GeneChip from Affymetrix (Santa Clara,

CA). Microarray data values were generated by the

MAS5 signal algorithm. Data were extracted for sam-

ples available as of February 2003. HER-2 gene

expression was assessed using the expression of probe

set 216836_s_at and a threshold of 8,000 in the signal

value. eEF1A2 gene expression data in Fig. 2 were

obtained from Huang et al. [3].

Derivation of an eEF1A2 antibody, Western

blotting and immunoprecipitation

The KVERKEGNASGVSLLEALDT immunogen

was injected into rabbits and sera collected after boost

(Cedarlane Laboratories). eEF1A2 peptide was cou-

pled to an Affi-Gel 10 resin (Bio-Rad) according to the

manufacturer’s instructions and purified as described

[16]. Cells were lysed in RIPA buffer (50 mM Tris–Cl;

pH 7.4, 1% Triton X-100, 1% sodium deoxycholate,

0.1% SDS, 1 mM EDTA; pH 7.0, 150 mM NaCl, 1%

aprotonin, 1 mg/ml leupeptin, 50 mM NAF, 1 mM

Na3VO4, 10 lg/ml pepstatin, 1 mM PMSF in DMSO).

Protein quantification was performed by Bradford

protein assay (Bio-Rad), electrophoresed and trans-

ferred onto PVDF membranes (Perkin–Elmer).

Membranes were blocked in 5% skim milk, 5% BSA,

TBST for 2 h RT and eEF1A2 antibody (1:3,000) ad-

ded overnight. Membranes were washed 3·TBST and

HRP goat anti-rabbit added (Upstate) at 1:3,000 added

for one hour at room temperature and washed

3·TBST. The membranes were developed using ECL-

plus (Western Lightning, Perkin Elmer). a-actin anti-

body (Sigma) at a 1:12,000 dilution and then HRP

conjugated anti-mouse antibody (Upstate) at a 1:5,000

dilution. Immunoprecipitation for the Flag protein was

performed by using the anti-Flag M2 affinity gel (Sig-

ma). Two hundred and fifty micrograms of cell lysates

were used.

Expression and purification of recombinant eEF1A

proteins

eEF1A2 and eEF1A1 cDNA were cloned into EcoRI/

NotI of pGEX-4T2 (Pharmacia). GST-eEF1A2 and

GST-eEF1A1 were transformed into E coli BL21 DE3

and grown in LBA to A600 ~0.7. 0.5 mM IPTG added

for 2 h at 25̊C. Bacteria were lysed in 25 mM HEPES;

pH 7.9, 100 mM KCl, 2 mM EDTA, 20% glycerol,
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2 mM DTT, and protease inhibitor cocktail (Roche).

Glutathione Sepharose 4B beads (Amersham Biosci-

ence) were equilibrated in lysis buffer and mixed with

sonicated suspensions.

Case selection and tissue microarray (TMA)

construction

The study included 438 patients with primary invasive

breast carcinoma that underwent surgery between 1974

and 1995 at Vancouver General Hospital. Institutional

review board approval was obtained to perform this

study (Vancouver General Hospital, Vancouver, BC,

Canada). Clinical follow-up was available for all the

patients, with median follow-up time 15.4 years. The

median age of the patients at diagnosis was 61.5 years,

minimum 28.2, and maximum 93.5. The only criterion

for including the patients into the study was presence

of invasive breast carcinoma. No randomization was

performed. Our cohort was heterogeneous in terms of

treatment protocols. Thirty-four women underwent

biopsy, 2 wide excision, 95 partial or segmental mas-

tectomy, 202 modified radical mastectomy, 40 total

mastectomy. Information on chemotherapy or radio-

therapy protocols was not available. Formalin-fixed,

paraffin embedded primary invasive breast cancer tis-

sue blocks were used to construct tissue microarrays as

described previously [31, 32].

Immunocytochemistry and immunohistochemistry

BT549 and MCF7 cells were fixed using 10% neutral-

buffered formalin and paraffin embedded. Sections

were deparaffinized by automated machine and mi-

crowaved for antigen retrieval. The sections were fur-

ther treated with 3% H2O2 in TBS (pH 7.6) for 10 min.

Sections were rinsed in TBS for 5 min and blocked in

4% BSA, 10% Sucrose, 1% (v/v) normal swine serum

in TBS) for 1 h at room temperature. eEF1A2 anti-

body diluted 1:10–1:50 in TBS, 10% sucrose,1% BSA,

0.01% sodium azide in TBS was added overnight at 4̊C.

Sections were then rinsed 3· TBS, incubated with

secondary diluted 1:200 in 3% BSA for 1 hour RT

(Amersham Biosciences; #NA934) and washed 3·TBS.

Diaminobenzidine (DAB, DAKO Corporation, CA,

USA) and 30% H2O2 (1:4) were added for 10 min and

rinsed under tap water for 5 min.

Immunostaining of TMA sections was performed on

a Ventana Discovery Instrument (Ventana Medical

Systems, Tucson, Arizona) using DAB Map Kit (HRP

labeled Biotin-Streptavidin System). The staining in-

cluded the following steps: deparaffinization, heat in-

duced antigen retrieval with EDTA pH 8.0 (24 min),

hydrogen peroxide quenching 3% H2O2 (8 min),

eEF1A2 antibody at 1:100 dilution (32 min), biotyni-

lated universal secondary antibody (32 min), strepta-

vidin–biotin peroxidase complex (16 min), DAB

(8 min), counterstain with hematoxylin (4 min).

Assessment of eEF1A2 protein expression

Bacus Laboratories Inc. Slide Scanner (BLISS) (Bacus

Laboratories, Inc, Lombard, IL) was used to digitize

the images of tissue cores, as described previously [33,

34]. WebSlide Browser v.3.98 (Bacus Laboratories, Inc,

Lombard, IL) was used for viewing preview images of

the arrays and assessment of individual core images.

H&E slides cut from the same array were scanned

together with immunohistochemical ones, and used as

a reference to determine the correspondence of the

protein expression to specific structures of breast car-

cinoma. The images were placed into a web site-based

relational database along with identification informa-

tion and scores for each core. The database is publicly

accessible through http://www.gpecimage.ubc.ca/tma/

web/viewer.php for reviewing and rescoring of the

images.

Scoring of eEF1A2 immunostaining was performed

semiquantitatively, using digital images and 22-inch

monitor with hardware color calibration capabilities.

Protein expression pattern in tumor tissue was diffuse

in most cases. Staining was scored as negative (0) if no

staining was present in the cytoplasm of the tumor

cells, and weak (1+), moderate (2+) and strong (3+),

depending on the intensity of staining in the cytoplasm.

Scores were entered into a standardized Excel work-

sheet (Microsoft Excel, Microsoft, Redmond, WA)

with a sector map matching each TMA section. Scores

for the duplicate cores were consolidated to a single

value per case using an Excel macro developed by DT.

The higher value was accepted for the case if there

Fig. 1 eEF1A2 expression is increased in breast tumors (A)
eEF1A2 gene expression in normal breast tissues, tumors and
metastases. The horizontal line indicates the 2r value above the
mean of the distribution of expression in normal tissue. The left
panel indicates linear gene expression with the eEF1A2
expression value for individual tumors graphed as a single point.
The right panel is a histogram where the eEF1A2 expression
value in individual tumors is displayed as a single column on a
logarithmic axis. Column widths depend on the total number of
samples. (B) eEF1A2 expression in HER-2 positive and negative
ductal carcinomas. The left panel indicates linear gene expres-
sion while the right panel is a histogram of log gene expression as
in Fig 1(A). (C) eEF1A2 expression in basal and luminal
cancers. The left panel indicates linear gene expression while
the right panel is a histogram of log gene expression as in Fig
1(A)

m
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were discrepant scores for the duplicate cores. Cases

were marked as missing in the statistical analysis if

there were no interpretable data, i.e. if there was no

tumor tissue in the cores or the cores were cut through.

Original scoring tables were deconvoluted together

with core identification file using Deconvoluter 1.10

[35], and the resulting table files imported into SPSS

11.0 for Windows (SPSS Inc., Chicago, IL).

Statistical analysis of TMA

Statistical analysis was performed in SPSS 13.0 for

Windows. Univariate analysis of survival was carried

out by using Kaplan–Meier survival curves and log-

rank statistics to test for significant differences between

curves. Multivariate analysis was performed using a

proportional hazards model. We used two-tailed

Spearman’s correlation to assess the relationship be-

tween the expression of eEF1A2 and other markers.

All tests were two-sided and used a 5% alpha level to

determine significance.

Results

eEF1A2 mRNA expression is elevated in human

breast tumor tissue independent of HER2

To determine whether eEF1A2 was involved in breast

cancer, we analyzed eEF1A2 mRNA expression in

human breast tissue derived from normal and tumor

samples (n = 345). We hypothesized that a role for

eEF1A2 in breast oncogenesis could be inferred from

high tumor-specific gene expression, an approach used

to identify other candidate oncogenes [6]. eEF1A2

expression was measured using hybridization to an

Affymetrix HG-U133A DNA microarray (Fig. 1A).

eEF1A2 expression was very low in normal breast

epithelium (n = 22) and in fibroadenomas (n = 13).

However, approximately 30% of ductal carcinomas

(73/251), lobular carcinomas (10/30) and breast tumor

metastases (10/29) had eEF1A2 expression greater

than 2r above the normal tissue expression mean (a

signal value of 697). This high eEF1A2 expression

implicates eEF1A2 as a breast cancer oncogene.

Approximately 10–30% of breast tumors have high

expression of the HER-2 receptor tyrosine kinase due

to amplification of the HER-2 gene [17, 18]. We next

examined whether eEF1A2 expression correlated with

HER-2 expression in the ductal carcinomas (Fig. 1B).

HER-2 positive (n = 41) and HER-2 negative

(n = 210) ductal carcinomas had a similar fraction of

tumors with eEF1A2 expression above normal and the

distribution of eEF1A2 expression between popula-

tions was not significantly different by Kolmogorov–

Smirnov (p < 0.39) analysis. This suggests that any

role of eEF1A2 in breast oncogenesis is HER-2 inde-

pendent.

Using gene expression profiling, breast tumors can

broadly divided into two groups: basal-like and lumi-

nal-like [19]. To determine whether eEF1A2 was dif-

ferently expressed in these tumor subtypes, we next

Fig. 2 eEF1A2 expression does not correlate with tumor size.
(A) Value of eEF1A2 expression in eEF1A2 positive ( ) and
negative ( ) breast tumors. The horizontal line indicates the 2r
value above the mean of the distribution of eEF1A2 expression

value in the eEF1A2 negative group. (B) Tumor size plotted as a
function of eEF1A2 expression (left panel). Tumor size in the
eEF1A2 positive ( ) and negative ( ) groups (right panel)
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measured eEF1A2 expression in basal and luminal

types. Tumors were segregated based on the reported

50-gene classifier [20]. As shown in Fig. 1C, eEF1A2 is

expressed almost exclusively in the luminal tumors. Of

the 62 basal tumors, only three (5%) had a mean

eEF1A2 expression above the 2r normal while 38/113

(34%) of the luminal tumors were above this mark.

Mean eEF1A2 expression in the basal tumors was

430 ± 1319 compared to 911 ± 1085 in the luminal

ones; expression in the two populations is significantly

different by Student’s t-test (p < 0.01). eEF1A2 is not

part of the gene expression profile used to classify the

luminal and basal types, but the luminal expression

pattern of eEF1A2 suggests its involvement in the

luminal tumor phenotype.

To extend this analysis, we analyzed eEF1A2

expression in a publicly available breast tumor

expression dataset [3]. This dataset contained expres-

sion profiles from 89 primary breast tumors. Using the

Affymetrix software (MAS5.0) respective call for

eEF1A2 presence or absence/marginal, these tumors

can be divided into eEF1A2 negative and positive

groups. Of these 89 samples, 58 (65%) are in the in

eEF1A2 positive group and 31 (35%) in the negative

group. Mean expression in the eEF1A2 negative pop-

ulation was 145 ± 86 (arbitrary units) while that of the

positive population was 1609 ± 1224 (Fig. 2A). All

tumors in the positive population had an expression

value greater than 2r above the expression mean of the

negative population; eEF1A2 expression in the two

populations was different by Student’s t-test

(p < 0.0001). Tumor size did not differ substantially

between the groups (Fig. 2B; negative: 2.8 ± 1.5 cm,

positive: 2.9 ± 1.6 cm). Furthermore, there was no

significant correlation between eEF1A2 mRNA

expression and ER, progesterone receptor (PR) or

lymph node status (not shown).

Derivation of an eEF1A2 antibody

We next derived an antibody against eEF1A2 to

determine the relationship between eEF1A2 protein

and breast cancer. We used a synthetic peptide corre-

sponding to human eEF1A2 residues 215–233 as an

immunogen. eEF1A2 is one of two highly related

proteins: eEF1A1 and eEF1A2. Residues 215–233

were used as an immunogen because of the differences

between it and the corresponding eEF1A1 sequence

(KVTRKDGNASGTTLLEALDC, differences under-

lined). To test the antiserum generated, we first iden-

tified eEF1A2 mRNA expression in a panel of human

breast cancer cell lines (Fig. 3a). eEF1A2 expression is

detected in MCF7 cells but not BT549. Skeletal muscle

mRNA is used as a positive control. As shown in

Fig 3b, our eEF1A2 antibody did not detect protein in

BT549 cells but did detect a band of approximately

50 kDa in BT549 cells infected with an eEF1A2 ade-

novirus. The predicted molecular weight of eEF1A2 is

54 kDa. Similarly, the eEF1A2 antibody recognized a

band of ~50 kDa in MCF7 cells and the intensity of this

band is reduced in the presence of an eEF1A2 siRNA.

The antibody also recognizes GST-eEF1A2 and not

GST alone or GST-eEF1A1 (Fig. 3c). Furthermore,

Fig. 3d shows that the antiserum detects Flag-tagged

eEF1A2 immunoprecipitated from BT549 cells in-

fected with an eEF1A2 adenovirus. Finally, the anti-

serum stains fixed and paraffin-embedded MCF7 cells

and not BT549 cells (Fig. 3e). The staining pattern in

MCF7 cells is diffusely cytoplasmic, consistent with the

previously reported staining pattern of epitope-tagged

eEF1A2 [9]. The magnitude of eEF1A2 staining in

MCF7 cells is substantially reduced by treating MCF7

cells with eEF1A2 siRNA. Taken together, this indi-

cates that our eEF1A2 antiserum is specifically recog-

nizing eEF1A2.

eEF1A2 protein expression in breast carcinoma

We next used our antiserum to determine whether

eEF1A2 protein expression could be used as a breast

cancer prognostic marker. We used a tissue microarray

(TMA) of 438 samples. There were 380 interpretable

cases out of 438 used for building the array. Fifty eight

cases were excluded from the statistical analysis due to

either absence of tumor tissue in both cores repre-

senting a case, drop-off of the cores from the slides, or

cut-through of the cores. The patterns of staining were

classified in four levels by visual examination: negative,

weak, moderate and strong. Weak staining was seen in

76 cases (20.0%), moderate in 177 (46.6%), and strong

in 79 (20.8%) cases; 48 tumors (12.6%) showed no

expression of the protein. Representative photomi-

crographs of different levels of eEF1A2 immuno-

staining are shown as Fig. 4, together with

corresponding H&E staining. All tissue core images

can be viewed at https://www.gpecimage.ubc.ca/tma/

web/viewer.php.

Analysis of eEF1A2 protein expression on TMA

To determine prognostic significance of eEF1A2 in

invasive breast carcinoma, we performed univariate

Kaplan–Meier analysis of the survival data associated

to the 438 cases. Moderate or strong immunostaining in

the breast carcinoma TMA was associated with sig-

nificantly better survival compared to negative or weak
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staining (p = 0.005, Fig. 5a) in the full cohort of

patients. Twenty-year cumulative survival in the mod-

erate or strong staining group was ~75% compared to

~55% in the low to negative group.

To further extend this analysis, we determined the

prognostic significance of eEF1A2 protein expression

in patients depending on the lymph node status, ER

and HER2/neu positivity. Moderate to high expression

of the protein remained a good prognostic marker in

the subset of the patients with regional lymph node

metastases (p = 0.02, Fig. 5b), and in the patients with

tumors negative for HER2/neu (p = 0.02, Fig. 5b).

eEF1A2 protein immunostaining was not a significant

prognostic marker in node-negative (p = 0.2) or in

HER2/neu-positive (p = 0.1) patients, as well as in the

separate subsets of ER-negative or positive cases

(p = 0.1 and p = 0.08, respectively).

eEF1A2 protein expression showed weak but sig-

nificant negative correlation with p53 and Ki67

(p = 0.04 and p = 0.008, respectively; Table 1). No

significant correlation was observed between eEF1A2

immunostaining and Nottingham grade, nodal status,

estrogen and progesterone receptor, and HER2/neu

status (Table 1). Negative correlation of eEF1A2 with

the well-known proliferation markers supports the idea

of favorable prognostic significance of this biomarker.

Multivariate analysis in a Cox model with eEF1A2,

tumor grade, tumor size and nodal status in the equa-

tion shows that eEF1A2 loses statistical significance for

survival in this model (p = 0.073, HR = 0.65). eEF1A2

expression was not significant also in the Cox regres-

sion model with grade, tumor size, nodal status, and

ER and Her2/neu expression added (p = 0.52,

HR = 0.82), and in the model with ER, Her2/neu,

Fig. 3 Derivation of an
eEF1A2 antibody. (a)
eEF1A2 mRNA expression,
measured by northern blot in
breast cancer cell lines. RNA
staining of the membrane in
the lower panel served as a
loading control. (b) Left
panel. The eEF1A2 antiserum
detects an ~50 kDa band,
indicated by an arrow, in
Western blots of BT549 cells
infected with an eEF1A2
adenovirus but not in the
GFP infected control. Both
viruses were used at an MOI
of 200. Right panel A
~50 kDa band is detected in
MCF7 cells and the intensity
of this band is reduced after
transfection of an eEF1A2
siRNA. The control MCF7
has been transfected with a
scrambled siRNA. (c) The
eEF1A2 antiserum detects
GST-eEF1A2 (upper arrow)
and not GST or GST-eEf1A1
proteins. An MCF7 lysate is
used as a positive control fro
wild-type eEF1A2 (lower
arrow) (d) The eEF1A2
antiserum detects eEF1A2
immunoprecipitated from
BT549 cells infected with an
eEf1A2 adenovirus. A whole
cell lysate from the infected
cells is also shown. (e) The
eEf1A2 antiserum stains of
MCF 7 cells and the intensity
of staining is reduced using an
eEF1A2 siRNA. The
antiserum does not stain
BT549 cells
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Ki67, and p53 (p = 0.535, HR = 0.84). These data

suggest that eEF1A2 while eEF1A2 is a prognostic

marker in breast cancer, it is less powerful than other

well-known clinical and immunohistochemical factors.

Discussion

In this report, we have determined that high protein

and mRNA expression of protein elongation factor

eEF1A2 occurs in ~60% of primary human breast tu-

mors. In humans, eEF1A2 is expressed only in normal

tissue of the brain, heart and skeletal muscle [13].

Consistent with this observation, we find that eEF1A2

mRNA is poorly detected in normal breast epithelium.

We have previously reported that eEF1A2 has trans-

forming properties and can enhance focus formation in

rodent fibroblasts, allow growth in soft agar and en-

hance the tumorigenicity of mouse and human cells in

nude mice [9]. The specific up-regulation of eEF1A2 in

breast tumors and its transforming potential indicate

that it is causally involvement in breast tumorigenesis.

We have further determined that eEF1A2 expres-

sion is a useful breast cancer prognostic marker. We

find that eEF1A2 protein expression is associated with

significantly increased probability of 20-year survival.

Patients whose breast tumor has moderate or strong

eEF1A2 staining had a 20-year cumulative survival of

~75% compared to ~55% in the eEF1A2 low to neg-

ative group. At the current time, the best markers for

prognosis are ER status, lymph node involvement, tu-

mor size, expression of the Her2/neu receptor tyrosine

kinase [2, 21]. However, these four markers only

accurately predict outcome for ~30% of breast cancer

patients. For example, approximately one third of

women who are lymph node positive remain disease-

free for 10 years and one third of women who are

lymph node negative will have a disease recurrence [2,

21]. The accurate prediction of breast cancer outcome

therefore requires the identification and validation of

additional markers. Our data indicates that eEF1A2 is

one such a marker. Furthermore, moderate to high

eEF1A2 expression predicted good prognosis for pa-

tients whose tumors had no lymph node involvement

or were negative for Her2/neu. Thus, eEF1A2 will

have further use in predicting outcome in these specific

breast cancer populations.

Fig. 4 eEF1A2 staining in the
breast tumor microarray.
Examples of eEF1A2
immunostaining in breast
carcinoma TMA. H&E
staining (left column) of a
representative negative,
weak, moderate and strong
eEF1A2 immuno-staining
tumor (centre column).
Rightmost column is a higher
magnification view of the
boxed square in the centre
column
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Based on gene expression patterns, breast tumors can

be classified into two broad groups: luminal-like and

basal-like [19]. Luminal and basal tumors are so named

because of their respective keratin expression pattern

mirrors that of the basal and luminal cells of the normal

mammary epithelium [22]. The luminal/basal division of

tumors roughly corresponds to ER status, with luminal

tumors generally being ER+ while the basal ones are

usually ER– [19, 20, 23]. Patients with basal tumors have

a generally poorer prognosis than those with luminal

ones, and basal tumors are much more likely to be p53+

compared to their luminal counterparts [19, 20, 23].

eEF1A2 is not one of the genes used to discriminate

luminal tumors from basal ones, but we observe high

eEF1A2 mRNA expression almost exclusively in lumi-

nal tumors. The lack of strong correlation between

eEF1A2 and ER expression suggests that eEF1A2 may

mark a specific subset of ER– luminal tumors. There are

three luminal subtypes (A, B, C) based on gene

expression patterns and it is plausible that eEF1A2 may

mark one of these [23]. The luminal-expression pattern

of eEF1A2 further strengthens our observation that

eEF1A2 is a marker for good prognosis.

Gene expression studies indicate that breast cancer

outcome is under the control of dozens of genes,

groups of which are commonly upregulated or down-

regulated in the tumor [3–5]. While these gene groups,

termed gene signatures [6], have been used in retro-

spective studies to predict long-term survival, difficul-

ties in using gene expression profiling in routine clinical

practice make it simpler to identify new prognostic

markers using immunostaining. Of particular impor-

tance will be to identify markers have an expression

pattern that is independent of other markers. We find

that eEF1A2 protein expression in breast tumors does

not correlate with Her2/neu, tumor grade, size, nodal

status, or ER or progesterone receptor status. We find

a very weak, albeit statistically significant, inverse

correlation between eEF1A2 expression and p53 and

Ki67. The lack of striking correlation between eEF1A2

and other breast cancer prognostic markers indicates

that eEF1A2 is an independent prognostic marker as

well as a novel one [19, 20, 23].

Since we have previously described eEF1A2 as a

strongly transforming gene [9], it is surprising that its

high expression is associated with good prognosis. This

suggests that high expression of eEF1A2 can enhance

transformation and tumorigenesis in breast cells, but

some facet of the oncogenic program activated by

eEF1A2 or that eEF1A2 is part of, is less malignant

than that of other oncogenes such as Her-2/neu. For

example, eEF1A2 may not activate an effective met-

astatic program or induce effective angiogenesis.

Fig. 5 eEF1A2 expression is associated with increased 20-year
survival probability. (a) Disease-specific survival comparison for
the patients with negative or weak expression of eEF1A2
compared to those with moderate to strong expression. Cumu-
lative survival probability is plotted as a function of years
following diagnosis. The difference is significant at p = 0.005. (b)
Disease-specific survival comparison for the patients with
negative or weak expression of eEF1A2 compared to those with
moderate to strong expression in lymph node positive (upper
panel) or Her-2 (lower panel) tumors. In node-positive and her-2
negative patients, eEF1A2 expression is a significant prognostic
indicator (p = 0.02 for both)
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Understanding the mechanism by which eEF1A2

activates tumorigenesis will be necessary to understand

why its expression is associated with good prognosis.

The small but negative correlation that we have ob-

served between eEF1A2 and Ki67 suggest that eEF1A2

is unlikely to be associated with increased mitotic index,

suggesting that eEF1A2 drives oncogenesis through a

pathway not obligately tied to enhanced proliferation

[24]. However, the mechanism(s) by which eEF1A2

induces tumor formation remains an open one. eEF1A2

is a protein elongation factor and recruits amino-acyl-

ated tRNA to the ribosome during the elongation phase

of translation [10]. eEF1A2 could therefore enhance

tumorigenesis by upregulating the translation of pro-

teins having a direct role in cell growth control or

tumorigenesis [25]. The eIF4E protein initiation factor

seems to function in this manner and ectopic eIF4E can

increase the abundance of several proteins that upre-

gulate cell growth and angiogenesis, among them c-Myc,

cyclin D1, VEGF and FGF-2 [26]. Our observation that

Her2/neu and ER expression is independent of eEF1A2

expression suggests that eEF1A2-activated oncogenesis

is unlikely to involve Her2/neu or ER. It is possible that

eEF1A2 may enhance oncogenesis independent of its

function in translation. The eEF1As protein binds to

actin and can regulate actin and tubulin polymerization

[11]. eEF1A proteins have also been reported to acti-

vate phosphotidyl-inositol-4-kinase [27] and to be

important in ubiquitination [28]. eEF1A2 may regulate

tumorigenesis through these processes.

EEF1A2, the gene encoding eEF1A2, maps to

20q13.3 [29]. Genes in 20q13 are frequently amplified

in breast cancer [30] and high-level amplification of

20q13 is associated with poor outcome [31]. In addition

to EEF1A2, the 20q13 amplicon includes several genes

that may have a causal relationship with cancer,

including the ZNF217 transcription factor, the Aurora-

A kinase, and the CYP24 [32]. Our observation that

high eEF1A2 expression is associated with good

prognosis suggests a complex interplay of oncogenic

pathways regulated by 20q13 genes.

In summary, we have identified eEF1A2 as a novel

breast cancer oncogene by virtue of its overexpression.

eEF1A2 is likely to be a useful prognostic marker for

good outcome. Our current study has been retrospec-

tive in nature and the further utility of eEF1A2 in

breast cancer prognosis will require prospective anal-

ysis of eEF1A2 in breast cancer.
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Abstract

eEF1A2 is a protein translation factor that is a likely human oncogene by virtue of its

capacity to transform mammalian cells and its high expression in tumours of the ovary, breast

and lung. Here, we show that expression of eEF1A2 is sufficient to stimulate the formation of

filopodia in BT549 human breast cancer cells and non-transformed Rat2 cells.  Filopodia

formation in eEF1A2-expressing cells is dependent on the activity of phosphatidylinositol-3

kinase (PI3K), and the ROCK and Akt kinases.  Furthermore, eEF1A2 expression is sufficient to

activate Akt in a PI3K-dependent fashion and inactivation of eEF1A2 by siRNA reduces Akt

activity. Using breast cancer cell line BT 549, we show that eEF1A2 expression stimulates cell

migration and invasion in a largely PI3K and Akt dependent manner. These results suggest that

eEF1A2 regulates oncogenesis through Akt and PI3K-dependent cytoskeletal remodeling.
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Introduction

eEF1A2 (eukaryotic protein elongation factor 1 alpha 2) is one of two isoforms of protein
elongation factor eEF1A (eEF1A1 and eEF1A2). eEF1A proteins are GTP-binding proteins that

interact with amino-acylated tRNA and recruit them to the ribosome during the elongation phase

of protein translation. The two human isoforms share > 90% identity and have essentially the
same function during protein translation (Knudsen et al., 1993). eEF1A1 is expressed

ubiquitously whereas mammalian eEF1A2 expression is limited to the heart, brain, and skeletal

muscle (Kahns et al., 1998; Knudsen et al., 1993; Lee et al., 1993).

eEF1A2 is likely to be an important human oncogene (Lee, 2003). EEF1A2, the gene
encoding eEF1A2, is amplified and its mRNA overexpressed in ~30% of primary human ovarian

cancers (Anand et al., 2002). Expression of wild-type eEF1A2 transforms rodent fibroblasts and

increases their tumorigenicity in nude mice (Anand et al., 2002). Amplification of EEF1A2 and
increased eEF1A2 mRNA and protein overexpression has also been reported in lung and breast

tumours (Kulkarni et al., 2006; Tomlinson et al., 2005; Wang et al., 2004). In lung cancer, high
expression of eEF1A2 correlates with increased Ki-67 expression and is associated with poor

prognosis (Wang et al., 2004). Furthermore, eEF1A2 may also have a role in metastatic

development and it is overexpressed in metastatic rat mammary adenocarcinoma cell lines
relative to non-metastatic controls (Edmonds et al., 1996; Pencil et al., 1993).  While these

observations implicate eEF1A2 in oncogenesis, little is known about the molecular mechanisms
by which eEF1A2 could enhance tumour development.

eEF1A proteins have cellular functions in addition to their canonical role in translation
elongation. eEF1A from several species and genera binds to actin filaments and microtubules

both in vivo and in vitro (Condeelis, 1995).  Binding of Dictyostelium eEF1A to F-actin enhances
actin bundling (Yang et al., 1990), suggestive of a role for eEF1A in actin cytoskeleton

remodeling. Two C-terminal domains in the Dictyostelium eEF1A protein directly bind actin

(Condeelis, 1995).  These domains are distinct from sequences that bind GTP, tRNA or are
responsible for GTP hydrolysis. Saccharomyces cereviseae has two eEF1A genes (TEF1 and

TEF2), both of which more closely resemble human eEF1A1 than eEF1A2 gene. TEF1 proteins
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that are deficient in actin bundling are competent in translation elongation, indicating that actin

interaction and peptide elongation are independent functions of the protein (Gross & Kinzy,
2005).  While ectopic TEF1  or TEF2 expression in S. cereviseae leads to a general

disorganization of the actin cytoskeleton (Munshi et al., 2001), the effect that mammalian
eEF1A2 expression has on the eukaryotic actin cytoskeleton has yet to be fully investigated.

eEF1A proteins have also been implicated in phosphatidylinositol (PI) signaling. PIs are
negatively charged, low-abundant, membrane-bound phospholipids that serve as regulators of

multiple signaling pathways (Carpenter & Cantley, 1990; Fruman et al., 1998; Meijer & Munnik,
2003; Overduin et al., 2001).  An eEF1A-related protein, PIK-A49, has been purified from carrot

cells based on an ability to increase the in vitro lipid kinase activity of phosphatidylinositol-4

Kinase (PI4K) (Yang et al., 1993). PI4 kinases catalyze the phosphorylation of the D4 carbon of
the inositol ring (PI) (Heilmeyer et al., 2003). Phosphatidylinositol-4 phosphate (PI4P) is an

obligate precursor of phosphatidylinositol-(4,5) biphosphate (PIP2) and phosphatidylinositol-

(3,4,5) triphosphate (PIP3). PIP3 is a lipid second messenger that activates diverse signaling
pathways important in oncogenesis, among them activation of the Akt serine/threonine kinase

(Vivanco & Sawyers, 2002). Akt directly and indirectly controls the activity of many oncogenic
pathways, including proliferation, growth, apoptosis and actin filament remodeling (Qian et al.,

2004; Vivanco & Sawyers, 2002). Recently eEF1A1 has been determined by mass spectroscopy

to be a possible binding partner for Akt2 and ectopic eEF1A2 expression has been shown to
increase Akt abundance (Lau et al., 2006).  However functional aspects of eEF1A/Akt

interaction remain unexplored.

In this report, we find that eEF1A2 is a novel activator of Akt. Akt activation by eEF1A2

is dependent on phosphatidylinositol-3 kinase (PI3K).  Furthermore, eEF1A2 induces filopodia
production in rodent and human cell lines and enhances cell invasion and migration in an Akt-

and PI3K-dependent manner. This indicates an important role for eEF1A2 in controlling
phosphatidylinositol signaling, actin remodeling and cell motility.
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Results

eEF1A2 expression induces rearrangement of the actin cytoskeleton. To examine a role for

eEF1A2 in actin remodeling, we ectopically expressed eEF1A2 in cell lines that normally do not

express eEF1A2.  As shown in Figure 1a, eEF1A2 protein is expressed in the MCF7 human

breast adenocarcinoma line but is not detectable in the BT549 human breast ductal carcinoma

cancer cell line nor the rat Rat2 non-transformed fibroblast line. eEF1A2 protein is also

detectable in the rat ovarian epithelial ROSE 199 cell line (right panel fig 1a)(Adams &

Auersperg, 1985). The eEF1A2 antibody used for this analysis recognizes an eEF1A2 epitope

(KVERKEGNASGVSLLEALDT) that is identical between the rat and human eEF1A2 isoforms

(Kulkarni et al., 2006).  High expression level of eEF1A2 protein was detected in selected cell

lines (Figure 1c).  Cells infected with empty pLXSN or transfected with an empty pCDNA3.1

vector were used as controls.

To examine a role for eEF1A2 in controlling the actin cytoskeleton, we stained eEF1A2-

expressing cells and controls with phalloidin.  Control BT549 cells showed prominent actin

stress fibers, a thin but recognizable lamellipodia, but very few filopodia-like structures (figure

2a). Filopodia are pencil-like bundles of parallel actin fibers that emerge from the cell

lamellipod.  Filopodia exist in many cell types and have a role in activating and sustaining cell

migration (Carragher & Frame, 2004; Chodniewicz & Klemke, 2004). eEF1A2-expressing

BT549 cells showed a dramatic increase in the number and length of filopodia-like structures

emerging from the lamellipod (Figure 2a). These filopodia are > 10 µM in length. Filopodia in

control BT549 cells, when present, were < 1µM.  In many eEF1A2-expressing cells, the

filopodia are not only greater in number but also exhibit branching as they project outward.

Branched filopodia were not observed in any control BT549 cells.  Filopodia structures in the

eEF1A2 expressing cells are somewhat polarized, meaning that they are often longer and more

branched at one side of the cell (Figure 2a). Increased filopodia number and length was observed

in all eEF1A2-expressing BT549 clones, independent of whether they were made by retroviral

infection or plasmid transfection.  This indicates that observed eEF1A2-dependent actin

remodeling is unlikely to be due to chance clonal variation. To further confirm that the increase

in filopodia formation was dependent on eEF1A2, we inhibited eEF1A2 by adding eEF1A2
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siRNA to eEF1A2-expressing BT549 cells. Using this siRNA, we are generally able to reduce

the eEF1A2 level by ~90% relative to control siRNA (Figure 2b).  Addition of eEF1A2 siRNA

resulted in a reduction in filopodia formation relative to control siRNA (Figure 2c) .

To determine whether eEF1A2 could induce filopodia formation in other cell types, we

next expressed eEF1A2 in non-transformed rodent Rat2 cells.  Rat2 does not express detectable

eEF1A2 protein (Figure 1a). Like BT549 cells, eEF1A2 expression activated the appearance of

filopodia structures in Rat2 cells (Figure 2d).  Filopodia were not observed in control Rat2 cells.

No discernable alteration in lamellipodia or stress fibers was observed upon eEF1A2 expression.

The ability of eEF1A2 to induce filopodia formation in both transformed (BT549) and non-

transformed (Rat2) cell lines, indicates that eEF1A2’s effect on actin remodeling is unlikely to

be cell-line specific.

To further characterize eEF1A2-induced filopodia, we observed their formation by video

time-lapse microscopy.  As shown in Figure 3a, filopodia were visible by light microscopy only

in eEF1A2 expressing cells. These filopodia protruded outward from the eEF1A2-expressing cell

in the general direction of cell movement, indicating that they do not derive from cytoplasmic

retraction (Figure 3a). To further study the filopodia structures, we stained eEF1A2-expressing

BT549 cells with a VASP antibody and phalloidin (Figure 3b).  VASP is a member of the Ena

(Drosophila enabled)/ VASP (vasodilator-stimulated phosphoprotein) proteins, which are

localized to focal adhesions, along stress fibers and at the tips of lamellipodia and many filopodia

(Reinhard et al., 1992; Svitkina et al., 2003).  VASP is a key player in the formation of filopodia.

In eEF1A2 expressing cells, VASP was mostly detectable at the base of the filopodia and

between and within the actin fibers.

eEF1A2-dependent actin reorganization requires phosphatidylinositol-3 kinase, Akt and ROCK

activity. Phosphatidylinositol-3 kinase (PI3K) is involved in many cellular processes, including

growth, survival and actin filament remodeling (Vivanco & Sawyers, 2002).  To test the
hypothesis that eEF1A2 may regulate filopodia through  PI3K-dependent signaling, we added

LY294002, a specific inhibitor of PI3K to eEF1A2-expressing cells and observed filopodia
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formation.  As shown in Figure 4a and 4b, addition of LY294002 reduced the size and number of

filopodia structures in both Rat2 and BT549 cells.  This reduction was dose-dependent: filopodia
shorten to <5 uM in 10 µM LY294002 and branching is reduced in both Rat2 and BT549 cells.

20 µM LY294002 reduced filopodia number to wild type levels in both cells.  LY294002 had no

visible effect on lamellipodia or stress fibers.  These observations indicate that PI3K activity is

required for actin filament rearrangement induced by eEF1A2.

Because filopodia formation is dependent on PI3K, we next determined eEF1A2 could

directly bind PI3K or was an activator of PI3K activity. To this end, we transiently expressed
eEF1A2 in BT549 cells using an eEF1A2-adenovirus.  As shown in Figure 4c, ectopically

expressed eEF1A2 did non-co-immunoprecipitate with endogenous PI3K.  Furthermore, eEF1A2

expression did not alter overall abundance of PI3K (Fig 4c) nor the activation status of PI3K
(Figure 4d).  PI3K activity was measured by phosphorylation of tyrosine 506 (Y506) the p85

subunit of PI3K, a marker for P13K activity (Chen et al., 2004).

A key target of PI3K is Akt. Akt is involved in many biological processes, among them

proliferation, apoptosis and growth (Vivanco & Sawyers, 2002).  It has also been shown that
PI3K remodels actin filaments through the activation of Akt (Qian et al., 2004).  To test whether

Akt is also involved in filopodia formation by eEF1A2, we used API-2, a specific inhibitor of
Akt (Yang et al., 2004) to eEF1A2-expressing cells.  As shown in Figure 4e, addition of API-2

greatly reduced the formation of filopodia in eEF1A2-expressing BT549 cells, indicating that

Akt is required for eEF1A2-dependent filopodia formation .

Recently, it has been shown that PI3K regulates filopodia dynamics through Akt and
ROCK (Tornieri et al., 2006). ROCK kinase is a downstream effector of the RhoA GTPase

(Riento & Ridley, 2003).  To investigate whether Rho signaling has any role in the formation of

filopodia by eEF1A2, we used ROCK inhibitor Y27632.  As shown in Figure 4f, addition of
Y27632 decreased the number and length of filopodia to the wild-type level in eEF1A2-

expressing BT549 cells, suggesting the importance of ROCK kinase in the formation of filopodia

by eEF1A2.
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Expression of eEF1A2 is sufficient to activate Akt in a PI3K-dependent manner.  Because

filopodia production by eEF1A2 was, at least in part, dependent on Akt activity, we determined
whether eEF1A2 might be involved in Akt activation. Akt is activated by its membrane

translocation and phosphorylation at Thr 308 and Ser 473.  Thus, phosphorylations of Thr 308
and Ser 473 serve as surrogate markers of Akt activation.  To determine whether the expression

of eEF1A2 has any effect on Akt activation, we transiently expressed eEF1A2 in BT549 cells

using an eEF1A2-adenovirus and then used Western blotting to determine the phosphorylation
status of Thr 308 and Ser 473.  As shown in Figure 5a, infection of eEF1A2 increased

phosphorylation of both Thr 308 and Ser 473 relative to GFP-infected cells.  Moreover, BT549
cells that stably express eEF1A2 also showed increased levels of phosphorylation at both Thr

(308) and Ser (473) sites relative to control cells (Figure 5b). We next used siRNA to inactivate

eEF1A2 in MCF7 breast cancer cells. Endogenous eEF1A2 is readily detectable in wild-type
MCF7 cells (Figure 1a). In these cells, EF1A2 siRNA reduced Akt phosphorylation somewhat

(1.8 when normalized to actin). Inhibition of Akt activity was not complete, suggesting that

while eEF1A2 has a physiological role in controlling Akt activity, there are likely to be eEF1A2-
independent pathways of Akt activation.  To determine whether Akt activation by eEF1A2 was

dependent on PI3K activity, we treated eEF1A2-overexpressing BT549 cells with LY294002. As
shown in Figure 5d, LY294002 inhibited the activation of Akt in a dose-dependent manner.

However, addition of Rapamycin, an inhibitor of mTOR/Raptor complex, had no affect on Akt

activation by eEF1A2 (Figure 5e).  Taken together our results indicate that eEF1A2 is a
functional regulator of Akt activity.

Expression of eEF1A2 increases cell migration.  Filopodia structures are critical for cell

migration and invasion (Chodniewicz & Klemke, 2004) and activation of Akt has previously

been reported to increase cell migration and invasion (Arboleda et al., 2003).  Enhanced
formation of filopodia and Akt activation in eEF1A2-overexpressing cells suggests that eEF1A2

might be involved in both migration and invasion.  To assess whether overexpression of eEF1A2
is sufficient to increase cell migration, we measured the migration of BT549 cells using transwell

migration assays.  As shown in Figure 6a, eEF1A2 expression significantly enhanced cell

migration relative to control cells (Student’s t-test, p<0.05).  To determine whether PI3K activity
is required for this increase in cell migration, we measured migration in the presence of
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LY294002.  As shown in Figure 6b, PI3K inhibition significantly reduced the extent of migration

in eEF1A2 expressing cells (Student’s t-test, p<0.05).  However, the magnitude of this migration
in the presence of 20 µM LY294002 was still higher than the control and increasing LY294002

dosage had no further inhibitory effect on migration but did cause cytotoxicity (data not shown).

To investigate whether Akt has any effect on the cell migration by eEF1A2, we added Akt
inhibitor, API-2, to the BT549 cells overexpressing eEF1A2.  As in the case of LY294002 and

wortmannin, addition of API-2 significantly reduced cell migration (student’s t-test, p<0.05)

but it did not completely abolish it to the same level as control cells (Figure 6c). Similarly,
addition of wortmannin, another PI3K inhibitor, at the concentration of 10 nM significantly

(Student’s t-test, p<0.05)  decreased the magnitude of cell migration in eEF1A2-expressing cells

(Figure 6c).   These results suggest that activation of PI3K and Akt is important in eEF1A2-
induced cell migration.

Expression of eEF1A2 is sufficient to increase cell invasion.  To investigate a role for

eEF1A2 in invasion we coated transwells with Matrigel to simulate the basal lamina.  As shown

in Figure 7, significantly (Student’s t-test, p<0.05) more eEF1A2-expressing cells invaded
through the matrix than control cells, suggesting that eEF1A2 is an enhancer of cell invasion.

Furthermore, this enhanced invasion in eEF1A2-expressing cells was significantly (Student’s t-
test, p<0.05) inhibited by LY294002 and API-2, indicating a dependence of eEF1A2-induced

invasion on PI3K and Akt activities (Figure 7a and 7b).  However, like the case with eEF1A2-

induced migration by LY294002/wortmannin or API-2 never completely reduced invasion to
wild-type levels, suggesting the existence of PI3K-independent pathways through which eEF1A2

stimulates invasion and migration.  Addition of mTOR/Raptor inhibitor, rapamycin, had no
effect on either cell migration or invasion by eEF1A2, indicating that mTOR/Raptor pathway is

not involved in these processes (Figures 6c and 7b).

Expression of eFF1A2 has no effect on spreading and adhesion.  Cell adhesion and spreading are

cellular processes that occur during cell migration.  To determine whether eEF1A2 had any
effect on cell spreading, we used video microscopy to observe the behavior of BT549 cells on

fibronectin-coated plates.  eEF1A2-expressing cells and controls were trypsinized, plated and

observed for lamellipodia formation.  As shown in Figure 8a, by 10 minutes, control cells begin
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to form a visible lamellipod (arrow) and by 28 minutes have developed large lamellipodia.

eEF1A2-expressing cells formed a lamellipod with similar kinetics, indicating that eEF1A2
expression is not affecting cell spreading, as measured by lamellipod formation.  This result is

consistent with our observation (Figure 2) that eEF1A2 does not affect lamellipodia appearance.
To determine whether eEF1A2 affected cell adhesion, we trypsinized BT549 cells and added

them to fibronectin-coated coverslips.  At various times after cell addition, coverslips were

washed and fixed to remove the unstably attached or detached cells and to observe cells that had
strongly adhered to their growth substrate.  The number of adhering cells therefore serves as an

indirect measure of cell adhesion.  As shown in Figure 8b, control and eEF1A2 expressing cells
had similar adhesive parameters.  Thus, eEF1A2 detectably affects neither cell spreading nor the

kinetics of the adhesion process.
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Discussion

eEF1A2, protein elongation factor eEF1A2, is likely to be an important oncogene (Thornton et

al., 2003). eEF1A2 is highly expressed in 30-60% of tumors of the ovary, breast, and lung

(Kulkarni et al., 2006; Lee, 2003; Li et al., 2005; Tomlinson et al., 2005).  Wild-type eEF1A2

has transforming properties: it enhances focus formation, allows growth in soft agar, and

increases the tumorigenicity of mouse and human cells in nude mice (Anand et al., 2002).

However, the mechanism by which eEF1A2 induces oncogenesis is unclear.  Here, we show that

eEF1A2 activates the Akt serine/threonine kinase and stimulates actin remodeling that is

dependent on PI3K, Akt and ROCK. eEF1A2 expression also makes cells more motile and

invasive in vitro.  We propose that eEF1A2 promotes tumour development through PI3K-

dependent activation of Akt and an Akt-dependent increase in filopodia formation and motility.

eEF1A2 is one of two isoforms of eEF1A, eEF1A1 and eEF1A2. eEF1A proteins are

relatively well conserved during evolution, and eEF1A homologues have been identified in yeast

and C. elegans, among others.  Beyond its role in translation, eEF1A has additional cellular

functions.  Interaction of eEF1A with the actin cytoskeleton was first demonstrated in

Dictyostelium (Yang et al., 1990) and eEF1A proteins of several animal genera have been

reported to bind F-actin and bundle them in vitro (Edmonds et al., 1996; Munshi et al., 2001;

Yang et al., 1990). There are two S. cerevisiae eEF1A homologues (TEF1, TEF2); both are more

related to eEF1A1 than eEF1A2.  In the Tef1 protein, actin bundling and translation elongation

are separable enzymatic activities because Tef1 point mutations that inhibit actin binding and

bundling have no substantial effect on translation (Gross & Kinzy, 2005). The two functions are

also physically separate on the eEF1A protein: two domains in the C terminus of eEF1A bind

actin while the GTP binding, hydrolysis and tRNA interacting domains are found in the eEF1A

N-terminus (Condeelis, 1995; Hershey, 1991). Ectopic expression of Tef1 or Tef2 proteins in S.

cereviseae reduces the accumulation of F-actin structures at the bud (Munshi et al., 2001) but the

effect of eEF1A on the actin cytoskeleton of mammalian cells has not been previously reported.

We find that eEF1A2 expression increases the formation of filopodia structures in rodent and

human cells. Filopodia are bundles of parallel actin that protrude outward from the cell

membrane. Protrusive actin structures have an important role in driving cell migration and
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invasion, particularly in metastatic tumour cells (Yamaguchi et al., 2005). Consistent with an

involvement of filopodia in cell movement, we found that eEF1A2 causes cells to be more

migratory and invasive in vitro.

The increased invasiveness of eEF1A2-expressing cells suggests that eEF1A2 might have

a role in tumor metastasis.  In fact, eEF1A has previously been reported to be overexpressed in

metastatic rat mammary adenocarcinoma cell lines compared to non-metastatic ones (Edmonds
et al., 1996; Pencil et al., 1993).  Because metastatic development is the ultimate cause of death

in cancer, the ability of eEF1A2 to increase migration predicts that eEF1A2 expression would be
associated with poor prognosis. Consistent with this idea, lung cancer patients whose tumour

have high levels of eEF1A2 have a reduced probability of survival compared to their non-

eEF1A2 expressing counterparts (Li et al., 2005). In addition, high eEF1A2 expression is
associated with severe tumor grades and metastasis in several cancer cell lines (Edmonds et al.,

1996; Li et al., 2005; Pencil et al., 1993).  We have recently determined the prognostic
significance of eEF1A2 in breast cancer (Kulkarni et al., 2006).  To our astonishment, we find

that high eEF1A2 protein expression correlates with an increased probability of 20-year survival

(Kulkarni et al., 2006). eEF1A2 expression is independent of other breast cancer prognostic
factors. It is a surprise to us that expression of an Akt activator and an enhancer of cell migration

correlates with enhanced survival probability. For example, expression of Snail, an inducer of
cell migration, correlates with poor survival in breast cancer (Moody et al., 2005). Because of its

transforming capacity and its high tumour-specific expression, eEF1A2 is likely to be promoting

tumour growth in breast cells.  However, we speculate that while eEF1A2 may activate several
oncogenic processes (i.e. Akt activation and enhancing migration), it may be a less potent breast

cancer oncogene than others.  Alternatively, eEF1A2 may alter some malignant process that

inhibits patient mortality.  For example, a capacity for eEF1A2 to promote cell proliferation may
make the tumour more susceptible to chemotherapy or eEF1A2 expression may drive tumour

cells into a more differentiated and therefore less malignant state.  Possibly, the enhancement of
motility by eEF1A2 may preclude the successful colonization of metastatic sites because

migratory cells that leave the primary tumour may be too motile to stably colonize secondary

sites. The observation that eEF1A2 expression is a marker of good prognosis in breast (Kulkarni
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et al., 2006) and a marker of poor prognosis in lung (Li et al., 2005). may reflect the different

microenvironments and physiology of these two malignancies.

The PI3K and Akt pathway regulates many cellular processes, including cell adhesion,
proliferation, survival, and cytoskeletal rearrangement (Vivanco & Sawyers, 2002). Our

observation that eEF1A2 activates Akt suggests a plausible explanation for the capacity of

eEF1A2 to transform cells in vitro and suggests that eEF1A2 promotes tumour development
through Akt. Furthermore, we find that the capacity of eEF1A2 to stimulate cell migration is Akt

dependent.  Over-expression of Akt2 has been shown to increase invasion and metastasis in
human breast and ovarian cancer cells in a PI3K-dependent manner (Arboleda et al., 2003). The

mechanism by which eEF1A2 could activate Akt is unknown, although we speculate that

phosphatidyl-inositol signaling is involved (see below). Akt2 has recently been identified as an
interacting partner of eEF1A1 (Lau et al., 2006). It is therefore possible that binding of eEF1A1

or eEF1A2 to Akt may directly activate the kinase, although the biological significance of

eEF1A1/Akt interaction has yet to be determined. It is also unknown whether eEF1A2 directly
binds any Akt isoform.  Chang and Wang, 2006 found that overexpression eEF1A2 in mouse

NIH 3T3 fibroblast cells resulted in increase of the Akt level in these cells.  However, we did not
see any increase in steady state of Akt levels in BT 549 breast cancer cells or Rat2 cell.  While a

role for eEF1A2 in controlling Akt abundance is possible, eEF1A2 does not alter steady-state

Akt levels in our hands.

We have found that induction of filopodia by eEF1A2 is dependent on PI3K, Akt, and

ROCK signaling. The ability of eEF1A2 to activate migration and invasion in breast cancer cells

in vitro is largely, but not completely,  PI3K-dependent. Therefore, eEF1A2 is likely to be

involved in both PI3K-dependent and independent pathways that control filopodia formation and

cell migration and invasion.  Overexpression of PI3K has been shown to cause an increase of

both lamellipodia and filopodia formation in chicken embryo fibroblast cells as well as a

decrease of actin stress fibers (Qian et al., 2004). Akt has been postulated to modulate actin

remodeling through two substrates: Girdin (Enomoto et al., 2005) and Pak1 (Zhou et al., 2003).

Girdin is an actin bundling protein (Enomoto et al., 2005) and Pak1 is a member of the PAK

(p21-activated kinase) family serine/threonine kinases that phosphorylate several proteins that
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directly or indirectly stimulate actin remodeling(Kumar et al., 2006). In the future it will be

interesting to determine whether either Girdin or Pak1 is involved in eEF1A2-dependent

filopodia formation.

Our study shows that eEF1A2 overexpression only affects filopodia but not lamellipodia

or stress fiber formation in a PI3K/Akt-dependent manner. The ability of eEF1A2 to activate

filopodia only indicates that eEF1A2 does not regulate all types of actin structures in mammalian

cells .  While eEF1A proteins from yeast and Dictyostelium have been reported to have actin

bundling activity, it is not clear whether eEF1A2 regulates filopodia by directly bundling actin.

It has been suggested however, that eEF1A cross-links actin filaments in a way that exclude

other proteins to cross-link F-actin (Owen et al., 1992), suggesting a direct interaction between

eEF1A2 and actin filaments.  Because eEF1A2 induction of filopodia is dependent on PI3K,

eEF1A2 may regulate actin rearrangement not through direct actin bundling but through

phosphoinositide-dependent signaling.  The dependence of eEF1A2 induction of filopodia on

ROCK as well as PI3K is consistent with this idea.  Because ROCK is a Rho effector and Rho

activity is dependent on PI3K, we hypothesize that eEF1A2 activates actin rearrangement by

stimulating PI(3,4,5)P generation and activating ROCK through Rho A.  Because we find the

eEF1A2-dependent activation of Akt is dependent on PI3K activity, we also propose that Akt

activation by eEF1A2 is via PIP3 generation.

       A role for eEF1A proteins in phospho-inositol signaling has previously been suggested by

the identification of the carrot eEF1A homologue PIK-A49 as direct activator of

phosphatidylinositol-4 kinase (PI4K) (Yang et al., 1993).  Because PIK-A49 has not been cloned

as a full-length cDNA, it is unclear whether PIK-A49 is a bona fide eEF1A gene, but protein

sequences of PIK1A9 have a high homology to eEF1A proteins from multiple species.  Because

PI4K activity has the potential to regulate the downstream abundance of important lipid second

messengers PI(4,5)P and PI (3,4,5)P, eEF1A2 may also activate filopodia formation through

activation of PI (3,4,5)P abundance by increasing PI4K activity.  A recent report by Pendaries

and colleagues indicate that PI5P created by the Shigella parasite can activate Akt in a PI3K-

dependent fashion, suggesting that phospholipids abundance may activate PI3K-dependent

signaling (Pendaries et al., 2006).  It is possible that eEF1A2 may enhance PI (3,4,5)P generation
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by activating PI4K. Recent identification of Akt2 as a potential interacting partner of eEF1A1

and Fascin (an actin bundling protein) and mRif (mouse Rho in Filopodia) as eEF1A2 binding

proteins (Chang & Wang, 2006; Lau et al., 2006) suggest that eEF1A2 controls filopodia

formation by bringing a complex of actin and PI4K/Akt/Rho signaling proteins together.

The two human eEF1A isoforms (eEF1A2 and eEF1A2) are very similar proteins (92%

amino acid identity).  The two isoforms appear to have the same activity in protein elongation

(Kahns et al., 1998).  However, it has yet to be determined whether both isoforms have

equivalent oncogenic capacity or have the same ability to alter cell motility. We have been

unable to directly test the in vitro effect of high eEF1A1 expression because we have been

unsuccessful at generating cell lines ectopically expressing high levels of eEF1A1 (D. Purcell &

J.M. Lee, unpublished observations). We speculate that high levels of eEF1A1 may be toxic to a

cell or that some cellular feedback mechanism exists to prevent steady-state eEF1A1 levels from

increasing beyond some threshold level.  If eEF1A1, like eEF1A2,  were oncogenic, we would

expect that, like eEF1A2 (Lee, 2003), the gene for eEF1A1 would be commonly amplified

during oncogenesis and that some tumours would have high eEF1A1 mRNA expression. The

eEF1A1gene, EEF1A1,   maps to 6q14.1.  This region is not frequently amplified in any

malignancy and is deleted in squamous cell carcinoma, osteosarcoma and prostate cancer

(Fitzsimmons et al., 2003; Nathrath et al., 2002; Verhagen et al., 2002). This suggests that

6q14.1 contains a tumour suppressor.  Similarly, we have not detected high expression of

eEF1A1 in ovarian or breast tumours (Anand et al., 2002 and unpublished data). While the issue

of eEF1A1’s oncogenicity will require further  investigation, based on the lack of tumour-

specific EEF1A1 amplification or gene overexpression, we speculate  that eEF1A1 is unlikely to

be an oncogene, an idea consistent with the high level of eEF1A1 expression in normal tissue.

The ability of eEF1A2 to enhance migration and Akt activation suggests that eEF1A2 can

be a target for anti-cancer therapy.  The drug Aplidin, a derivative of didemnin B, an eEF1A

binding drug that inhibits GTP hydrolysis and translation elongation (Crews et al., 1994), is

currently undergoing clinical trials as an anti-cancer agent (Jimeno et al., 2004). Because

eEF1A2 is associated with poor prognosis in lung cancer (Li et al., 2005), these patients would

be predicted to benefit from eEF1A2 inactivation.
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In summary, we report several novel functions of the eEF1A2 oncogene: eEF1A2

expression activates Akt and stimulates cell migration, invasion and filopodia formation in an

Akt and PI3K-dependent pathway. These observations are consistent with the idea that eEF1A2

may promote tumour development through phosphatidyl-inositol signaling and actin remodeling.
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Material and methods
Cell lines.  Rat2, Phoenix and BT549 cell lines were purchased from the American Tissue
Culture Collection (ATCC) and were grown in ATCC recommended media in 5% CO2 at 37˚C

in 1005 humidity. ROSE 199 cells were a gift of Dr. Nelly Auersperg (UBC).

Plasmid constructs, siRNA and cell line preparation.  To generate an eEF1A2 retrovirus, full-

length eEF1A2 with the C-terminal V5 tag was subcloned into pLXSN (Clontech) in EcoRI and
XhoI sites.  Retrovirus was generated in Phoenix Ampho cells.  50% confluent BT549 were

infected with 1 ml of viral supernatant in the presence of 4 µg polybrene (Sigma) and selected

using G418 for 2 weeks.  For eEF1A2 adenovirus generation, eEF1A2 was subcloned into

pShuttle-IRES-hrGFP-1 in EcoRV and XhoI sites and the virus was manufactured by the central
facility of the University of Ottawa.  eEF1A2 and GFP  control adenovirus were used at a MOI

of 200.  To produce eEF1A2-pCDNA 3.1, full-length eEF1A2 with the C-terminal V5 tag was
subcloned into pcDNA 3.1/GS (Invitrogen) in EcoRI and XhoI sites.  Lipofectamine 2000

(Invitrogen) was used for transfection as manufacturer recommended.  Zeocin was used to select

stable cell lines.  The sequence of eEF1A2- siRNA is 5’UCGAACUUCUCAAUGGUCCTT-3’.
Transient transfection of siRNA was carried out using 4 µl of Lipofectamine 2000 and 5µl of

siRNA (100 nM).

Western blotting and immunoprecipitation. Cells were lysed using RIPA buffer (50 mM Tris-Cl;

pH7.4, 1% Triton X-100, 1% Sodium deoxycholate, 0.1% SDS, 1mM EDTA; pH7.0, 150 mM
NaCl) supplemented with 1% aprotonin, 1 mg/ml leupeptin, 50 mM NaF, 1 mM Na3VO4, 10

µg/ml pepstatin in ethanol, 1mM PMSF in DMSO. Protein concentrations determined by

Bradford protein assay (Pierce).  Approximately 30 µg of protein extracts were separated by

SDS-PAGE and transferred to PVDF membrane.  Anti-V5-HRP (Invitrogen), anti-FLAG

(Sigma), beta actin (Sigma), Akt, phospho-Akt (Cell Signaling Technology), goat anti-mouse
IgG, HRP-conjugate (Upstate Cell Signaling Solutions) and anti-rabbit IgG, HRP-linked

antibody (Cell Signaling Technology) were used according to manufacturer recommendations.

Anti-eEF1A2 was manufactured as described (Kulkarni et al., 2006) and was used at 1:2000
dilution.  Protein bands were visualized by chemiluminescence reagent ECL (Amersham). For

PI3K/eEF1A2 interaction, BT549 cells were grown to 50% confluence and transduced with
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either GFP or eEF1A2 adenovirus (MOI of 200) or left untransduced.  After a 24 hour infection

period, cells were lysed in RIPA buffer. 100µg of total protein from each case were pre-cleared
with protein A agarose (Upstate Cell Signaling Solutions) or protein G sepharose (Amersham

Biosciences) for one hour at 4oC.  2-4 µg of anti-PI3K p85 (Upstate Cell Signaling Solutions) or
anti-V5 (Sigma) antibody were added to lysates and incubated overnight at 4oC.  The antibodies

used for the western are: PI3Kp85 (1:2000 in TBST), Y-pPI3Kp85 (Santa Cruz Biotechnology

Inc.; 1:1000 in TBST), Flag M2 (Sigma; 1:2000 in TBST), and V5 (1:2000 in TBST), anti-rabbit
IgG-HRP conjugate (Cell Signaling Technology, 1:5000 in TBST), and anti-mouse IgG (Upstate

Cell Signaling Solutions, 1:5000 in TBST).

Immunofluorescence and video microscopy. Cells were grown on coverslips coated with 50
µg/ml poly-D-lysin (Sigma) prior to fixation or video microscopy.  For immunofluorescence

staining, cells were fixed with 3.7% formaldehyde for 1 h and permeabilized by 0.1% triton X-

100 for 5 min. Following blocking with 2% goat serum and 1% BSA, cells were labeled with

Alexa Fluor 546 phalloidin (Molecular Probes) at 1:40 dilution for 1 hr. VASP monoclonal
antibody (Transduction Laboratories) was used at 1:50 dilution followed by secondary antibody

Alexa Fluor 488- goat antibody at 1:450 dilution.  After washing 3 times with PBS, cells were
mounted on slides using fluorescent mounting medium (Dako Cytomation). Slides were analyzed

by Leica DM IRE2 using 635 nm filter.  Images were acquired by Retiga 12 bit camera (Leica)

and deconvoluted using Volocity 3.1 software (Improvision). Images for time lapse microscopy
were captured using the Axiovert 200 ZEISS microscope and ZEISS camera, and analyzed by

Axioversion Rel.4.5 software .

Cell migration and invasion assays.  Cells were serum-starved overnight.  The top chambers of
6.5-mm Corning Costar transwells (Corning, NY) were loaded with 0.2 ml of cells (5 X 105

cells/ml) in serum-free media.  0.6 ml of complete media was added to the bottom wells and cells
were incubated at 37ºC overnight. Cells on the top layer were removed and the images of the

cells at the bottom of the membrane were captured using Canon camera and a Zeiss Axio Vert

microscope.  The mean values were obtained from three individual experiments using Excel
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Microsoft software and subjected to t-tests.  For cell invasion assay, cells were serum-starved

overnight.  24-well cell culture inserts (8 µm pore size, BD Biosciences) were loaded with 0.5 ml

of cells ((5 X 105 cells/ml) in serum-free media.  0.5 ml of complete media was added to the
bottom wells and cells were incubated at 37ºC for about 2 days.  Cells were fixed, stained, and

analyzed as above.

Adhesion and Spreading assays. Adhesion and Spreading assays were performed as described in

Podrigues et al., 2005. Images were acquired by Retiga 12 bit camera (Leica).  Images for time
lapse microscopy for adhesion assay were captured using the Leica DM IRE2 microscope.
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Figure legends

Figure 1.  eEF1A2 expression in cell lines. (a) Western blot of eEF1A2 expression.  Human
BT549 and rat Rat2 cells do not naturally express eEF1A2 whereas human MCF7 breast cancer

and rat ROSE 199 cells do express eEF1A2 protein.  Expression was measured using an

eEF1A2-specific antibody.  (b) Stable expression of eEF1A2 protein in BT549 and Rat2 cell
lines. 1A2-1, 1A2-2, 1A2-3, 1A2-A, and 1A2-B refer to clonal cell lines. 1A2-polyclonal and

Rat2-1A2 are cell lines derived from pooling several (>10) drug resistant colonies after selection.
The expression of eEF1A2 was analyzed by immunoblotting using anti-eEF1A2 or anti-V5

antibodies.  Actin was used as a loading control.  eEF1A2-expressing BT549 cells were

generated using a plasmid vector or a retrovirus.

Figure 2. eEF1A2 expression induces actin cytoskeletal rearrangement. (a) Fluorescence

deconvolution micrographs of eEF1A2-expressing and control BT549 cells with actin visualized
by phalloidin (Alexa Fluor 546). Right panels are magnified versions of the boxed area of the left

panel. The scale bars in each of the left and right panels are 30 µM and 12 µM in length

respectively. (b) Western blot of eEF1A2-expressing BT549 cells with eEF1A2 siRNA or
negative siRNA control. (c) Fluorescence micrographs of eEF1A2-expressing cells treated with

either eEF1A2 or control siRNA for 24 h and stained with phalloidin to examine actin filaments.

(d) Fluorescence micrographs of eEF1A2-expressing and control Rat2 cells stained with
phalloidin. Right panels are magnified versions of the boxed area of the left panel. The scale bars

in each of the left and right panels are 30 µM and 12 µM in length respectively.

Figure 3.  Structures seen in eEF1A2-expressing cells have the criteria of filopodia.  Upper

panels Phase contrast micrographs of control and eEF1A2-expressing BT549 cells. Filopodia are

indicated by an arrow. Lower panels Time-lapse phase contrast microscopy of filopodia in an
eEF1A2-expressing BT549 cell. Elapsed time is indicated in each panel. Images were captured

every 5 seconds for 4 hours. A full video of this sequence is found in the supplementary figures

(S1) (c) Fluorescence micrographs of eEF1A2-expressing BT549 cell stained for actin
(phalloidin) and VASP.
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Figure 4.  PI3K is required for eEF1A2-induced filopodia formation.  (a and b) BT549 and
Rat2 cells expressing eEF1A2 were cultured in the presence of the indicated concentrations of

LY294002, a PI3K specific inhibitor, overnight. Right panels are magnified versions of the
boxed area of the left panel. The scale bar in the left and right pictures is 30 µM and 12 µM in

length respectively. (c) eEF1A2 does not physically interact with PI3K.  BT549 cells were

infected with an adenovirus for GFP or eEF1A2 or mock infected. Antibodies for either eEF1A2

or PI3K were used for immunoprecipitation (IP) from whole cell lysates.  An anti-V5 antibody is
used as an immunoprecipitation control.  Co-immunoprecipitating proteins were detected by

Western blotting (WB) using antibodies specific for eEF1A2 and PI3K.  The whole cell lysate

lane (WCL) lane contains 100 µg of total cellular protein and each immunoprecipitation was

performed using 100 µg of protein lysate.  (d)  eEF1A2 does not activate PI3K. BT549 cells

were infected with an Adenovirus for GFP or eEF1A2 and the levels of the indicated proteins
assayed by Western blot. PI3K activation is measured by phosphorylation of tyrosine 508  (e and

f) cells were treated with 1 µM API-2, an Akt inhibitor (e) or 10 µM Y27632, a ROCK kinase

inhibitor overnight and stained with phalloidin.  Vehicles applied to control cells.

Figure 5.  eEF1A2 activates Akt in a PI3K-dependent manner.  Total protein extracts from

eEF1A2-expressing cells were analyzed by western blot using Akt, phospho-Akt (Ser 473), or
phospho-Akt (Thr 308) antibodies. The protein extracts from cells expressing GFP or the empty

vector were used as controls and actin used as a loading control.  (a) Akt-phosphorylation 24

hours after infection with an eEF1A2- of GFP-adenovirus.  (b) Akt-phosphorylation in stable
eEF1A2-expressing BT549 cells (c) Akt phosphorylation in wild-type MCF7 cells that have been

treated with an eEF1A2 siRNA. Numbers reflect pAkt band intensity normalized to the actin
loading control and is representative of three independent experiments.  (d) Akt-phosphorylation,

24 hours after infection with an eEF1A2 adenovirus and a two-hour treatment with indicated

concentrations of LY294002. (e) Akt-phosphorylation of eEF1A2-expressing BT549 cells which
were treated with Rapamycin for 2 h.

Figure 6.  eEF1A2 expression increases cell migration (a) The indicated clones of eEF1A2-

expressing BT549 cells were serum-starved overnight and placed in a transwell migration
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chamber.  The photographs show a representative field from each of the cell lines that have

migrated into the chamber.  In the lower panel, migration is expressed as a percentage of vector
only controls and is the mean and standard deviation of triplicate independent experiments.

Enhanced migration is statistically significant (p<0.05, Students’s t-test)  and marked by an
asterix.  (b) eEF1A2-induced migration is inhibitable by PI3K inhibition.  Indicated eEF1A2-

expressing BT549 cells were serum-starved overnight, and incubated with LY294002 for 2 h at

the indicated concentrations before being placed in the transwell chamber. The micrographs
show a representative field of cells that have migrated into the chamber. In the lower panel,

migration is expressed as a percentage of vector only controls and is the mean and standard
deviation of triplicate independent experiments each with triplicate counts. (c) eEF1A2-

expressing BT549 cells were treated with 1 µM API-2 (overnight), 10 ng/ml Rapamycin (2 h) or

10 nM wortmannin (30 min) and subjected to cell migration as above.  As control cells were

treated with vehicles only. Migration is expressed as a percentage of vector only controls and is
the mean and standard deviation of triplicate independent experiments each with triplicate

counts. Migration inhibition is statistically significant (p<0.05, Students’s t-test)  and marked by

an asterix

Figure 7.  eEF1A2 expression increases cell invasion.  eEF1A2-overexpressing BT549 were
serum-starved overnight.  After pre-incubation with LY294002 or DMSO (vehicle) for 2 h, cells

were subjected to the invasion assay using Matrigel-coated transwells for approximately 48

hours. The photographs show a representative field from each of the cell lines that have invaded
through the Matrigel.  In the lower panel, invasion is expressed as a percentage of vector only

controls and is the mean and standard deviation of triplicate independent experiments with
triplicate counts. Enhanced migration of 1A2 relative to the vector only control is statistically

significant (p<0.05, Students’s t-test) and marked by a single asterix. Similarly, the ability of

LY294002 to attenuate migration inhibition is statistically significant (p<0.05, Students’s t-test)
and marked by a double asterix (b)  eEF1A2-expressing BT549 cells were treated with 1 µM

API-2 (overnight), 10 ng/ml Rapamycin (2 h) or 10 nM wortmannin (30 min) and subjected to

cell migration as above.  As control cells were treated with vehicles only. Migration is expressed

as a percentage of vector only controls and is the mean and standard deviation of triplicate
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independent experiments each with triplicate counts. Migration inhibition is statistically

significant (p<0.05, Students’s t-test)  and marked by a single asterix

Figure 8.  eEF1A2 expression has no effect on cell spreading and adhesion. (a) eEF1A2
expressing cells were trypsinized, and placed on a growth substrate containing fibronectin and

observed as a function of time  using time-lapse video microscopy on a heated stage.  White

arrows mark the first appearance of lamellipodia in the plated cells. (b) Cells were trypsinized
and plated onto fibronectin-coated coverslips.  At indicated time points, cells were washed with

PBS , fixed using 3.7% formaldehyde and adherent cells were counted.
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Eukaryotic Protein Translation
Elongation Factor 1 alpha 2 (eEF1A2) is
an oncogene that transforms mammalian
cell  l ines and increases their
tumorigenicity in nude mice.  Increased
expression of eEF1A2 occurs during the
development of breast, ovarian and lung
cancer.  Here, we report that eEF1A2
directly binds to and activates
p h o s p h a t i d y l i n o s i t o l - 4  k i n a s e
ΙΙΙβ ( PΙ4ΚΙΙΙβ ), an enzyme that converts
phosphatidylinositol to phosphatidyl-
inositol-4 phosphate (PI4P).  Purified
recombinant eEF1A2 increases PΙ4ΚΙΙΙβ
lipid kinase activity in vitro and
expression of eEF1A2 in rat and human
cells is sufficient to increase overall
cellular phosphatidylinositol-4 kinase
(PΙ4Κ) activity and intracellular PI4P
abundance.  siRNA-mediated reduction in
eEF1A2 expression concomitantly
reduces PI4K activity.  This identifies a
physical and functional relationship
between eEF1A2 and PΙ4ΚΙΙΙβ.

eEF1A2 is one of two members of the
eEF1A family of proteins (eEF1A1 and
eEF1A2).  During protein translation

elongation, eEF1A proteins bind amino-
acylated tRNA and facilitate their
recruitment to the ribosome (1).  Aside from
their canonical role in protein translation,
eEF1A proteins have other functions,
including binding actin and inducing
rearrangements of the actin and tubulin
cytoskeleton (2,3). The inactivation of the
mouse eEF1A2 homolog, Eef1a2, leads to
immunodeficiency and death by 30 days of
age (4,5).

Mammalian eEF1A2 mRNA can be
detected only in normal mammalian heart,
brain and skeletal muscle tissues (6-8).
However, high levels of eEF1A2 protein and
mRNA are observed in a 30-60% fraction of
ovarian, breast and lung tumors (9-12). We
have previously reported that eEF1A2 has
transforming properties: ectopic expression
of wild type human eEF1A2 in mammalian
cells enables anchorage-independent growth
and enhances tumorigenicity in nude mice
(9).  Thus, eEF1A2 has an important role in
promoting tumor development.  However,
the mechanism by which eEF1A2 promotes
oncogenicity remains unclear.

It has previously been reported that
an eEF1A-like protein purified from carrots,
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PIK-A49, binds and activates carrot
phosphatidylinositol-4 kinase (PI4K)
(13,14).  This suggests an important
relationship between translation elongation
and phosphatidylinositol (PI) generation.
PIs are negatively charged, membrane-
bound phospholipids that serve as regulators
of multiple signaling pathways (15-18).  PIs
are composed of an inositol ring covalently
bound to a lipid phosphatidic acid backbone
by a phosphodiester bond at the inositol D1
carbon.  Inositol phosphorylation occurs at
the D3, D4, or D5 carbons.  Specific kinase
families are responsible for phosphorylation
at each of these sites. Phosphatidylinositol-3
kinases (PI3K), phosphatidylinositol-4
kinases (PI4K), and phosphatidylinositol-5
kinases (PI5K)  phosphorylate the D3, D4,
and D5 inositol carbons respectively (15-
17).

PIK-A49 showed in vitro translation
elongation factor activity and an ability to
activate in vitro PI4K lipid kinase activity
(13,14).  However, PIK-A49 does not have
complete amino acid sequence identity with
wild-type carrot eEF1A and has yet to be
cloned as a full-length cDNA.  It is therefore
unclear whether PIK-A49 is a bonafide
eEF1A protein.  Neither is it known whether
wild-type carrot eEF1A, or eEF1A proteins
from non-plant species, participate in PI4K
activation. In addition, there are three
identified sub-families of PI4K proteins,
PI4KIIIα, PI4ΚΙΙΙβ and PI4KII (19,20), and
it is unclear which PI4K isoform(s) are
activated by PIK-A49 or other eEF1A
proteins.  Moreover, in vitro PI4K activation
by PIK-A49/eEF1A has unknown
physiological significance.

Here we report that human eEF1A2
can directly bind and activate PI4KIIIβ.
Ectopic expression of eEF1A2 in rodent and
human cells increases overall PI4K activity
and cellular PI4P generation.  Furthermore,

eEF1A2 ablation reduces endogenous PI4K
activity.  This suggests that eEF1A2 is a
physiological regulator of PI4KIIIβ.

EXPERIMENTAL PROCEDURES

Cell lines. MCF7, BT549, and Rat2 cells
were purchased from the American Type
Culture Collection (ATCC) and grown
according to ATCC instructions.

Adenoviral vectors. eEF1A2 was subcloned
into the pShutt le-IRES plasmid
(EcoRV/XhoI) with a Flag epitope tag.
eEF1A2 and GFP virus were manufactured
by the Adenoviral Core Facility of the
University of Ottawa. For viral transduction,
BT549 and Rat2 cells were infected with
Ad-eEF1A2 or Ad-GFP at a multiplicity of
infection (MOI) of 200 (BT549) or 500
(Rat2) in complete media.  Cells were
incubated with virus for a minimum of 24
hours.

Antibodies. Antibodies used for experiments
are as follows: human PΙ4ΚΙΙΙβ  (Upstate
Cell Signaling Solutions), β-actin (Sigma),
HRP-conjugated goat anti-mouse IgG
(Upstate Cell Signaling Solutions), HRP-
conjugated anti-rabbit IgG, (Cell Signaling
Technology), Golgin-97 (Molecular Probes).
The generation of the rabbit polyclonal
eEF1A2 antibody and its validation in
western blotting, immunoprecipitation, and
immuno-histochemistry is described
elsewhere (10).

GST fusion proteins. eEF1A2 cDNA was
cloned into the EcoRI/NotI site of pGEX-
4T2 (Pharmacia).  GST-eEF1A2 was
transformed into E coli BL21DE3 and
grown in LBA to A600. ~0.7. 0.5mM IPTG
was added for 2 hours at 25˚C. Bacteria
were lysed in 25mM HEPES; pH7.9,
100mM KCl, 2 mM EDTA, 20% glycerol,
2mM DTT, and 1X protease inhibitor
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cocktail  (Roche). Glutathione Sepharose 4B
beads (Amersham Bioscience) were
equilibrated in lysis buffer and mixed with
sonicated suspensions. PI4KIIIβ in pGEX-
6P-3 was a gift of T. Balla (21,22).  The
GST-PI4KIIIβ fusion protein was purified
as described (22).  GST-C/ΕΒPβ was a kind
gift from N. Wiper-Bergeron (University of
Ottawa).   To remove the GST moiety,
100µg of GST-eEF1A2 was incubated
overnight with 1U of Thrombin (Amersham)
in 1x PBS at room temperature. PΙ4ΚΙΙΙβ  
was generated by cleaving 100µg of GST-
PΙ4ΚΙΙΙβ   with 1U of PreScission Protease
(Amersham Biosciences) in 50 mM Tris-
HCl, 150 mM NaCl, 1 mM EDTA, 1 mM
DTT, pH 7.0 at 4oC.

Lipid kinase assay. 10 ul of recombinant
protein in PBS, at concentrations indicated
in the figure legends, was added to 35µl of
kinase buffer (1mM EDTA, 30mM Hepes;
pH 7.4, 100mM NaCl, 2mM MgCl2, and
0.2% Triton X-100), 3mM PI (or as
indicated in the figure legend) and 5µl of
10mM ATP containing 10µCi of 32P-ATP,
and incubated for 60 minutes. The reaction
was stopped by the addition of 60µl of 1N
HCl.  Phospholipids were extracted by
adding 160µl of CHCl3:MeOH (1:1, v/v).
After a brief vortex, samples were
centrifuged for 10 minutes at 10000 x g.
Aliquots of the organic phase (10-20µ l)
were spotted onto TLC plates (Sigma) and
placed in a pre-equilibrated tank containing
CHCl3:acetone:MeOH:HOAc:water
(46:17:15:14:8, v/v). Prior to use, TLC
plates were precoated with 1% potassium
oxalate, 3mM EDTA in methanol:water
(2:3, v/v) for one hour and allowed to air dry
overnight.  Plates were activated by baking
for 1 hour at 110 oC. Phosphatidylinositol
standards were purchased from Avanti Polar
Lipids, Inc..  PI4P spots were scraped and
dissolved in 1-2 ml of water.  Aliquots were

then diluted in BetaMax scintillation fluid
(ICN Biomedicals) and scintillation counts
were taken using the Wallac 1414 Liquid
Scintillation Counter (Fisher Scientific
Limited).  Values of Km, Vmax, and Kcat were
determined using the GraphPad Prism
software (San Diego, California, USA).  For
assays involving cell lysates, recombinant
eEF1A2 and the cell lysate was added in a
total volume of 10 ul.

Crosslinking studies.  Purified eEF1A2
and/or PΙ4ΚΙΙΙβ  (without GST) were
incubated in PBS and crosslinked with
30mM dimethyl pimelimidate (DMP;
Pierce) in 0.2M ethanolamine, pH 8.0 at
room temperature.  Reactions were stopped
by addition of glacial acetic acid at a 1:4
(v/v) to the sample.  Proteins were
concentrated to a final volume of 50µl with
Microcon Centrifugal Filter Devices
(Millipore and loaded onto a 5% phosphate
non-denaturing polyacrylamide gel and
detected by  coomassie staining.

Cell Lysis and Co-immunoprecipitation. For
co-immunoprecipitation, cells were grown
to 80-95% confluence in 100mm cell culture
plates.  Cells were lysed by sonication on ice
in detergent-free buffer (137mM NaCl,
8mM KH2PO4 (pH 7.5), 2.7mM KCl,
2.5mM EDTA, and 1% Aprotonin, 1mg/ml
leupeptin, 50mM NaF, 1mM Na3VO4,
10µg/ml pepstatin, 1mM PMSF).  Protein
levels were quantified using a Bradford
assay (BioRad) according to the
manufacturer’s instructions   and 100 µg of
total protein was pre-cleared with protein G
sepharose (Amersham Biosciences) for one
hour at 4oC.  Following this, 2-4µg of
P Ι4ΚΙΙΙβ , Flag, or eEF1A2 antibody
coupled to beads were added and incubated
overnight at 4oC.  Beads were washed 3X in
PBS, centrifuged, boiled for 5 minutes in
Sample Buffer, and the supernatant
subjected to SDS-PAGE. The covalent
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coupling of the eEF1A2 antibody to protein
A agarose beads was performed using a
previously described protocol (23).  Western
blot detection was according to
manufacturers’ instructions or as described
for the eEF1A2 antibody (10).

For Western blotting, cells were
lysed in RIPA buffer (50mM Tris–Cl; pH
7.4, 1% Triton X-100, 1% sodium
deoxycholate, 0.1% SDS, 1mM EDTA; pH
7.0, 150mM NaCl and 1% Aprotonin,
1mg/ml leupeptin, 50mM NaF, 1mM
Na3VO4, 10µg/ml pepstatin in ethanol, and
1mM PMSF in DMSO).

siRNA transfections. Sequences of the
eEF1A2 siRNAs are 5’-UGGUCC-
UUUUGUCAAUACCtc-3’ (siRNA #1) and
5’–UCGAACUUCUCAAUGGUCCtt-3’
(siRNA #2). The negative control (NC)
siRNA was purchased from Ambion (Cat. #
4611).  siRNA transfections were performed
using siPORT Lipid (Ambion) according to
manufacturer’s instructions.

Immunofluorescence.  For the colocalization
studies, MCF7 cells were fixed in 3.7%
formaldehyde for 20 minutes at room
temperature, washed 3X in  PBS and
permeabilized with 0.5% Triton X-100 in
PBS for 15 minutes at room temperature.
Following a one hour blocking period (5%
fetal  bovine serum in PBS)  eEF1A2 was
detected with the eEF1A2 antibody (1:100
in PBS, overnight) followed by an
AlexaFluor 549 goat anti-rabbit IgG (1 in
450 in PBS, 1 hour; Molecular Probes).
P Ι4ΚΙΙΙβ    was detected with a mouse
IgG2a PΙ4ΚΙΙΙβ   antibody (1 in 500,
overnight; BD Transduction Laboratories)
followed by an AlexaFluor 488 goat anti-
mouse IgG (1:450 in PBS, 1 hour;
Molecular Probes).  Golgi were detected
with anti-human Golgin-97 (1:1000 in PBS,
overnight, Molecular Probes) and an

AlexaFluor 488 goat anti-mouse IgG (1:450
in PBS, 1 hour; Molecular Probes).  Cell
nuclei were stained with Hoescht 33258
(20µg/ml; Sigma) for 10 minutes at room
temperature.   Slides were sealed with
mounting media and viewed with an
Olympus Fluoview FV1000 Laser Scanning
Confocal Microscope.  Fluorescence and
colocalization was quantified using
Olympus software (FV1000 Ver.01.04a).

To detect PI4P levels, Rat2 and BT549 cells
were transfected with either eEF1A2-
pcDNA3.1 (9) or GFP-pcDNA3.1 using
Lipofectamine2000 (Invitrogen) according
to manufacturer’s instructions  Five hours
post-transfection, transfection media was
removed and complete media added.  The
next day, cells were fixed and permeabilized
as above.  Cells were then blocked with 10%
goat serum / PBS for 30 minutes at 37oC and
anti-PI4P IgM antibody added (1:100 in
PBS, overnight; Echelon Biosciences Inc.).
Goat anti-mouse IgM, R-phycoerythrin
(Caltag Laboratories) was then added at
1:100 in PBS for 30 minutes.  eEF1A2 was
detected with a monoclonal anti-V5
antibody (1:500 in PBS, 1 hour; Sigma)
followed by an AlexaFluor 488 goat anti-
mouse IgG (1:450 in PBS, 1 hour;
Molecular Probes).  Cell nuclei were stained
with Hoescht 33258 (20µg/ml; Sigma) for
10 minutes at room temperature.   Slides
were viewed with either a Leica DM-1L
Fluorescence microscope and deconvolved
using Improvision 3.1 software or a
Olympus FluoView FV1000 Laser Scanning
Confocal microscope.  Fluorescence was
quantified with the confocal microscope
using Olympus software (FV1000
Ver.01.04a).

RESULTS

eEF1A2 increases PΙ4ΚΙΙΙβ lipid kinase
activity.  To determine whether eEF1A2
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could activate PΙ4ΚΙΙΙβ ,  we purified
recombinant GST-eEF1A2 and GST-
PΙ4ΚΙΙΙβ.   The  proteins were isolated both
with and without their GST moiety.  A
coomassie-stained gel of the purified
proteins is shown in Fig. 1A.  The predicted
molecular weight of full-length, wild-type
eEF1A2 is ~54 kDa and that of PΙ4ΚΙΙΙβ is
~100 kDa.

We first determined whether
eEF1A2 could increase PΙ4Κ  activity in cell
lysates.  As shown in Fig. 1B, addition of
GST-eEF1A2 to a cell lysate of BT549
breast carcinoma cells reproducibly doubled
in vitro phosphatidylinositol-4 phosphate
(PI4P) generation compared to the addition
of GST alone or GST-coupled to the
C / E B P β  transcription factor.  A
representative TLC plate is also shown in
the right panel of Fig. 1B.

Bacterially expressed PΙ4ΚΙΙΙβ has
previously been reported to be active in in
vitro lipid kinase assays (21,22).  As shown
in Fig. 1C, our GST-PΙ4ΚΙΙΙβ is active in
vitro and its kinase activity is inhibitable by
0.2µM Wortmannin.  Wortmannin inhibition
indicates that we are measuring the lipid
kinase activity of a type III PI4 kinase, the
family of PI4 kinases to which PΙ4ΚΙΙΙβ 
belongs.  To investigate whether purified
eEF1A2 could directly activate PΙ4ΚΙΙΙβ,
we next added recombinant eEF1A2
(without GST) to purified PΙ4ΚΙΙΙβ (without
GST).  As shown in Fig. 1D , eEF1A2
increased PΙ4ΚΙΙΙβ lipid kinase activity in a
dose-dependent manner. PΙ4ΚΙΙΙβ    activity
was increased approximately two-fold. 100-
200nM eEF1A2 is required to maximally
activate a 100nM solution of PΙ4ΚΙΙΙβ. No
enhancement of PΙ4ΚΙΙΙβ  activity was
observed in the presence of bovine albumin
(BSA).

In order to further determine how
eEF1A2 affected PΙ4ΚΙΙΙβ   activity, we
experimentally determined the PΙ4ΚΙΙΙβ 
Km, Vmax, and Kcat for phosphatidylinositol
with and without eEF1A2. Bovine albumin
served as the control. As shown in Fig. 1E,
eEF1A2 (without GST) reproducibly
increased the Vmax of PΙ4ΚΙΙΙβ  (without
GST)  from 0.62 to 1.11 µmole/min/mg.
This doubling of Vmax  was also mirrored in
the increase of Kcat from 0.82 to 1.48 sec-1.
The PΙ4ΚΙΙΙβ  Km was unchanged.

eEF1A2 binds PI4KIIIβ .  We next tested
whether eEF1A2 could directly interact with
PΙ4ΚΙΙΙβ  in a cell-free system. As shown in
Fig. 2A, purified PΙ4ΚΙΙΙβ (without GST)
was immunoprecipitated by GST-eEF1A2
and eEF1A2 (without GST) was
immunoprecipitated by GST-PΙ4ΚΙΙΙβ.
Nei ther  PΙ 4 Κ Ι Ι Ι β  nor eEF1A2
immunoprecipitated with GST alone. We
next investigated the stoichiometry of
eEF1A2 / PΙ4ΚΙΙΙβ  interaction. We
incubated recombinant eEF1A2 and
P Ι4ΚΙ Ι Ι β  (both without GST) and
chemically crosslinked the resulting
complex.  As seen in Fig. 2B, after an hour
of incubation, most of the added PI4KIIIβ
and eEF1A2 are found in a complex with an
apparent molecular weight (MW) of
165kDa. The formation of the complex is
time-dependent and a greater amount of
complex is detected at 60 minutes of
incubation relative to the 30 minute time
point. eEF1A2 has an apparent MW of
~60kDa and that of PI4KIIIβ is ~100kDa.
The ~165kDa MW of the complex indicates
that eEF1A2 and PΙ4ΚΙΙΙβ associate with a
1:1 stoichiometry. Neither eEF1A2 nor
PΙ4ΚΙΙΙβ form detectable multimers on their
own. We were unable to detect protein
complexes with a MW greater than 165 kDa,
indicating that multimers containing more
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than one molecule each of eEF1A2 or
PΙ4ΚΙΙΙβ  do not form.

eEF1A2 in terac t s  wi th  PI4KII Iβ    in
mammalian cell lines.  To determine
whether eEF1A2 and PΙ4ΚΙΙΙβ associate in
cells, we first identified mammalian cells
that express eEF1A2.  In rodents and
humans, eEF1A2 shows detectable mRNA
and protein expression only in the tissues of
the heart, brain and skeletal muscle (6-8).
We have also observed eEF1A2 expression
in many breast cancer cell lines (10).  As
shown in Fig. 3A, we detect eEF1A2 protein
expression in the MCF7 human breast
carcinoma cell line but not in BT549 breast
carcinoma cells nor in the non-transformed
Rat2 rat fibroblast cell line.

W e  t h e n  u s e d  c o -
immunoprecipitation to determine whether
wild-type eEF1A2 and PΙ4ΚΙΙΙβ associate in
MCF7 cells. We use detergent-free cell lysis
for these experiments.  As shown in Fig. 3B,
eEF1A2 detectably immunoprecipitates with
P Ι4ΚΙΙ Ιβ  and PΙ4ΚΙΙ Ιβ  reciprocally
immunoprecipitates with eEF1A2.  Neither
protein binds to the Flag antibody control.
While immunoprecipitation is only semi-
quantitative, we estimate that approximately
~10% of endogenous PΙ4ΚΙΙΙβ associates
with eEF1A2 under detergent-free lysis
conditions. A similar ratio of eEF1A2 is
associated with PΙ4ΚΙΙΙβ.

eEF1A2 co-localizes with PI4KIIIβ     in
mammalian cell lines.  To extend the co-
immunoprecipitation data, we used confocal
microscopy to visualize the cellular
localization of eEF1A2 and PI4K in intact
MCF7 cells.  As shown in Fig. 4, and
consistent with previous observations,
PΙ4ΚΙΙΙβ   is found predominantly in the
cytoplasm with substantial presence in the
Golgi apparatus (19,20).  eEF1A2 is found

in the cytoplasm, nuclear membrane and to a
l imited extent  in the nucleus.
Superimposing the eEF1A2 and PΙ4ΚΙΙΙβ
images reveals some co-localization of the
t w o  p r o t e i n s .  C o - l o c a l i z i n g
eEF1A2/PΙ4ΚΙΙΙβ proteins are found in the
cytoplasm without dramatic concentration at
either the plasma or nuclear membranes.
Golgi PΙ4ΚΙΙΙβ  appears not to be co-
localized with eEF1A2 and nuclear
membrane eEF1A2 does not appear to co-
localize with PΙ4ΚΙΙΙβ.  To further confirm
that eEF1A2 is not found in the Golgi, we
used confocal microscopy to determine that
eEF1A2 does not co-localize with Golgin, a
Golgi marker (Supplementary Figure 1).
Thus, eEF1A2 and PΙ4ΚΙΙΙβ co-localize in
intact human cells, but this co-localization is
restricted to the non-Golgi cytoplasm.

 eEF1A2 is sufficient to increase cellular
PI4K activity.  To determine whether
eEF1A2 expression was sufficient to
increase PΙ4Κ activity in mammalian cells,
we used an adenovirus to express eEF1A2 in
BT549 and Rat2 cells.  Neither cell line
detectably expresses eEF1A2 without
transduction (Fig. 3A).  At a low multiplicity
of infection (MOI) of 20 virus particles per
cell, infection had little effect on PΙ4Κ
activity; lipid phosphorylation was similar
between eEF1A2-infected cells and those
infected with GFP (Fig. 5A).  However,
increasing the MOI to 200 reproducibly
doubled cellular PΙ4Κ activity in eEF1A2-
infected cells relative to those infected with
GFP (Fig. 5A).   Similarly, infection of Rat2
cells with the eEF1A2 adenovirus doubled
PI4K activity relative to GFP controls (Fig.
5B).  Adenoviral infection by eEF1A2 does
not detectably alter total PΙ4ΚΙΙΙβ protein
levels (Fig. 5C).  Thus, eEF1A2 expression
can increase PΙ 4Κ activity in these
mammalian cell lines.
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eEF1A2 is a physiological PI4K regulator.
To determine whether eEF1A2 had a
physiological role in regulating PΙ4Κ
activity, we reduced eEF1A2 protein levels
in MCF7 cells.  MCF7 cells express
abundant eEF1A2 (Fig. 3A ).  For this
purpose, we designed two eEF1A2-specific
siRNAs.  As shown in Fig. 6, both siRNAs
substantially reduce eEF1A2 protein levels
compared to those cells treated with a
control siRNA or untreated cells.  Some
residual eEF1A2 remains, however.  The
siRNA-mediated decrease in eEF1A2
protein levels leads to a concomitant two-
fold decrease in PΙ4Κ activity relative to
controls.

eEF1A2 increases cellular PI4P generation.
We next determined whether eEF1A2 could
increase intracellular PI4P abundance.  To
this end, we transiently transfected Rat2 and
BT549 cells with an eEF1A2 plasmid and
stained these cells with an antibody specific
for PI4P. As shown in Fig. 7A, BT549 and
Rat2 cells transiently expressing eEF1A2
show PI4P staining that is visibly brighter
than in untransfected cells, indicating greater
abundance of PI4P upon eEF1A2
expression.  The increase in PI4P occurs
throughout the cytosol (Fig. 7A).
Transfection with GFP had no visible effect
on PI4P levels (Fig. 7B). To quantitate the
eEF1A2-dependent increase in PI4P
generation, we divided each transfectant
pool into groups based on expression of the
transfected protein and quantified PI4P
fluorescence in individual cells from each
group. As shown in Fig. 7C ,  cells
expressing moderate or high levels of
eEF1A2 each have a significantly higher
level of PI4P than those that express no/low
eEF1A2 (p < 0.001, Mann-Whitney). This
increase of PI4P generation occurred in both
Rat2 and BT549 cells transfected with
eEF1A2.  GFP had no effect on PI4P

generation. Thus, eEF1A2 expression
increases intracellular PI4P abundance.

DISCUSSION

Phosphatidylinositol lipids are well-
documented participants in pathways that
regulate organelle biogenesis, cell
morphology, proliferation and oncogenesis
(24).  In this report, we show that eEF1A2
binds phosphatidylinositol-4 kinase III beta
(PI4KIIIβ), increases its in vitro lipid kinase
activity  and can increase intracellular PI4P
generation in rat and human cells.

We find that purified eEF1A2 can
increase recombinant PI4KIIIβ activity in
vitro. Two other direct PI4KIIIβ activators
have been previously identified: ADP
Ribosylation Factor (ARF) and  Neuronal
Calcium Sensor-1 (NCS-1)(25,26).  ARF, a
small GTPase, regulates Golgi function
through PI4KIIIβ activation (26). NCS-1
controls IgE-mediated exocytosis in mast
cells through PI4KIIIβ (27).  Since we find
that eEF1A2-directed siRNA reduces PI4K
activity and that ectopic eEF1A2 expression
increases this activity, it is likely that
eEF1A2 is a novel and physiological
PI4KIIIβ activator.

In human cells, the majority of PI4K
activity is associated with the plasma
membrane and the membranes of the
nucleus, lysosome, Golgi, and endoplasmic
reticulum (20,28-31). PI4Ks are also known
to localize and be active in several
specialized organelles and secretory vesicles
(31). The yeast homolog of mammalian
PI4KIIIβ, PIK1, has been studied in great
detail (32-37).  Pik1p, the protein encoded
by PIK1, is essential for normal secretion,
Golgi and vacuole membrane dynamics, and
endocytosis (32-37).  Pik1p localizes to the
nucleus and the trans-Golgi (33,37).  Pik1ts



Page 8
eEF1A2 activates PI4KIIIβ

cells exhibit a defect in secretion of Golgi-
modified secretory pathway cargos (35).
Mammalian PI4KIIIβ  i s  heavi ly
concentrated in the Golgi apparatus(38,39),
although we find detectable protein in the
non-Golgi cytoplasm. However, we do not
see appreciable eEF1A2 protein in the Golgi
and there is therefore little co-localization
between Golgi PI4KIIIβ and eEF1A2.  The
co-localization we observe between
PI4KIIIβ and eEF1A2 cells is in the non-
Golgi cytoplasm. We have observed no
consistent Golgi defects in eEF1A2-
expressing cells (not shown), suggesting that
eEF1A2’s capacity to increase PI4P
formation is regulating some non-Golgi
aspect of cell physiology. Active PI4K is
observed in the non-Golgi cytosol (40) and
we find that eEF1A2 expression increases
PI4P generation throughout the cell.

The molecular mechanism by which
eEF1A2 activates PI4KIIIβ  is currently
unknown. eEF1A proteins bind and
hydrolyze GTP, and bind tRNA.  They have
not been shown to have phospho-transferase
activity or other capacity to covalently
modify proteins. Thus it is unlikely that
eEF1A2 affects PI4KIIIβ activity by post-
translationally modifying it.  Because
eEF1A2 expression does not increase
steady-state PI4KIIIβ protein levels (Fig.
5C), it is unlikely that eEF1A2 expression
increase cellular PI4P generation by
increasing the amount of PI4KIIIβ message
being translated.  We propose that direct
interaction between eEF1A2 and PI4KIIIβ
leads to a conformational change in
PI4KIIIβ  that increases its catalytic activity.
This hypothesis is consistent with our
observations that eEF1A2 increases the
overall PI4KIIIβ  catalytic rate (Kcat) and
makes PI4KIIIβ  a more efficient kinase
(Vmax/Km).  While the possibility of this
conformational change remains an open one,

we do not believe that eEF1A2 is a general
phosphatidylinositol kinase activator.  We
have been unable to detect physical
interaction between eEF1A2 and PI3K nor
have we observed activation of this kinase
by eEF1A2 (data not shown).

Our in vitro results suggest that
eEF1A2 and PI4KIIIβ  bind in a 1:1
stoichiometry and the majority of
recombinant eEF1A2 and PΙ4ΚΙΙΙβ are
competent to physically interact with each
other.  However, up to a two-fold molar
excess of recombinant eEF1A2 is required
to maximally increase in vitro PI4KIIIβ  
activity.  Thus, it is possible that some post-
translational modification of eEF1A2 may
enhance its ability to activate PI4KIIIβ.
Yang and colleagues showed that
dephosphorylation of PIK-A49 prevented it
from activating PI4KIIIβ,   and that
activation could be restored by in vitro
phosphorylation of PIK-A49 by a calcium-
dependent protein kinase (14).  The
possibility of post-translational modification
of eEF1A2 enhancing PI4KIIIβ  activity is
intriguing. However, no post-translational
modifications of eEF1A2 have yet been
identified and our results indicate that post-
translational modification of eEF1A2 is not
obligatory for PI4KIIIβ     activation.

eEF1A2 is highly expressed in a 30-
60% fraction of breast, ovary and lung
tumors (9-12).  We have previously reported
that eEF1A2 has transforming properties (9)
and that its inactivation in mice increases
lymphoid apoptosis (41).  This identifies
eEF1A2 as an important human oncogene.
We hypothesize that eEF1A2 activates
oncogenesis through PI4K activation and
PI4P generation.  Our observation that
eEF1A2 expression is sufficient to increase
both PI4K activity and PI4P levels indicates
that high eEF1A2 expression in human
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tumors likely leads to an overall increase in
cellular PI4P production.  We propose that
increased production of PI4P could increase
the abundance of PI(4,5)P2 and PI(3,4,5)P3.
Both these phospholipids are second
messengers that regulate actin cytoskeletal
organization, intracellular vesicular
trafficking and proliferation (15,20,42-46).
Of particular importance to oncogenesis
would be PI(3,4,5)P3, the abundance of
which controls cell growth, apoptosis and
cell invasiveness.  While PI3K activity has
long thought to be the rate-limiting step in
the production of PI(3,4,5)P3, this may not
be the case in tumors that have high PI3K
activity through oncogenic mutation of the
kinase or have inactivating mutations in the
PTEN lipid phosphatase (47).  In those
tumors with constitutively active PI3K or
inactive PTEN, increased PI4K activity
would be predicted to increase overall
PI(3,4,5)P3 abundance and activate
PI(3,4,5)P3-dependent signaling.  This idea
is consistent with a recent report by
Pendaires and colleagues who show that the
phosphatidylinositol-5 phosphate produced
by the Shigella pathogen is sufficient to
activate Akt (48), a serine threonine kinase
whose activity is dependent on PI(3,4,5)P3

abundance (49).  No PI4K has been reported
to activate PI(3,4,5)P3 production, nor have

PI4K genes been reported to be transforming
or to be highly expressed during
oncogenesis.  However, this idea has not
been fully explored.

eEF1A proteins have a well
characterized ability to bind and bundle F-
actin (2,3).  It has been proposed that
eEF1A2 couples the protein translation
machinery to actin cytoskeleton assembly.
Because we find that eEF1A2 directly binds
PI4KIIIβ, it is probable that eEF1A2 links
protein translation to phosphatidylinositol
generation and the actin cytoskeleton.

In summary, we have identified
eEF1A2 as a direct activator of PI4KIIIβ.
Ectopic expression of eEF1A2 increases
cellular PI4K activity and increases cellular
PI4P abundance.  Furthermore siRNA-
mediated eEF1A2 inactivation decreases
PI4K  activity.  This is consistent with the
idea that eEF1A2 functionally and
physiologically regulates PI4K  function.
We propose that PI4KIIIβ  activation has an
important role in eEF1A2-mediated
tumorigenesis and transformation.

FOOTNOTES

*  We thank Farahnaz Noei for assistance with the fluorescent deconvolution microscopy, Heidi
McBride for assistance with the quantitative confocal microscopy, Meenakshi Sundaram for help
with the lipid kinase assays, Jessica Rousseau and Anahita Amiri for the eEF1A2 adenovirus,
and Geeta Kulkarni for GST-eEF1A2 and the eEF1A2 antibody. We also thank T. Balla for the
PI4KIIΙβ  plasmids and Nadine Wiper-Bergeron for the GST-C/ΕΒPβ construct. We thank Dixie
Pinke, Anne Morrow and Nadine Wiper-Bergeron for critical reading of this manuscript.  This
work was supported by funding from the National Cancer Institute of Canada (JL) and a
studentship from the Canadian Institutes of Health Research (SJ).

The abbreviations used are: eEF1A2, eukaryotic elongation factor 1 alpha 2; PI.
phosphatidylinositol; PI4K, phosphatidylinositol-4 kinase; PI4P, phosphatidylinositol-4



Page 10
eEF1A2 activates PI4KIIIβ
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neuronal calcium sensor-1.

REFERENCES

1. Hershey, J. W. (1991) Annu Rev Biochem 60, 717-755
2. Condeelis, J. (1995) Trends Biochem Sci 20, 169-170
3. Shiina, N., Gotoh, Y., Kubomura, N., Iwamatsu, A., and Nishida, E. (1994) Science 266,

282-285
4. Shultz, L. D., Sweet, H. O., Davisson, M. T., and Coman, D. R. (1982) Nature 297, 402-

404
5. Chambers, D. M., Peters, J., and Abbott, C. M. (1998) Proc Natl Acad Sci U S A 95,

4463-4468
6. Knudsen, S. M., Frydenberg, J., Clark, B. F., and Leffers, H. (1993) Eur J Biochem 215,

549-554
7. Lee, S., Wolfraim, L. A., and Wang, E. (1993) J Biol Chem 268, 24453-24459
8. Kahns, S., Lund, A., Kristensen, P., Knudsen, C. R., Clark, B. F., Cavallius, J., and

Merrick, W. C. (1998) Nucleic Acids Res 26, 1884-1890
9. Anand, N., Murthy, S., Amann, G., Wernick, M., Porter, L. A., Cukier, I. H., Collins, C.,

Gray, J. W., Diebold, J., Demetrick, D. J., and Lee, J. M. (2002) Nat Genet 31, 301-305
10. Kulkarni, G., Turbin, D. A., Amiri, A., Jeganathan, S., Andrade-Navarro, M. A., Wu, T.

D., Huntsman, D. G., and Lee, J. M. (2006) Breast Cancer Res Treat
11. Li, R., Wang, H., Bekele, B. N., Yin, Z., Caraway, N. P., Katz, R. L., Stass, S. A., and

Jiang, F. (2005) Oncogene
12. Tomlinson, V. A., Newbery, H. J., Wray, N. R., Jackson, J., Larionov, A., Miller, W. R.,

Dixon, J. M., and Abbott, C. M. (2005) BMC Cancer 5, 113
13. Yang, W., Burkhart, W., Cavallius, J., Merrick, W. C., and Boss, W. F. (1993) J Biol

Chem 268, 392-398
14. Yang, W., and Boss, W. F. (1994) J Biol Chem 269, 3852-3857
15. Carpenter, C. L., and Cantley, L. C. (1990) Biochemistry 29, 11147-11156
16. Fruman, D. A., Meyers, R. E., and Cantley, L. C. (1998) Annu Rev Biochem 67, 481-507
17. Meijer, H. J., and Munnik, T. (2003) Annu Rev Plant Biol 54, 265-306
18. Overduin, M., Cheever, M. L., and Kutateladze, T. G. (2001) Mol Interv 1, 150-159
19. Balla, A., and Balla, T. (2006) Trends Cell Biol 16, 351-361
20. Heilmeyer, L. M., Jr., Vereb, G., Jr., Vereb, G., Kakuk, A., and Szivak, I. (2003) IUBMB

Life 55, 59-65
21. Balla, A., Vereb, G., Gulkan, H., Gehrmann, T., Gergely, P., Heilmeyer, L. M., Jr., and

Antal, M. (2000) Exp Brain Res 134, 279-288
22. Zhao, X. H., Bondeva, T., and Balla, T. (2000) J Biol Chem 275, 14642-14648
23. Harlow, E., and Lane, D. (1999) in Using Antibodies: A Laboratory Manual, pp. 522-

523, Cold Spring Harbor Laboratory Press
24. Pendaries, C., Tronchere, H., Plantavid, M., and Payrastre, B. (2003) FEBS Lett 546, 25-

31



Page 11
eEF1A2 activates PI4KIIIβ

25. Zhao, X., Varnai, P., Tuymetova, G., Balla, A., Toth, Z. E., Oker-Blom, C., Roder, J.,
Jeromin, A., and Balla, T. (2001) J Biol Chem 276, 40183-40189

26. Godi, A., Pertile, P., Meyers, R., Marra, P., Di Tullio, G., Iurisci, C., Luini, A., Corda, D.,
and De Matteis, M. A. (1999) Nat Cell Biol 1, 280-287

27. Kapp-Barnea, Y., Melnikov, S., Shefler, I., Jeromin, A., and Sagi-Eisenberg, R. (2003) J
Immunol 171, 5320-5327

28. Liu, G., Loraine, A. E., Shigeta, R., Cline, M., Cheng, J., Valmeekam, V., Sun, S., Kulp,
D., and Siani-Rose, M. A. (2003) Nucleic Acids Res 31, 82-86

29. Larijani, B., Barona, T. M., and Poccia, D. L. (2001) Biochem J 356, 495-501
30. Raben, D. M., and Baldassare, J. J. (2000) Eur J Histochem 44, 67-80
31. Guo, J., Wenk, M. R., Pellegrini, L., Onofri, F., Benfenati, F., and De Camilli, P. (2003)

Proc Natl Acad Sci U S A 100, 3995-4000
32. Audhya, A., Foti, M., and Emr, S. D. (2000) Mol Biol Cell 11, 2673-2689
33. Garcia-Bustos, J. F., Marini, F., Stevenson, I., Frei, C., and Hall, M. N. (1994) Embo J

13, 2352-2361
34. Hama, H., Schnieders, E. A., Thorner, J., Takemoto, J. Y., and DeWald, D. B. (1999) J

Biol Chem 274, 34294-34300
35. Nguyen, P. H., Hasek, J., Kohlwein, S. D., Romero, C., Choi, J. H., and Vancura, A.

(2005) FEMS Yeast Res 5, 363-371
36. Sciorra, V. A., Audhya, A., Parsons, A. B., Segev, N., Boone, C., and Emr, S. D. (2005)

Mol Biol Cell 16, 776-793
37. Walch-Solimena, C., and Novick, P. (1999) Nat Cell Biol 1, 523-525
38. Weisz, O. A., Gibson, G. A., Leung, S.-M., Roder, J., and Jeromin, A. (2000) J. Biol.

Chem. 275, 24341-24347
39. Bruns, J. R., Ellis, M. A., Jeromin, A., and Weisz, O. A. (2002) J Biol Chem 277, 2012-

2018
40. Drobak, B. K., Dewey, R. E., and Boss, W. F. (1999) Int Rev Cytol 189, 95-130
41. Potter, M., Bernstein, A., and Lee, J. M. (1998) Cell Immunol 188, 111-117
42. Balla, T. (1998) Biochim Biophys Acta 1436, 69-85
43. Gehrmann, T., and Heilmeyer, L. M., Jr. (1998) Eur J Biochem 253, 357-370
44. Huijbregts, R. P., Topalof, L., and Bankaitis, V. A. (2000) Traffic 1, 195-202
45. Maruta, H., He, H., Tikoo, A., Vuong, T., and Nur, E. K. M. (1999) Microsc Res Tech 47,

61-66
46. Insall, R. H., and Weiner, O. D. (2001) Dev Cell 1, 743-747
47. Wymann, M. P., and Marone, R. (2005) Curr Opin Cell Biol 17, 141-149
48. Pendaries, C., Tronchere, H., Arbibe, L., Mounier, J., Gozani, O., Cantley, L., Fry, M. J.,

Gaits-Iacovoni, F., Sansonetti, P. J., and Payrastre, B. (2006) Embo J 25, 1024-1034
49. Downward, J. (2004) Semin Cell Dev Biol 15, 177-182



Page 12
eEF1A2 activates PI4KIIIβ

FIGURE LEGENDS

Figure 1.  eEF1A2 activates PI4KIIIβ lipid kinase activity.  A.  Coomassie stain of purified
recombinant eEF1A2 and PI4KIIIβ proteins, with and without their GST moiety.  30µg of each
sample were loaded on a 10% SDS-PAGE gel.  B.  Left Panel.  Addition of 10 uM GST-eEF1A2
to a protein lysate from BT549 cells increases total PI4K lipid kinase activity relative to the
addition of GST alone or GST-C/EBPβ.  Activation is calculated relative to the GST alone
control and is the mean and standard deviation of three independent experiments with triplicate
scintillation counts.  Significant activation (p<0.05, Student’s t-test) is indicated by (*).  Right
Panel.  A representative TLC plate from one of the kinase assays.  C.  Purified recombinant
GST- PI4KIIIβ protein has lipid kinase activity (open circles) that is inhibited by 0.2µM
Wortmanin (closed circles). Fold increase is calculated relative to no protein control.  Reaction
contains 20 nM PI.  D. PI4KIIIβ (GST-free) activity is increased by eEF1A2 (GST-free) addition
(open circles) but not by bovine albumin (closed circles).  Lipid kinase assays are the mean and
standard deviation of triplicate experiments with 3mM phosphatidylinositol and 100nM PI4KIIIβ
(GST-free).  E.  eEF1A2 increases the Vmax of the reaction but not the Km.  Top Panel.  A
representative kinase assay using 100nM PI4KIIIβ (GST free) and either 2.5µM eEF1A2 (GST
free) or 2.5µM bovine albumin.  Bottom Panel.  Summary of PI4KIIIβ kinetic parameters.
Values are the means and standard deviations from three independent experiments.  eEF1A2
significantly increases the Vmax and Kcat values (* and , respectively; p<0.0005, unpaired t-test
with Welch correction) but not the Km.

Figure 2.  eEF1A2 and PI4KIIIβ interact in a cell-free system.  A.  30µg of purified eEF1A2
or PI4KIIIβ, both GST free, were incubated with 30µg GST, GST-PI4KIIIβ, or GST-eEF1A2.
Precipitated proteins were then detected by Western blotting (WB) with PI4KIIIβ or eEF1A2
antibodies (indicated).  B.  The eEF1A2-PI4KIIIβ complex consists of a 1:1 molar ratio of
eEF1A2 and PI4KIIIβ.   10 µM each of eEF1A2 or PI4KIIIβ (both without GST) were incubated
for the indicated times and crosslinked with DMP.   Purified eEF1A2 and PI4KIIIβ have
apparent molecular weights of 60kDa and 100kDa, respectively.  Incubating a mixture of
eEF1A2 and PI4KIIIβ results in a complex with an apparent molecular weight of ~165kDa.

Figure 3.  eEF1A2 and PI4KIIIβ interact in human cells.  A.  eEF1A2 protein expression is
detected in MCF7 cells but not in BT549 or Rat2 cells.  Actin is the loading control.  B.
Antibodies for either eEF1A2 or PI4KIIIβ were used for immunoprecipitation (IP) in detergent-
free whole cell lysates (WCL) of MCF7 cells.  An anti-Flag antibody is used as a specificity
control.  Co-immunoprecipitating proteins were detected by Western blotting (WB) using
eEF1A2 and PI4KIIIβ antibodies.  The WCL lane contains 25 µg of total cellular protein and
each immunoprecipitation was performed using 25 µg of protein lysate.

Figure 4.  eEF1A2 and PI4KIIIβ co-localize in human cells.  Confocal microscopy showing
eEF1A2 and PI4KIIIβ protein localization in MCF7 cells. The left panels show cells stained for
DNA (blue), PI4KIIIβ (green), or eEF1A2 (red).  The Merge panel is DNA, PI4KIIIβ and
eEF1A2 with pixels of co-localization shown in white.  The DNA + colocalization panel shows
only co-localized pixels and DNA.  Right panels are a magnification of the field indicated by the
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yellow boxes of the left panels.  Golgi apparatus is indicated by arrows.  Scale bars in the left
and right panels are 40 and 12 um respectively.

Figure 5.  eEF1A2 expression increases overall cellular PI4K activity.  A. Left Panel.  BT549
cells were transduced with Ad-eEF1A2 or Ad-GFP at a multiplicity of infection (MOI) of either
20 or 200 plaque forming units per cell.  At a MOI of 20, there is no significant change in PI4P
generation.  At a MOI of 200, there is a significant increase in PI4K activity in eEF1A2
transduced cells relative to GFP transduced ones (p<0.05; Student’s t-test).  Fold activation is
calculated relative to untransduced cells and is the mean and standard deviation of three
independent experiments.  Right Panel.  A representative TLC plate.  B.  Transduction of Rat2
cells with Ad-eEF1A2 at a MOI of 500 similarly increases PI4K activity (p<0.05; Student’s t-
test).  Protein levels of eEF1A2 and actin are shown. Control cells are untranduced.  C, BT549
cells transduced with Ad-eEF1A2 do not show an increase in steady-state PI4KIIIβ protein
levels as seen by Western blotting.  Actin was used as a loading control and cells were
transduced as figure 5A at an MOI of 200.

Figure 6.  siRNA-mediated eEF1A2 downregulation decreases overall cellular PI4K
activity in MCF7 cells.  Two siRNAs directed against eEF1A2 decrease its steady state protein
level in MCF7 cells (bottom panel; Western blot) relative to untreated cells or those treated with
a negative control (NC) siRNA.  Downregulation of eEF1A2 significantly decreased overall
PI4K activity (p<0.05; Student’s t-test).  Fold activation is calculated relative to untreated cells
and is the mean and standard deviation of three independent experiments.

Figure 7.  Ectopic expression of eEF1A2 increases cellular PI4P abundance.  A.  Rat2 and
BT549 cells were transiently transfected with an eEF1A2 expression plasmid and stained for
DNA (blue), eEF1A2 (green) and PI4P (red). A higher magnification view of an eEF1A2-
expressing cell (yellow box) is shown in the far right panels.  B. Rat2 and BT549 cells were
transiently transfected with a GFP expression plasmid and stained for DNA (blue) and PI4P
(red). A GFP-expressing cell is marked by a yellow box.  C.  Quantification of eEF1A2-mediated
increase in cellular PI4P levels.  Top Panel. PI4P levels in eEF1A2-transfected Rat2 and BT549
cells expressing no/low, moderate, or high levels of eEF1A2.  Cells expressing moderate or high
levels of eEF1A2 each show significantly higher PI4P staining (both p<0.0001, Mann-Whitney
test, *) than those expressing no/low eEF1A2. Bottom Panel. Quantification of PI4P staining in
GFP-transfected Rat2 and BT549 cells expressing no/low, moderate and high levels of GFP.
eEF1A2 staining was categorized as negative/low when the eEF1A2 fluorescence/unit area ratio
was <1400, as moderate when this ration was between 1400-3500 for Rat2 or between 1400-
2500 for BT549, and as high when the ratio exceeded 3500 or 2500 for Rat2 and BT549
respectively.

Supplementary Figure 1. eEF1A2 is not present in the Golgi.  MCF7 cells were stained for
DNA (blue), endogenous eEF1A2 (red) and the Golgi marker Golgin (green) and visualized by
confocal microscopy.  The eEF1A2 and Golgin merge shows no substantial colocalization.
Scale bars are 40 um in length.
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