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Abstract

The p53 family of transcription factors is a key regulator of cell proliferation and death. In this report we identify the
eukaryotic translation elongation factor 1-alpha 1 (eEF1A1) to be a novel p53 and p73 interacting protein. Previous studies
have demonstrated that eEF1A1 has translation-independent roles in cancer. We report that overexpression of eEF1A1
specifically inhibits p53-, p73- and chemotherapy-induced apoptosis resulting in chemoresistance. Short-interfering RNA-
mediated silencing of eEF1A1 increases chemosensitivity in cell lines bearing wild type p53, but not in p53 null cells.
Furthermore, silencing of eEF1A1 partially rescues the chemoresistance observed in response to p53 or p73 knockdown,
suggesting that eEF1A1 is a negative regulator of the pro-apoptotic function of p53 and p73. Thus, in the context of p53-
family signaling, eEF1A1 has anti-apoptotic properties. These findings identify a novel mechanism of regulation of the p53
family of proteins by eEF1A1 providing additional insight into potential targets to sensitize tumors to chemotherapy.
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Introduction

The p53-family proteins are transcription factors that play

important roles in tumorigenesis through the regulation of genes

involved in cell cycle progression, senescence and apoptosis. The

three paralogues (p53 p63, and p73) share significant structural

and functional similarity, including conserved transactivation

(TA), DNA binding (DBD) and oligomerization (OD) domains.

Due to alternative splicing and differential promoter usage, p73

encodes protein isoforms that differ at the amino- (DN and TA)

and carboxyl-termini (a, b, c, etc) [1]. The DN isoforms lack the

N-terminal transactivation domain present in the full-length

transactivation competent (TA) isoforms. DN p73 and p63

proteins can act as dominant negative inhibitors of the pro-

apototic full-length TAp73, TAp63 and p53 by forming inactive

transcriptional tetramers [2,3,4].

Unlike p53, which is mutated or inactivated in more than 50%

of human tumors [5], p73 and p63 mutations are rarely observed

in cancers [6]. Instead high levels of DN p53 family proteins are

commonly observed in human tumors and like p53, TAp73 is a

tumor suppressor gene that when specifically deleted in mice

(TAp73-/-) leads to enhanced tumor susceptibility. TAp73 also

mediates chemotherapy-induced apoptosis, while DNp73 and

DNp63 expression leads to chemoresistance [4,7,8]. These studies

support a paradigm in which the balance between the various pro-

apoptotic TA and anti-apoptotic DN p53 family isoforms

determine whether specific p53 family-dependent signaling

pathways lead to apoptosis or survival in tumor cells in response

to specific stimuli including oncogenic stresses and DNA damage

[9]. Significant research has identified proteins that interact with

all p53 paralogs and their isoforms including a subset that

selectively binds to and regulates only specific p53, p63 or p73

isoforms. To date, p53 family protein interacting partner proteins

include kinases and ubiquitin ligases that mediate post-transla-

tional modifications and regulate stability (e.g. abl, HDM2, itch,

Pirh2), co-activators and repressors that modulate transcriptional

activities (e.g. PML, ASPPs), and proteins that regulate subcellular

localization (e.g. Hipk2, MDMX) [10].

The eukaryotic translation elongation factor 1-alpha 1 (eEF1A1)

is one of two isoforms of the alpha subunit of the elongation factor-

1 complex (eEF1A1 and eEF1A2), which are encoded by genes

that share 92% sequence identity (EEF1A1, NM_001402 and

EEF1A2, NM_001958). The eEF1A1 isoform is ubiquitously

expressed while eEF1A2 is detected in brain, heart and skeletal

muscle. The eEF1A1 is a 50 KDa GTPase that couples the

hydrolysis of GTP to GDP with the delivery of aminoacyl tRNAs

to the ribosome during protein translation [11,12]. eEF1A also has

translation-independent roles in embryogenesis, senescence, on-

cogenic transformation, cell proliferation, apoptosis, cytoskeletal

organization and protein degradation [12,13,14,15,16,17,18].

Both eEF1A1 and eEF1A2 have similar canonical translation

elongation functions but may differ in their non-canonical

functions.

Several lines of evidence support the importance of eEF1A1 in

tumorigenesis. High levels of eEF1A1 have been reported in
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melanomas and tumors of the pancreas, breast, lung, prostate and

colon [19,20,21,22,23,24]. Increased eEF1A correlates with

metastatic potential in mammary adenocarcinoma [25] and

carcinogen-mediated transformation of fibroblasts [13]. The role

of eEF1A in apoptosis is controversial and there are reports

demonstrating both pro- and anti-apoptotic properties. The

eEF1A is a p53 target gene [14] and several studies have reported

increased expression of eEF1A in response to p53 activation,

oxidative and endoplasmic reticulum stress-induced apoptosis

[14,26,27,28]. Moreover, some of these reports also demonstrated

that inhibition of eEF1A protects against apoptosis [26,27,28] and

ectopic overexpression of eEF1A induces apoptosis of fibroblasts

[26]. In contrast, other studies have demonstrated anti-apoptotic

properties of eEF1A1. High levels of eEF1A1 were associated with

pro-survival activity and resistance to chemotherapy [24,29] and

down-regulation of eEF1A1 expression resulted in cell death [30].

Furthermore, ectopic eEF1A1 expression can protect cells from

apoptosis [30,31] while inhibition of eEF1A1 enhanced apoptosis

[29,30,32,33,34] in a variety of cellular models. Some studies also

suggest differential apoptotic effects for eEF1A1 and eEF1A2. In

myotubules, apoptosis was rescued by overexpression of eEF1A2

or inhibition of eEF1A1, while overexpression of eEF1A1

accelerated apoptosis [35]. These reports demonstrating opposing

properties of eEF1A1 suggest its effects may be cell context specific

or may depend on interactions with different regulatory binding

partners.

In this report we identify eEF1A1 to be a novel interacting

partner of p53 and p73. eEF1A1 specifically inhibits p53-, TAp73-

and chemotherapy-induced apoptosis. Interestingly, siRNA medi-

ated knockdown of eEF1A1 increases chemotherapy-induced

apoptosis in cell lines with wild-type p53, but not in cells lacking

p53. Furthermore, silencing of eEF1A1 partially rescues the

chemoresistance observed in response to p53 or TAp73 knock-

down. These findings suggest that eEF1A1 is a negative regulator

of the pro-apoptotic function of p53 and TAp73 and thus, in the

context of p53-family signaling, eEF1A1 has anti-apoptotic

properties.

Materials and Methods

Cell culture and drugs
Cervical carcinoma HeLa, osteosarcoma SaOS-2 and U2OS,

human embryonic kidney HEK293A, and lung carcinoma A549

cells were obtained from American Type Culture Collection

(Rockville, MD) and maintained in Dulbecco’s Modified Eagle

Medium (DMEM) (Gibco-Invitrogen, Gran Island, NY) supple-

mented with 10% heat-inactivated fetal bovine serum (FBS)

(Hyclone, Logan, UT) at 37uC in a humidified 5% CO2

atmosphere. Colon carcinoma HCT116 p53+/+ cells [36] were

grown in McCoy’s 5A medium (Gibco-Invitrogen). Osteosarcoma

SaOS-2 cells stably transfected with the T7-p73DDa (carboxy-

terminal region of p73a, amino acids 327–636) [37] were

previously described [38]. Camptothecin, cisplatin, doxorubicin

and etoposide (VP-16) (Sigma, St. Louis, MO) were dissolved

according to manufacturer’s instructions.

Plasmids
pcDNA3-HA-TAp73a, pcDNA3-HA-DNp73a, pcDNA3-HA-

p53, pcDNA-T7-p73DD were previously described [37].

Full-length eEF1A1 and eEF1A2 clones purchased from

GeneCopoeia (Rockville, MD) and The Centre for Applied

Genomics (Toronto, ON), respectively, were PCR amplified and

subcloned into pcDNA3.1 vector (Invitogen) with the indicated

amino terminal tags using the EcoRI and XhoI restriction sites.

Silver stain and mass spectrometry
SaOS-2 cells transfected with a T7-p73DDa [37,38] were

treated overnight with camptothecin (0.2 mM) and nuclear

fractions were immunoprecipitated with anti-p73 (ER-15, GC-

15) or control antibodies. Immunoprecipitates were resolved on

10–15% SDS-PAGE gradient gels and then subjected to silver

staining. Specific p73 immunoprecipitated bands were isolated

from the silver stained gel, trypsinized and analyzed by mass

spectrometry.

Transfection and siRNA knockdown
Plasmids were transiently transfected into cells using either the

PEI (polyethylenimine) method or FuGENE 6 (Promega, Madi-

son, WI) according to manufacturer’s instructions. siRNA

transfection was performed as previously described [39]. Briefly,

oligonucleotides (Dharmacon, Lafayatte, CO) at a final concen-

tration of 75 nM were transfected with oligofectamine (Invitrogen)

according to manufacturer’s instructions. siRNA sequences for

eEF1A1, p53 and TAp73 were previously described [39,40,41].

siGENOME RISC-Free Control siRNA (Dharmacon) was used as

the negative control.

Cell lysis, fractionation, immunoprecipitation and
immunoblot

Immunoprecipitation and immunoblot procedures were per-

formed as previously described [2,39,42]. Briefly, cells were lysed

in EBC buffer (50 mM Tris pH 8, 120 mM NaCl, 0.5% Nonidet

P-40) supplemented with complete protease inhibitors (Roche,

Manheim, Germany). Equal amounts of whole cell extract as

determined by Bradford method (Bio-Rad, Hercules, CA) were

either resolved by SDS-PAGE or subjected to immunoprecipita-

tion with the indicated antibodies and protein A-sepharose

(Amersham Biosciences, Amersham, UK) for 2 h at 4uC.

Immunoprecipitates were washed five times with NETN buffer

(2 M Tris pH 8, 5 M NaCl, 0.5 M EDTA pH 8, 0.5% Nonidet P-

40), eluted by boiling in SDS-containing sample buffer and

resolved by SDS-PAGE. Proteins were transferred to nitrocellulose

membrane (Bio-Rad) for western analysis with secondary anti-

bodies conjugated with horseradish peroxidase (Pierce Rockford,

IL) and detected by enhanced chemiluminescence SuperSignal kit

(Pierce).

For nuclear fractionation cell pellets were incubated in buffer A

(Tris-HCl 10 mM pH 7.6, KCl 75 mM, MgCl2 5 mM, EDTA

1 mM, Triton X-100 0.5%) supplemented with DTT 1 mM,

PMSF 1 mM and complete protease inhibitors (Roche). Following

5 min incubation on ice, the nuclear fraction was pelleted by

centrifugation at 200 g for 10 min at 4uC, and the cytoplasmic

fraction was decanted. Following wash with buffer A the nuclear

pellet was lysed with buffer B (Tris-HCl 20 mM pH 7.6, KCl

50 mM, NaCl 400 mM, Triton X-100 1%, Glycerol 10%)

supplemented with 1 mM DTT, 1 mM PMSF and complete

protease inhibitors (Roche) and centrifuged for 10 min at 16000 g

at 4uC.

Antibodies
The following monoclonal antibodies were used: anti-eEF1a

and anti-vinculin (Upstate-Millipore, Lake Placid, NY), anti-T7

(Novagen, Madison, WI), anti-p21 (Cell Signalling Technology,

Beverly, MA), anti-p53 (DO-1) (Calbiochem, San Diego, CA),

anti-HA (HA.11) (Covance, Denver, PA), and anti-Flag (Sigma-

Aldrich, St. Louis, CA). Monoclonal antibodies anti-p73 ER-15

and GC-15 were previously described [2].

eEF1A1 Inhibits p53 and p73 Dependent Apoptosis
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The following polyclonal antibodies were used: anti-GFP and

anti-cleaved PARP (Upstate-Millipore, Lake Placid, NY), anti-HA

(Y-11) (Santa Cruz Biotechnology, Santa Cruz, CA), and anti-p73

(BL906) (Bethyl Laboratories, Montgomery, TX).

Caspase-3/7 assays
For caspase activation assays 24 hours after transfections cells

were trypsinized, re-seeded in 96-well plates, and treated with the

indicated chemotherapies. Caspase 3 and 7 enzymatic activity was

determined using the Apo-ONE caspase-3/7 assay (Promega,

Madison, WI) according to the manufacturer’s instructions.

Fluorescence was measured following 18 hours of substrate

incubation in a Versa Max plate reader (Molecular Devices,

Sunnyvale, CA). To control for differences in viability between

study and control conditions, a parallel 96-well plate was seeded

and the Cell Proliferation Kit I (MTT) (Roche, Manheim,

Germany) was used according to manufacturer’s instructions,

reading absorbance at 562 nm with an ELx800 plate reader (Bio-

Tek Instruments, Winooski, VT).

RT-PCR
A total of 1 mg of RNA, isolated using the TRIzol reagent

(Invitrogen Life Technologies), was used for reverse transcription

with the Omniscript RT kit (Qiagen). The PCR amplification was

performed using p53 (forward: 59 ttcctcttcctacagtactc, and reverse:

59 gcaaatttccttcactcgg) and GAPDH (forward: 59 gtggacct-

gacctgccgtct, and reverse: 59 tagcccaggatgcccttgag) specific primers

with an annealing temperature of 55uC.

Cycloheximide assay
Cells grown in 6-well plates were transfected with siRNA

oligonucleotides. Forty-eight hours after transfection cells were

treated with 40 mg/mL cycloheximide (CHX) (Sigma, St Louis,

MO) and lysed at the indicated times. Equal amounts of whole cell

extracts were resolved by SDS-PAGE and immunoblotted with

the indicated antibodies. IRDye-conjugated secondary antibodies

and the Odyssey Infrared Imaging System (Li-Cor Biosciences,

Lincoln, NE) were used for protein detection and quantification.

Results

eEF1A1 is a novel interacting partner of p53 and TAp73
p73 plays an important role in chemosensitivity [40]. In order to

elucidate the mechanisms by which p73 induces apoptosis we

sought to identify proteins that interact with p73 in response to

DNA damaging chemotherapy agents. Nuclear extracts of SaOS-2

(p53-/-) osteosarcoma cells that stably express the carboxy-

terminal fragment of p73a (p73DD) [37,38] treated with

camptothecin were immunoprecipitated either with anti-p73

antibodies or control antibodies. A 50 KDa protein that specif-

ically co-immunoprecipitated with anti-p73, but not control

antibodies, was identified by mass spectroscopy as eukaryotic

translation elongation factor 1-alpha 1 (eEF1A1) (Data not shown).

To confirm whether p73 and eEF1A1 interact in vivo, cells were

transiently co-transfected with plasmids encoding HA-TAp73a
and T7-eEF1A1 and whole cell extracts were immunoprecipitated

with anti-T7 antibody. HA-TAp73a specifically co-immunopre-

cipitated with T7-eEF1A1 in both HeLa and SaOS-2 cells (Fig. 1A

and data not shown). Furthermore, HA-p53 also co-immunopre-

cipitated with T7-eEF1A1 (Fig. 1B). These results suggest that

both p53 and TAp73a can form a stable complex with eEF1A1 in

cells.

In order to determine whether this interaction was specific to

TAp73 and p53 we asked whether eEF1A also co-immunopre-

cipitates with other p73 isoforms or p63. Interestingly, eEF1A1

binding to DNp73a, and p63 were detected (Fig. S1 and data not

shown). Therefore, eEF1A1 is an interacting partner for all three

p53 family paralogues.

eEF1A1 overexpression inhibits p53-, TAp73a-, and
chemotherapy-induced apoptosis

Since eEF1A is involved in apoptosis we asked whether eEF1A1

could modulate the pro-apoptotic activity of p53-family proteins.

Cells were co-transfected with eEF1A1 together with p53 or

TAp73 and the levels of cleaved poly-ADP ribose polymerase

(cPARP) were determined as a marker of apoptosis. As expected,

in comparison to control mock-transfected cells, overexpression of

either p53 or TAp73a alone increased the levels of cPARP

(Fig. 2A–B, lane 2 vs lane 1). Co-expression of eEF1A1 resulted in

a reduction of p53 and 73-induced cPARP in a dose-dependent

manner (Fig. 2A–B, lanes 3 to 5). The inhibition of p53 and 73-

induced cPARP was specific to the overexpression of eEF1A1, as

over-expression of equivalent amounts of plasmids encoding GFP

or eEF1A2 had no effect on the levels of cPARP (Fig. S2). Since

the eEF1 isoform eEF1A2 did not affect p53-dependent apoptosis,

this suggests that the anti-apoptotic effect of eEF1A1 is indepen-

dent of its canonical function in translation elongation, which is

shared by eEF1A2.

Since p53 and p73 mediate cell death in response to many DNA

damaging anti-cancer agents, we asked whether over-expression of

eEF1A1 could also inhibit chemotherapy-induced apoptosis. Cells

transfected with plasmids encoding eEF1A1 were treated with

different chemotherapies (camptothecin or cisplatin). Overexpres-

sion of eEF1A1 reduced chemotherapy-induced apoptosis as

detected by cPARP in a dose-dependent manner (Fig. 2C). Similar

results were observed using etoposide and doxorubicin (data not

shown). Taken together, these results demonstrate that overex-

pression of eEF1A1, but not eEF1A2, inhibits p53-, TAp73a-, and

chemotherapy-induced apoptosis.

eEF1A1 silencing enhances chemotherapy-induced
apoptosis

Since transfection of eEF1A1 inhibited chemotherapy-induced

apoptosis, we asked whether siRNA-mediated knockdown of

eEF1A1 would sensitize cells to chemotherapy. Cells were

transfected with eEF1A1-specific siRNA oligonucleotides and

Figure 1. eEF1A1 interacts with p73 and p53. Figure 1A, HeLa
cells were transfected with plasmids encoding HA-TAp73a alone or
together with T7-eEF1A1. Equal amounts of whole cell extracts were
immunoprecipitated with anti-T7 antibody, resolved by SDS-PAGE and
immunoblotted with the indicated antibodies (anti-HA Y-11).
Figure 1B, SaOS-2 cells were transfected with plasmids encoding
HA-p53 and T7-eEF1A1, and treated with camptothecin (0.2 mM) for
18 hours. Equal amounts of whole cell extracts were immunoprecipi-
tated with anti-T7 antibody, resolved by SDS-PAGE and immunoblotted
with the indicated antibodies. Parallel sets of inputs (75 mg) were
resolved in the same gel to immunoblot with anti-T7 or anti-HA (HA.11)
antibodies.
doi:10.1371/journal.pone.0066436.g001

eEF1A1 Inhibits p53 and p73 Dependent Apoptosis
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treated with cisplatin. In cell lines with wild-type p53 (HEK293,

HeLa, U2OS, A549 and HCT116), inhibition of eEF1A1

increased the levels of cPARP in response to cisplatin treatment

(Figs. 3A and S3A). Similar results were observed using other

chemotherapies including camptothecin and doxorubicin (Fig.

S3C). As a control, results were confirmed using another siRNA

that targeted a different eEF1A1 sequence (Fig. S3B). Further-

more, as a second measure of apoptosis, activation of caspases 3

and 7 was measured. eEF1A1 knockdown increased the levels of

caspase activity by 3.5 and 3.9 fold in HeLa and A549 cells,

respectively (Fig. 3B). Taken together, theses results suggest that

inhibition of eEF1A1 sensitizes cells to chemotherapy-induced

apoptosis.

eEF1A1 is a negative regulator of p53 and TAp73
Since eEF1A1 binds to p53 and TAp73 and inhibits apoptosis,

we next asked whether the anti-apoptotic function of eEF1A1

requires p53 or p73 expression. Inhibition of eEF1A1 increased

cisplatin-induced levels of cPARP in different cell lines with wild

type p53, but eEF1A1 knockdown had no effect on the cPARP

levels in p53-/- SaOS-2 (Fig. 3A), suggesting that p53 might be

necessary to mediate the anti-apoptotic effect of eEF1A1. To

determine whether p53 is required we performed siRNA-mediated

silencing of both eEF1A1 and p53 in cells treated with cisplatin. As

expected, knockdown of eEF1A1 alone led to increased apoptosis

as detected by higher levels of cPARP (Fig. 4A, lane 2), while p53

siRNA resulted in resistance to cisplatin with decreased levels of

cleaved PARP (lane 3). Interestingly, siRNA knockdown of both

eEF1A1 and p53 partially rescued the apoptosis observed with

eEF1A1 single knockdown in Hela cells (Fig. 4A, lane 4). Similar

results were obtained in HEK293 cells (Fig. S4A). To determine

whether like p53, TAp73 is required for eEF1A1 anti-apoptotic

function, similar experiments were performed in which both

eEF1A1 and TAp73 were silenced simultaneously (Figs. 4B and

S4B). Silencing of both TAp73 and eEF1A1 also partially rescued

the death observed in cells in which only eEF1A1 is silenced.

These results suggest that eEF1A1 is a negative regulator of the

pro-apoptotic function of p53 and TAp73.

Many proteins that interact with and regulate the apoptotic

function of p53 and p73 affect the stability of these proteins.

Interestingly, we noticed that inhibition of eEF1A1 markedly

increased the steady state levels of p53 in HeLa cells (Figs. 3A and

S3A). In contrast to effects on p53 protein, eEF1A1 knockdown

did not affect the levels of p53 mRNA (Fig. S4C). Furthermore,

eEF1A1 siRNA increased the half-life of p53 from 14 to

51 minutes in HeLa cells (Fig. 4C). However, cycloheximide

experiments failed to show significant changes in protein stability

in other cell lines tested, including SiHa and CaSki cervical cancer

Figure 2. Ectopic expression of eEF1A1 inhibits apoptosis.
Figures 2A–B, eEF1A1 inhibits p53 and 73-induced apoptosis. HeLa
cells were transfected with constant amounts of plasmids encoding HA-
p53 or HA-TAp73a and increasing amounts of plasmids encoding T7- or
HA-tagged eEF1A1 (p53/73 to eEF1A1 ratios were 1:1, 1:5 and 1:10).
Cells were lysed and whole cell extracts were resolved by SDS-PAGE and
immunoblotted with the indicated antibodies. In panel A the top anti-
HA blot is p73 and the bottom anti-HA blot is eEF1A1. Figure 2C,
eEF1A1 inhibits chemotherapy-induced apoptosis. HeLa cells were
transfected with increasing amounts of plasmids encoding HA-eEF1A1
and treated with camptothecin (5 mM) or cisplatin (2 mM) for 18 hours.
Whole cell extracts were resolved by SDS-PAGE and immunoblotted
with the indicated antibodies.
doi:10.1371/journal.pone.0066436.g002

Figure 3. Inhibition of eEF1A1 enhances chemotherapy-
induced apoptosis. Figure 3A, cells were transfected with siRNA
oligonucleotides specific for eEF1A1 or control, and treated with
cisplatin (2 mM) for 18 hours. Whole cell extracts were resolved by SDS-
PAGE and immunoblotted with the indicated antibodies. Figure 3B,
HeLa and A549 cells were transfected with siRNA oligonucleotides
specific for eEF1A1 or control, treated with cisplatin (2 mM) for 18 hours
and subjected to caspase-3/7 activity assays. The activity of control-
transfected cells was set to 1 and fold change was plotted. Results are
representative of three independent experiments performed in
triplicate. Inset: A fraction of the cells were lysed and 25 mg of whole
cell extract were immunoblotted with the indicated antibodies.
doi:10.1371/journal.pone.0066436.g003

eEF1A1 Inhibits p53 and p73 Dependent Apoptosis
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cell lines that, like HeLa, contain human papilloma virus (data not

shown). We also did not detect changes in p73 steady state levels

following eEF1A1 knockdown (Fig. 4B). These data suggest that

destabilization of p53 may be a mechanism by which eEF1A1

affects p53-dependent apoptosis in HeLa cells, however, this does

not explain its anti-apoptotic role in other cellular contexts.

Furthermore, eEF1A1 inhibition of p73-dependent apoptosis is

not associated with decreased p73 protein levels. Thus, the

negative regulation of p53 family proteins by eEF1A1 is not due to

changes in protein stability.

Discussion

The p53 family proteins form a network that controls cell

proliferation and death in response to stresses such as DNA

damage. Although many p53 interacting proteins have been

described, only a subset binds to and regulates p63 and p73 [1,10].

Since p73 can induce apoptosis independent of p53, and p73 is

rarely mutated in cancers, elucidation of p73-dependent cell death

pathways in response to chemotherapies may lead to the

identification of novel drug targets for tumors with or without

p53 aberrations [40]. In this study, we have identified eEF1A1 as a

novel interacting partner of p73. We have demonstrated that

eEF1A1 does not selectively bind p73, but instead can form

complexes in vivo with all three p53 family proteins. Overexpres-

sion and silencing of eEF1A1 results in chemoresistance and

enhanced chemosensitivity, respectively. Experiments in cells

lacking p53 and simultaneous silencing of eEF1A1 and p53 or

p73 suggest that eEF1A1 inhibition of apoptosis is, at least in part,

mediated through p53 or p73. siRNA knockdown of eEF1A1

increased chemosensitivity in cell lines with wild type p53, but had

no effect in p532/2 cells. Furthermore, double knockdown of p53/

73 and eEF1A1 partially rescued the chemoresistance observed in

cells with p53 or 73 knockdown. Our findings suggest that the anti-

apoptotic effects of eEF1A1 are, in part, related to its effect on p53

family proteins.

There are many potential molecular mechanisms by which

eEF1A1 may inhibit p53 and p73. Many p53 interacting proteins

modulate p53 stability by promoting or inhibiting post-transla-

tional modifications that lead to degradation. We found that

eEF1A1 reduced p53 steady state levels and promoted p53

degradation in HeLa cells, but did not affect the half-life of p53 in

the majority of cells tested, including other cervical cancer cell

lines that, like Hela, contain human papilloma virus. Taken

together, these data suggest that eEF1A1 effects are not due to

modulating p53 degradation in most cancer cells. Interestingly,

eEF1A1 transfection resulted in decreased steady state p53 levels

but increased p73 levels (Fig. 2). Similar results have been

described for HDM2. HDM2 binds to and inhibits the transcrip-

tional activity of both p53 and p73; however, it only promotes

ubiquitination and degradation of p53, and instead results in

increased steady state levels of p73 [43]. Furthermore, HDM2 has

also been shown to bind to eEF1A [44]. Thus, it is possible that

eEF1A effects on p73 and p53 may also be indirectly mediated by

its binding to HDM2.

Other mechanisms by which p53-family interactors such as

HDM2 modulate activity, which are independent of effects on

stability, include effects on nuclear-cytoplasmic shuttling and

transcriptional activity. eEF1A has been shown to bind to and

promote nuclear export of the von Hippel-Lindau (VHL) tumor

suppressor and the polyA-binding protein 1 (PABP1) [41].

Interestingly, EEF1A was shown to be up-regulated by p53 [14],

suggesting a potential autoregulatory feedback loop between p53

and eEF1A1. Similar feedback loops are commonly involved in

the regulation of p53 and p73 by HDM2, Pirh2, Itch, cyclin G and

DEC1, by both ubiquitin-dependent and –independent mecha-

nisms [45,46,47,48,49]. Although we did not detect consistent

effects on p53 subcellular localization by immunofluorescence or

fractionation following eEF1A1 inhibition (data not shown), we did

observe increased levels of the p53 and p73 target p21 (Fig. S3A),

suggesting that eEF1A1 anti-apoptotic function may be in part due

to inhibition of p53-mediated transactivation of target genes.

Previous studies have concluded that eEF1A1 has anti-apoptotic

functions in cancer cell models but the mechanisms were unclear

[29,31,32,34,35]. Our findings demonstrate that the pro-survival

Figure 4. eEF1A1 is a negative regulator of p53 and 73
dependent apoptosis. Figure 4A–B, HeLa (panel A) or U2OS (panel
B) cells were transfected with siRNA oligonucleotides specific for
eEF1A1 and/or p53/73, and treated with cisplatin (2 mM) for 18 hours.
Whole cell extracts were resolved by SDS-PAGE and immunoblotted
with the indicated antibodies. Figure 4C, Inhibition of eEF1A1
increases p53 stability. Hela cells were transfected with siRNA
oligonucleotides specific for eEF1A1 or control, and treated with
cycloheximide (CHX). Results are representative of three independent
experiments. Top panel: Whole cell extracts were collected at the
indicated times following CHX treatment, resolved by SDS-PAGE and
immunoblotted with the indicated antibodies. Lower panel: The
amount of p53 protein relative to vinculin protein was quantified by
densitometry and plotted versus the time of cycloheximide treatment.
The amount of p53/vinculin at time zero was set to 100%.
doi:10.1371/journal.pone.0066436.g004
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activity of eEF1A1 following chemotherapy treatment may be in

part due to regulation of p73 and p53. Interestingly, the regulation

of p53 and p73 seems to be independent of the canonical function

of eEF1A1 in protein translation, as eEF1A2, which is fully

interchangeable in its canonical translation elongation function

with eEF1A1, did not affect apoptosis (Fig. S2B). Following

treatment with the protein synthesis inhibitor cycloheximide,

eEF1A1 still reduced p53 levels and activities, further supporting a

translation-independent function. Notably, eEF1A is not the only

translation factor involved in tumorigenesis. Increased expression

of the eukaryotic translation initiation factor eIF4E is also

associated with tumors in the breast, colon, larynx and lungs

[50,51,52]. Furthermore, the prostate tumor-inducing gene 1

(PTI-1), which has oncogenic properties and is expressed in

cancer, but not normal cell lines, shares significant homology with

eEF1A1 [53].

Recently, the development of therapies to restore p53 function

has focused on blocking inhibitory interactions. The prototype for

these drugs has been nutlin, which disrupts the interaction

between p53 and HDM2, reducing p53 degradation and

enhancing p53 function, and interestingly, can also inhibit p73-

HDM2 complexes [54,55,56,57,58]. Thus, while inhibiting the

expression of eEF1A1, which is critical for translation, is unlikely

to be feasible, targeting the interaction between eEF1A1 and the

pro-apoptotic p53 family proteins such as p53 and TAp73 may

lead to apoptosis of tumor cells as well as enhance sensitivity to

common chemotherapies. Further studies to elucidate the

functional importance of the eEF1A1-p53 and -TAp73 interac-

tions, and the identification of other important p53 family

regulatory proteins, may provide additional insight into potential

novel targets for small molecule inhibitors that may sensitize

tumors to chemotherapy.

Supporting Information

Figure S1 eEF1A1 interacts with p63. HeLa cells were

transfected with plasmids encoding Flag-TAp63a and HA-

eEF1A1, and treated with camptothecin (0.2 mM) for 18 hours.

Equal amounts of whole cell extracts were immunoprecipitated

with anti-HA (12CA5) antibody, resolved by SDS-PAGE and

immunoblotted with anti-Flag and anti-HA (HA.11) antibodies.

(PDF)

Figure S2 Ectopic expression of eEF1A1 inhibits p53
and p73 induced apoptosis. Figure S2A, HeLa cells were

transfected with constant amounts of plasmid encoding HA-

TAp73a and increasing amounts of plasmid encoding either HA-

eEF1A1 or GFP (p73 to eEF1A1/GFP ratios were 1:1, 1:5 and

1:10). Cells were lysed and whole cell extracts were resolved by

SDS-PAGE and immunoblotted with the indicated antibodies.

Figure S2B, HeLa cells were transfected with constant amounts

of plasmid encoding HA-p53 and increasing amounts of plasmid

encoding either HA tagged eEF1A1 or eEF1A2 (p53 to eEF1A1/2

ratios were 1:1, 1:5 and 1:10). Cells were lysed and whole cell

extracts were resolved by SDS-PAGE and immunoblotted with

the indicated antibodies.

(PDF)

Figure S3 Inhibition of eEF1A1 enhances chemothera-
py-induced apoptosis. Figure S3A, cells were transfected with

siRNA oligonucleotides specific for eEF1A1 or control, and

treated with cisplatin (2 mM) for 18 hours. Whole cell extracts

were resolved by SDS-PAGE and immunoblotted with the

indicated antibodies. Figure S3B, HeLa cells were transfected

with two different siRNA oligonucleotides specific for eEF1A1 or

control. Cells were treated, or not, with cisplatinum (2 mM) for

18 hours. Whole cell extracts were resolved by SDS-PAGE and

immunoblotted with the indicated antibodies. Figure S3C, HeLa

cells were transfected with siRNA oligonucleotides specific for

eEF1A1 or control, and treated with doxorubicin (1 mM) or

camptothecin (3 mM) for 18 hours. Whole cell extracts were

resolved by SDS-PAGE and immunoblotted with the indicated

antibodies.

(PDF)

Figure S4 eEF1A1 is a negative regulator of p53 and p73
dependent apoptosis. HEK293 cells were transfected with

siRNA oligonucleotides specific for eEF1A1 and/or p53 (panel A)

or p73 (panel B), and treated with cisplatin (2 mM) for 18 hours.

Whole cell extracts were resolved by SDS-PAGE and immuno-

blotted with the indicated antibodies. Figure S4C, HeLa cells

were transfected with two different siRNA oligonucleotides specific

for eEF1A1 or control. RNA was isolated and subjected to RT-

PCR using the indicated primers. A fraction of cells were lysed and

whole cell extracts were immunoblotted with the indicated

antibodies.

(PDF)
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