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Ezrin is a key regulator of cancer metastasis that links the extracellular matrix to the actin cytoskeleton and regulates cell mor-
phology and motility. We discovered a small-molecule inhibitor, NSC305787, that directly binds to ezrin and inhibits its func-
tion. In this study, we used a nano-liquid chromatography-tandem mass spectrometry (nano-LC–MS-MS)-based proteomic ap-
proach to identify ezrin-interacting proteins that are competed away by NSC305787. A large number of the proteins that interact
with ezrin were implicated in protein translation and stress granule dynamics. We validated direct interaction between ezrin and
the RNA helicase DDX3, and NSC305787 blocked this interaction. Downregulation or long-term pharmacological inhibition of
ezrin led to reduced DDX3 protein levels without changes in DDX3 mRNA. Ectopic overexpression of ezrin in low-ezrin-ex-
pressing osteosarcoma cells caused a notable increase in DDX3 protein levels. Ezrin inhibited the RNA helicase activity of DDX3
but increased its ATPase activity. Our data suggest that ezrin controls the translation of mRNAs preferentially with a structured
5= untranslated region, at least in part, by sustaining the protein level of DDX3 and/or regulating its function. Therefore, our
findings suggest a novel function for ezrin in regulation of gene translation that is distinct from its canonical role as a cytoskel-
etal scaffold at the cell membrane.

Ezrin is a prototype member of the ERM (ezrin-radixin-moe-
sin) family of proteins that functions as a scaffold between the

plasma membrane and the underlying cortical actin cytoskeleton
(1, 2). Ezrin regulates cytoskeletal dynamics in response to both
internal and external stimuli through its intracellular localization
and protein binding activities; thus, it plays an important role in
the maintenance of cell shape, cell polarity, adhesion, and move-
ment (3). All members of the ERM family are characterized by the
presence of a shared FERM domain at the amino terminus, which can
bind to transmembrane proteins, including CD43, CD44, CD95,
ICAMs, syndecan 2, EBP50/NHERF1, and E3KARP/NHERF2. The
carboxy termini of ERM proteins contain an F-actin binding domain,
which both regulates intramolecular interactions with amino-termi-
nal FERM domains and promotes F-actin organization. The pleio-
tropic functions of ezrin in a wide range of cellular processes can be
explained through its association with numerous proteins with di-
verse functions (4). Several lines of evidence have indicated that ezrin
can oscillate between various “open/active” and “closed/dormant”
states, which are regulated by self-association of N-terminal and C-
terminal regions. Head-to-tail folding of the molecule likely masks
the respective protein binding sites and leads to the localization of
ezrin in the cytoplasm in its monomeric form. The conformational
switch to an open state requires direct interaction with the plasma
membrane phospholipid phosphatidylinositol 4,5-bisphosphate
[PI(4,5)P2] and phosphorylation of a conserved threonine (T567)
located in the C terminus (5–9). To date, all ezrin-related cellular
phenotypes, including its involvement in different signal transduc-
tion pathways, have been attributed to this conformational shift in
tertiary structure, followed by membrane localization.

Osteosarcoma (OS) is the most common primary bone cancer
in children and adolescents (10). Respiratory failure due to pul-
monary metastasis is the main cause of mortality in patients suf-
fering from OS (11). Evidence from animal and human studies
suggests that ezrin contributes to tumor metastasis. High ezrin
expression is closely associated with poor survival in OS, as well as

in pancreatic cancer, ovarian cancer, soft tissue sarcomas, gliomas,
breast cancer, and rhabdomyosarcoma (12–21). However, the un-
derlying molecular mechanisms of ezrin-mediated metastasis are
largely unknown.

DDX3 is a member of the DEAD-box family of putative heli-
cases, which are characterized by the presence of a conserved Asp-
Glu-Ala-Asp motif (22). All DEAD-box proteins contain a highly
conserved catalytic core domain with ATP-binding and RNA-
binding sites that mediates the ATPase and RNA-unwinding ac-
tivities. In addition to their established unwinding activities on
RNA duplexes, DEAD-box proteins participate in a large variety
of cellular processes that require manipulation of the RNA struc-
ture (23, 24). The lack of identification of the physiological RNA
substrates or consensus sequences for the vast majority of DEAD-
box proteins has limited our understanding of these enzymes (22).
Because DEAD-box helicases are components of multiprotein
complexes, their interaction with other proteins likely influences
their RNA substrate specificities.

Human DDX3 (also named DDX3X and DBX) is a ubiqui-
tously expressed protein that constantly shuttles between the cy-
toplasm and the nucleus. DDX3 regulates gene expression at dif-
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ferent steps from transcription to translation, including both
splicing and mRNA export. DDX3 interacts with poly(A)-binding
protein 1 (PABP1) and several translation initiation factors, in-
cluding eukaryotic translation initiation factor 4E (eIF4E), eIF4G,
eIF4A, eIF2�, and eIF3 (25–29). DDX3 is a critical factor for stress
granule (SG) assembly and cell survival under stress conditions
(26, 28). DDX3 effects upon protein translation include both pos-
itive and negative regulatory roles (23, 24, 30). DDX3 functions as
a repressor of cap-dependent translation by acting as an eIF4E-
inhibitory protein in a helicase-independent manner (25, 26).
There is also evidence supporting a role of DDX3 RNA helicase in
promoting the translation initiation of a specific subset of mRNAs
that include complex secondary structure in their 5= untranslated
regions (5=UTRs) (27, 31–33). DDX3 is also implicated in cancer;
however, as for its role in protein translation, the results are
mixed, suggesting both oncogenic and tumor suppressor func-
tions (25, 33–42).

Here, we demonstrate that ezrin interacts with proteins in-
volved in the translation initiation process and SG assembly and
function. Among these proteins, we identified DDX3 as a novel
direct binding partner of ezrin; this interaction regulates the
DDX3 protein level and activity and is inhibited by the antiezrin
compound NSC305787. Our findings suggest that ezrin preferen-
tially regulates translation of mRNAs with a structured 5=UTR, at
least in part, through maintaining the intracellular protein level of
DDX3. In particular, ezrin blocks the RNA helicase activity of
DDX3 while increasing its ATPase activity. Since DDX3 is in-
volved in multiple aspects of RNA metabolism with a prominent
role in translation initiation, the results presented here suggested
that there might be novel functions of ezrin in regulating gene
translation and SG dynamics that are independent of its canonical
role as a cytoskeletal scaffolding protein at the plasma membrane.

MATERIALS AND METHODS
Cell lines. Human MG63.3 and mouse K7M2, K12, and AS 1.46 OS cell
lines were kindly provided by Chand Khanna from the National Cancer
Institute (NCI) (NIH, Bethesda, MD). The MG63.3, K7M2, and K12 cells
were maintained in Dulbecco’s modified Eagle’s medium (DMEM) sup-
plemented with 10% fetal bovine serum (FBS). The K7M2/ezrin antisense
clone AS 1.46 was cultured in DMEM with 10% FBS containing 500 �g/ml
G418 (Invitrogen, Carlsbad, CA). The human hepatoma cell line HepG2
(ATCC; HB-8065) was grown in DMEM with 10% FBS and 1% nones-
sential amino acids. The human lung adenocarcinoma cell line H1944
(ATCC; CRL-5907) was grown in RPMI medium with 10% FBS.

Transient DDX3 and ezrin overexpression. MG63.3 OS cells were
transfected with a pCMV-entry plasmid expressing the human DDX3X
transcript variant 1 cDNA with a Myc-FLAG tag (Origene, Rockville, MD;
RC204171). K12 mouse OS cells were transfected with a pcDNA 3.1 plas-
mid expressing the human ezrin cDNA with a Myc-His tag. Transfections
of cells were done using the X-tremeGene 9 DNA transfection reagent
(Roche, San Francisco, CA) according to the manufacturer’s recommen-
dations. Transient expression of DDX3X and ezrin from the vectors was
assessed after 48 h.

Gene silencing with siRNA. The expression of DDX3 was suppressed
by using two prevalidated small interfering RNA (siRNA) duplexes tar-
geting different coding regions of DDX3 (Invitrogen, Carlsbad, CA; s4004
and s4005). The prevalidated siRNA sequence used for silencing human
ezrin was ordered from Invitrogen (Carlsbad, CA) (s14796). siGENOME
nontargeting siRNA pool 2 (Dharmacon, Lafayette, CO; siGENOME
nontargeting siRNA control pools/pool 2 D-001206-14-50, which is a
pool of 4 nontargeting siRNAs) was used as the control. MG63.3 cells
were transfected with DDX3 or ezrin siRNA oligonucleotides using X-

tremeGene siRNA transfection reagent (Roche, San Francisco, CA) ac-
cording to the manufacturer’s protocol. The cells were analyzed for DDX3
and ezrin knockdown after 48 or 72 h by immunoblotting.

Luciferase reporter assays. The pCMV-Luciferase (pCMV-LUC) and
pCMV-Stem Loop-Luciferase (pCMV-SL-LUC) reporter constructs were
kindly provided by Hsin-Sheng Yang from the University of Kentucky
(43). Firefly luciferase expression from pCMV-LUC and pCMV-SL-LUC
was measured after 24 h using a luciferase assay kit (Promega, Madison,
WI) on an LMax II 384 luminometer (Molecular Devices, Union City,
CA) according the manufacturer’s protocol. The luciferase activities were
normalized to the total protein concentration. Transfection of reporter
constructs was carried out using X-tremeGene 9 DNA transfection re-
agent (Roche, San Francisco, CA) according to the manufacturer’s in-
structions.

RT-PCR. Total RNA was extracted from cell lines using an RNeasy
minikit (Qiagen, Valencia, CA) and reverse transcribed using a transcrip-
tor first-strand cDNA synthesis kit (Roche, San Francisco, CA) according
to the manufacturer’s protocols. Quantitative reverse transcription
(qRT)-PCR was done on a LightCycler 480 II system using SYBR green
mix (Sigma-Aldrich, St. Louis, MO) in a 20-�l volume (10 �l of 2�
master mix, 1.0 �l of 10 �M forward and reverse primer mix, and 2.0 �l
cDNA). Reactions were performed in triplicate on a 96-multiwell plate.
qRT-PCR was performed under the following operating conditions: pre-
incubation at 95°C for 10 min and 40 amplification cycles, including de-
naturation at 95°C for 30 s, annealing at 55°C for 30 s, and extension at
72°C for 45 s. Finally, melting curves were determined to check primer
specificity. Changes in relative gene expression were calculated using the
comparative threshold cycle (CT) method with 18S rRNA as the reference.
Primer pairs were as follows: ezrin, sense (5=-CATCACTGAGGCAGAG
AAGAAC-3=) and antisense (5=-TGTCATTGTGGGTCCTCTTATTC-
3=); DDX3, sense (5=-GGTATTAGCACCAACGAGAGAG-3=) and anti-
sense (5=-TATCGGCACCACCATAAACC-3=); 18S rRNA, sense (5=-CTT
AGAGGGACAAGTGGCG-3=) and antisense (5=-ACGCTGAGCCAGTC
AGTGTA-3=).

IP and Western blotting. Immunoprecipitation (IP) experiments
were done with protein lysates from mouse and human OS cells, as de-
scribed previously (44). Total cell lysates were prepared by lysing the cells
on ice for 30 min with phospho-lysis buffer (50 mM HEPES, pH 7.9, 100
mM NaCl, 4.0 mM sodium pyrophosphate, 10 mM EDTA, 10 mM so-
dium fluoride, and 1% Triton X-100) containing 2.0 mM sodium vana-
date, 1.0 mM phenylmethylsulfonyl fluoride (PMSF), 4.0 �g/ml apro-
tinin, 4.0 �g/ml leupeptin, and 1.0 �g/ml calyculin A. IP experiments
were performed using approximately 1,000 to 1,500 �g total cellular pro-
tein in 1.0 ml phospho-lysis buffer. After preclearing, the lysates were
incubated with 2.0 �l of antiezrin antibody (Sigma-Aldrich, St. Louis,
MO; E8897) or an equal amount of control mouse IgG (Santa Cruz Bio-
technology, Santa Cruz, CA; sc-2025) overnight at 4°C on a rotating axis.
For RNase A treatment, immunoprecipitates were treated with 0.5 mg/ml
RNase A at 37°C for 30 min. In the morning, a 40-�l resuspended volume
of bovine serum albumin (BSA)-blocked protein A/G Plus agarose beads
(Santa Cruz Biotechnology, Santa Cruz, CA) was added to the samples,
and the mixtures were rotated for 1 h at 4°C. The pelleted beads were
washed three times with 0.3 ml (each) IP wash buffer (10 mM Tris-HCl,
pH 7.5, 150 mM NaCl, 1.0 mM EGTA, 1.0 mM EDTA, 1% Triton X-100,
0.5% Nonidet P-40, 0.2 mM sodium vanadate, and 0.2 mM phenylmeth-
ylsulfonyl fluoride [PMSF]), and all the proteins bound to the beads were
eluted by boiling samples in SDS-PAGE sample buffer for 5 min. Immu-
noblotting was performed as previously described (45). Briefly, samples
were subjected to SDS-PAGE and then transferred to an Immobilon-P
membrane (Millipore, Billerica, MA). Nonspecific binding sites were
blocked upon incubation in 5% nonfat dry milk diluted in 1� TTBS (20
mM Tris-HCl, pH 7.5, 150 mM NaCl, 0.05% Tween 20) for 1 h at room
temperature. The membranes were incubated with primary antibodies
diluted in either 5% nonfat dry milk or 5% BSA in 1� TTBS at room
temperature for 2 h or at 4°C overnight, according to the manufacturer’s
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recommendations. The dilutions for primary antibodies were as follows:
antiezrin, 1:2,500 (Sigma-Aldrich, St. Louis, MO; E8897); anti-DDX3,
1:500 (Santa Cruz Biotechnology, Santa Cruz, CA; sc-81247); anti-Flag,
1:1,000 (Sigma-Aldrich, St. Louis, MO; F1804); anti-caprin-1, 1:4,000
(Bethyl Laboratories; A303-882A), anti-SND1, 1:3,000 (Bethyl Laborato-
ries; A302-883A); anti-PABP1, 1:1,000 (Cell Signaling, Danvers, MA;
4992); anti-MTDH, 1:1,000 (R&D Systems, Minneapolis, MN;
MAB7180) and antiactin-horseradish peroxidase (HRP), 1:5,000 (Santa
Cruz Biotechnology, Santa Cruz, CA; sc-1615). After rinsing three times
with 1� TTBS, the membranes were incubated for 1 h at room tempera-
ture in HRP-conjugated anti-rabbit (GE Healthcare Bio-Sciences, Pitts-
burgh, PA; NA934V) or anti-mouse (GE Healthcare Bio-Sciences, Pitts-
burgh, PA; NA931V) secondary antibody diluted 1:5,000 in 1� TTBS or
anti-rat secondary antibody (R&D Systems, Minneapolis, MN; HAF005)
diluted 1:1,000 in 5% nonfat dry milk in 1� TTBS. The blots were then
washed three times in 1� TTBS and then developed using Millipore Im-
mobilon Western chemiluminescent HRP substrate according to the
manufacturer’s instructions (Millipore Corporation, Billerica, MA).
Chemiluminescence was detected using a Fujifilm LAS-3000 imaging
system.

SPR. Surface plasmon resonance (SPR) studies for testing direct inter-
action between ezrin and DDX3 were performed on a Biacore T-200 in-
strument at room temperature. Purified wild-type ezrin or a phospho-
mimicking ezrin mutant was immobilized on the second flow cell of a
CM5 sensor chip (GE Healthcare Bio-Sciences, Pittsburgh, PA) by the
amine-coupling method in sodium acetate buffer, pH 4.5 (both at �7,600
resonance units [RU]). The first flow cell was left empty for background
signal subtraction. HBS-P (10 mM HEPES, pH 7.4, 150 mM NaCl, 0.05%
[vol/vol] nonionic polysorbate surfactant P20 [GE Healthcare Bio-Sci-
ences, Pittsburgh, PA]) was used as the running buffer. Kinetic analysis
was done by injecting six different concentrations of DDX3 (1.25, 2.5, 5,
10, 20, and 40 nM) over ezrin-immobilized and control surfaces in trip-
licate. Each injection was done with 90 s of association time and 300 s of
dissociation time. For testing of the ability of ezrin to directly bind
MTDH, purified ezrin was immobilized on the second flow of a CM5
sensor chip under the same conditions as described above (�6,500 RU).
In order to study the binding kinetics of ezrin and the MTDH interaction,
HBS-P buffer containing 1% glycerol was used as the running buffer.
Purified recombinant human MTDH was purchased from Origene
(Rockville, MD) (TP307238). Kinetic analysis was done by injecting four
different concentrations of MTDH (0.63, 1.25, 2.5, and 5 nM) over ezrin-
captured and control surfaces in triplicate. Each injection was done with
60 s of association time and 300 s of dissociation time. KD (equilibrium
dissociation constant) values for ezrin-DDX3 and ezrin-MTDH interac-
tions were obtained using BiaEvaluation software (version 1.0).

ELISA. Enzyme-linked immunosorbent assays (ELISAs) were per-
formed on MaxiSorp 96-well plates in triplicate wells. The wells were
coated with either recombinant wild-type ezrin or an ezrin T567D phos-
phomimicking mutant (300 ng/well) in 100 �l PBS overnight at 4°C and
then incubated with 4% BSA in PBS at room temperature for 2 h to block
uncoated sites and prevent nonspecific binding. After washing of the wells
five times with 200 �l of PBS containing 0.1% Tween 20 to remove un-
bound protein, NSC305787 was added at a concentration range of 0.012
to 12.0 �M. After 1 h of incubation and washing as described above,
DDX3 (300 ng/well) in 100 �l PBS was added as a ligand in the presence of
NSC305787 at the same concentrations. The plate was incubated over-
night at 4°C, followed by extensive washing of the wells. The protein
binding was detected using anti-DDX3 antiserum, followed by a second-
ary antibody coupled to horseradish peroxidase and using a 3,3=,5,5=-
tetramethylbenzidine (TMB) peroxidase substrate kit (Bio-Rad, Irvine,
CA) according to the manufacturer’s instructions. The dilutions of pri-
mary and secondary antibody used were as follows: DDX3 antibody
(Santa Cruz Biotechnology, Santa Cruz, CA; sc-81247), 1:500 dilution in
washing buffer; HRP-conjugated anti-mouse secondary antibody (GE
Healthcare Bio-Sciences, Pittsburgh, PA; NA931V), 1:2,000 in washing

buffer. Color development was monitored, and the absorbances were
measured at 450 nm with a microplate reader.

Affinity pulldown of NSC305787-competed ezrin-interacting pro-
teins. Recombinant ezrin was first coupled to a CNBr-activated Sepharose
4B matrix (Sigma-Aldrich, St. Louis, MO) according to the manufactur-
er’s recommendations. Briefly, 4.7 mg of purified ezrin in 0.1 M NaHCO3

buffer, pH 8.3, containing 0.5 M NaCl was added to 1.0 ml of swollen and
washed CNBr-activated resin, and the mixture was rotated overnight at
4°C. The unreacted ligand was washed away using NaHCO3-NaCl cou-
pling buffer. The unreacted groups on the resin were then blocked with 0.2
M glycine, pH 8.0, overnight on a rotating axis at 4°C. The beads were
washed first with basic coupling buffer, pH 8.5, and then with 0.1 M
acetate buffer, pH 4.0, containing 0.5 M NaCl to remove the blocking
solution. This wash cycle with high- and low-pH buffer solutions was
repeated five times. The efficiency of coupling was checked by SDS-PAGE,
using samples of the starting ezrin preparation and the postcoupling su-
pernatant. The ezrin-coupled resin was stored as a 25% slurry in phospho-
lysis buffer (50 mM HEPES, pH 7.9, 100 mM NaCl, 4.0 mM sodium
pyrophosphate, 10 mM EDTA, 10 mM sodium fluoride, and 1% Triton)
in the presence of 0.2% sodium azide at 4°C. Total cell lysates from K7M2
cells were prepared as described above. One hundred microliters of a 25%
slurry of ezrin-coated beads was incubated overnight with 2.0 mg total
cellular protein in 2.0 ml phospho-lysis buffer in the presence of either
vehicle (dimethyl sulfoxide [DMSO]) or NSC305787 at a 50.0 �M con-
centration at 4°C on a rotating axis. The resin was washed four times with
0.75 ml (each time) phospho-lysis buffer containing 2.0 mM sodium van-
adate, 1.0 mM PMSF, 4.0 �g/ml aprotinin, 4.0 �g/ml leupeptin, and 1.0
�g/ml calyculin A. The proteins bound to the beads were eluted by boiling
samples in 2� SDS-PAGE sample buffer for 5 min and then run on a 12%
SDS-PAGE gel. The protein bands were stained with a GelCode Coomas-
sie blue staining kit (Pierce, Rockford, IL). The protein bands correspond-
ing to the control- and NSC305787-treated pulldown lanes that differed
in staining intensity were excised from the gel and subsequently subjected
to in-gel tryptic digestion to extract peptides for further nano-liquid chro-
matography-tandem mass spectrometry (nano-LC–MS-MS) analysis.

Preparation of recombinant proteins. Full-length wild-type ezrin
and the phosphomimicking ezrin mutant (T567D) were cloned into the
pQE16 vector and expressed in Escherichia coli strain M15(pREP4) (Qia-
gen, Valencia, CA). Cultures were inoculated at 1:20 dilution in LB me-
dium from saturated overnight cultures containing 100 �g/ml ampicillin
and 25 �g/ml kanamycin and were grown for 90 to 120 min until the
optical density at 600 nm (OD600) reached 0.6 at 37°C. To induce the
expression of ezrin, 1.0 mM isopropyl-�-D-thiogalactopyranoside was
added, and the cells were grown for an additional 4 h. Cells were harvested
by centrifugation at 8,000 � g for 15 min. To purify bacterium-expressed
ezrin, the induced cells were resuspended in 20 mM 2-(N-morpholino)
ethanesulfonic acid (MES), pH 6.8, containing 100 mM NaCl, 10% glyc-
erol, 0.4% Tween 20, 5.0 mM �-mercaptoethanol, 50 �g/ml PMSF, 75
�g/ml benzamidine, and 1 Complete protease inhibitor tablet/50 ml
(Roche, San Francisco, CA) and lysed by sonication. The lysate was then
clarified by centrifugation at 13,500 � g for 10 min and applied to a
HiTrap SP Sepharose Fast Flow (GE Healthcare Bio-Sciences, Pittsburgh,
PA) cation-exchange column preequilibrated with 25 mM HEPES, pH
6.8, containing 100 mM NaCl, 10% glycerol, and 1.0 mM tris(2-carboxy-
ethyl)phosphine (TCEP) in an AKTA Explorer chromatography system
(GE Healthcare Bio-Sciences, Pittsburgh, PA). The column was developed
using a linear gradient of 100 to 1,000 mM NaCl, and fractions were
monitored by SDS-PAGE on 10% gels. Fractions rich in ezrin were
pooled, diluted appropriately to lower the salt concentration to 100 mM,
and applied to a HiTrap heparin-Sepharose high-performance column
(GE Healthcare Bio-Sciences, Pittsburgh, PA) preequilibrated with 25
mM HEPES, pH 7.5, containing 100 mM NaCl, 10% glycerol, and 1.0 mM
TCEP. The column was developed with a linear gradient of 100 to 1,000
mM NaCl, and the protein purity was determined by SDS-PAGE followed
by Coomassie staining. The eluted fractions were dialyzed against 25 mM
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HEPES, pH 7.5, 100 mM NaCl, 10% glycerol, and 1.0 mM TCEP and
stored at �80°C for further use. Recombinant DDX3 protein was ex-
pressed in insect cells using the baculovirus expression system. Baculovi-
rus stock was generated using a DDX3 bacmid vector in adherent SF9 cells
(Invitrogen, Carlsbad, CA). A Rapid Titer kit (Clontech Laboratories Inc.,
Palo Alto, CA) was used to determine the multiplicity of infection (MOI)
of the virus stock. Virus stock at an MOI of 2.5 was used to infect 1 liter of
a serum-independent suspension of Sf9 cells (2.5 � 106 cells/ml). Cells
were harvested after 42 to 44 h of infection, and all subsequent purifica-
tion steps were carried out at 4°C. A whole-cell extract was prepared in
ice-cold lysis buffer containing 25 mM HEPES, pH 7.5, 500 mM NaCl, 5.0
mM MgCl2, 1% Triton X-100, 1% sodium deoxycholate, 10% glycerol,
5.0 mM �-mercaptoethanol, 25 mM imidazole, 1.0 mM PMSF, and 1
Complete protease inhibitor tablet/50 ml (Roche, San Francisco, CA).
The lysate was incubated on ice for 30 min and then centrifuged for 10 min
at 13,500 � g. To remove the nucleic acids, the lysate was treated with 2.0
mg/ml protamine sulfate (Sigma-Aldrich, St. Louis, MO) and spun again
at 13,500 � g for 10 min. DDX3 was purified using immobilized metal
affinity chromatography (IMAC) on a nickel-charged Hi-Trap chelating
high-performance column (GE Healthcare Bio-Sciences, Pittsburgh, PA)
in an AKTA Explorer chromatography system (GE Healthcare Bio-Sci-
ences, Pittsburgh, PA). The binding buffer was composed of 25 mM
HEPES, pH 7.5, 300 mM NaCl, 10% glycerol, 5.0 mM MgCl2, 0.1% Tween
20, 25 mM imidazole, and 5.0 mM �-mercaptoethanol. Protein fractions
were eluted in the same buffer using a continuous gradient of 25 to 600
mM imidazole. The purity of the protein was analyzed by SDS-PAGE. The
eluted fractions were dialyzed against 25 mM HEPES, pH 7.5, 150 mM
NaCl, 50% glycerol, 5.0 mM MgCl2, and 2.0 mM TCEP and stored at
�80°C for further use.

Peptide analysis by nano-LC–MS-MS. Selected peptide bands were
excised and destained using 50% acetonitrile (ACN) in 25 mM ammo-
nium bicarbonate, pH 7.8, dehydrated with 200 �l of ACN for 5 min at
30°C using a thermoshaker (Eppendorf AG, Hamburg, Germany), alky-
lated with 200 �l 15 mM iodoacetamide (IAA) for 15 min, washed twice
with 200 �l 25 mM ammonium bicarbonate, pH 7.8, at 30°C, and then
vacuum dried in a Speed-Vac (Labconco, Kansas City, MO). Gel pieces
were rehydrated, and proteins were digested for 8 h at 37°C in a ther-
moshaker with 40 �l of 25-ng/�l trypsin (trypsin gold, mass spectrometry
grade; Promega, Madison, WI) in 25 mM ammonium bicarbonate, pH
7.8. After digestion, the peptides were extracted from the gel pieces using
step-by-step extraction with a gradient of ACN (15 to 60% ACN with 1%
trifluoroacetic acid [TFA]). The extraction was performed using a soni-
cator (Bransonic Ultrasonics Corporation, Danbury, CT) with ice cubes.
Peptide separation was achieved on a Tempo Capillary LC device coupled
with HiPLC-nanoflex (Eksigent, Framingham, MA) using a nano-
cHiPLC trap column (200 �m by 500 �m; ChromXP C18-CL; 3 �m; 300
Å) (Eksigent, Framingham, MA) interfaced with a 5600 TripleTOF mass
spectrometer (AB Sciex, Framingham, MA). The tryptic digest was sepa-
rated with a 10-min trapping step using 2% ACN and 0.1% formic acid at
a 3-�l/min flow rate, and chromatographic separation was performed at a
0.3-�l/min flow rate as follows: starting conditions, 2% ACN, 0.1% for-
mic acid; 1 to 35 min, 5 to 50% ACN, 0.1% formic acid; 35 to 37 min, 50
to 95% ACN, 0.1% formic acid; 37 to 40 min, 95% ACN, 0.1% formic
acid, followed by equilibration with 2% ACN, 0.1% formic acid for an
additional 20 min. For all runs, 1 �l of sample was injected directly after
enzymatic digestion. Analysis was performed using an information-de-
pendent acquisition workflow with one full scan (400 to 1,500 m/z) and 50
MS-MS fragmentations of major multiply charged precursor ions with
rolling collision energy. Mass spectra were recorded in the MS range of
400 to 1,500 m/z and MS-MS spectra in the range of 100 to 1,800 m/z, with
a resolution of 30,000 and mass accuracy up to 2 ppm using the following
experimental parameters: declustering potential, 80 V; curtain gas, 15; ion
spray voltage, 2,300 V; ion source gas 1, 20; interface heater, 180°C; en-
trance potential, 10 V; collision exit potential, 11 V; exclusion time, 5 s.
The collision energy was set automatically according to the m/z of the

precursor (rolling collision energy). The data were processed using Pro-
teinPilot 4.0 software (AB Sciex, Framingham, MA).

DDX3 helicase assay. The helicase activity of recombinant human
DDX3 was determined by measuring the extent of unwinding of the double-
stranded RNA (dsRNA) with a 3= overhang. dsRNA was prepared by anneal-
ing the two complementary nucleic acid strands, 5=-/56-FAM/ACGUCGAU
CCGAAACUAUACUUAAUUUUAA-3= (30-mer reporter strand) and 5=-G
UUUCGGAUCGACGU/3IABkFQ/-3= (15-mer quenching strand), which
were purchased from IDTDNA (Coralville, IA). The longer strand was fluo-
rescence (6-carboxyfluorescein [FAM]) labeled at its 5= end. The shorter
strand was labeled with a 3= quencher (3= Iowa Black FQ [3IABkFQ]),
which quenches the fluorescence when bound to the reporter strand. The
helicase assays were performed using 96-well plates in 50-�l reaction vol-
umes containing 25 mM HEPES, pH 7.5, 1.0 mM MgCl2, 1.0 mM dithio-
threitol (DTT), 4.0 nM purified DDX3, and 20 nM dsRNA at 37°C. Reac-
tions were initiated by the addition of 1.0 mM ATP to the incubation
mixture with the help of an injector pump. Reactions were monitored for
15 min in a BioTek Synergy H4 hybrid reader (Winooski, VT) using ex-
citation and emission wavelengths of 490 nm and 519 nm, respectively.
The specificity of the enzyme reaction was confirmed by including control
reactions, such as a helicase reaction with heat-inactivated DDX3 or heli-
case reactions in the absence of ATP and Mg2�. To assess the effect of ezrin
on the DDX3-helicase reaction, increasing concentrations of purified re-
combinant human ezrin from 4.0 to 160 nM, which corresponds to a
range of 1- to 40-fold molar excess over the amount of DDX3, were added
to the reaction mixture. To confirm the specificity of enzyme inhibition
experiments, a helicase assay was performed using an unrelated protein,
myoglobin.

DDX3 ATPase assay. The ATPase activity of DDX3 was determined
using a fixed-type assay by measuring the amount of free phosphate
formed upon ATP hydrolysis using a PiColorLock ALS assay kit (Innova
Biosciences, Cambridge, United Kingdom) according to the manufactur-
er’s instructions. Reactions were performed using a 96-well plate in 25
mM HEPES, pH 7.5, 1.0 mM DTT, 1.0 mM MgCl2, 1.0 mM ATP, 200 nM
purified DDX3, and 400 nM dsRNA with a 3= overhang in a final volume
of 25 �l. The sequence of the dsRNA was the same as that of the RNA used
in the DDX3 RNA helicase assay. The reaction was started by the addition
of ATP with the help of an injector pump, and then the mixture was
incubated for 20 min at 37°C. After adding 100 �l phosphate detection
reagent according to the instructions of the kit supplier, the absorbance
values were measured at 625 nm after a 25-min incubation period using a
BioTek Synergy H4 hybrid reader (Winooski, VT). A phosphate standard
curve was also prepared by using known concentrations of free phosphate
under the conditions described above. The effect of ezrin on DDX3 AT-
Pase activity was tested by adding increasing concentrations of purified
recombinant human ezrin from 1.0 to 8.0 �M, which corresponds to a
range of 5- to 40-fold molar excess of the amount of DDX3, to the reaction
mixture. Negative-control reactions, including heat-inactivated DDX3
with the indicated molar excess of recombinant ezrin, were also carried
out along with the experimental reactions under the same conditions.
Experiments were also performed using myoglobin as a negative-control
protein under the same reaction conditions.

In vitro translation assay. The effects of recombinant ezrin and
DDX3 on the translation of nonstructured and stem-loop-structured lu-
ciferase mRNAs were determined by using the T7 Quick-Coupled tran-
scription/translation system (Promega, Madison, WI) according to the
manufacturer’s instructions. Each 50-�l reaction mixture contained 40 �l
TNT Quick master mix (Promega, Madison, WI), 1.0 �l of 1.0 mM me-
thionine, 2.0 �l of 0.50-�g/�l pCMV-LUC or pCMV-SL-LUC reporter
construct, and appropriate amounts of purified recombinant proteins.
The reaction mixtures were incubated at 30°C for 90 min, and the results
of protein expression were analyzed by measuring the luciferase activities
as described above. To assess whether recombinant ezrin or DDX3 affects
the transcription of luciferase, translation reaction mixtures were assem-
bled as described above with 1.0 �g of each protein and appropriate buffer
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controls. After a 90-min incubation period at 30°C, 35-�l aliquots of
50-�l incubation mixtures were used for total RNA isolation. RNA was
purified using MegaClear columns (Ambion, Austin, TX; AM1908), and
reverse transcribed using random-hexamer primers as described above.
qRT-PCR was done under the same conditions as described above, using
primer pairs specific for luciferase (sense, 5=-TGTGGATTTCGAGTCGT
CTTAAT-3=; antisense, 5=-CGAAGAAGGAGAATAGGGTTGG-3=) and
18S rRNA (see above).

Statistical analysis. The statistical significance of differences between
groups was evaluated by an unpaired Student t test using Prism version
6.0c (GraphPad Software, La Jolla, CA). Statistical significance was de-
fined as a P value of 	0.05.

RESULTS
Proteomics identifies novel binding partners of ezrin. The small
molecule NSC305787 directly binds to ezrin and inhibits the met-
astatic phenotype both in vitro and in vivo (46). Since ezrin lacks

intrinsic enzymatic activity and exerts its biological functions
through protein-protein interactions, we sought protein partners
of ezrin that would be disrupted by NSC305787. We used an af-
finity pulldown strategy with recombinant ezrin covalently linked
to Sepharose beads. Total cell lysates from mouse K7M2 OS cells
were incubated with ezrin-coated beads in the presence of ei-
ther NSC305787 or vehicle control, followed by elution and
resolution with PAGE (Fig. 1A). Coomassie-stained protein
bands that were differentially present in the NSC305787-
treated sample were cut from the gel and analyzed by nano-LC–
MS-MS. The candidate proteins were prioritized to eliminate
those that were not identified by at least two unique peptides
with a confidence level of �95%, a ProteinPilot Unused ProtScore
of �2 (99% confidence level), and a correct molecular weight (Fig.
1B). These filtering steps yielded 240 proteins that were expected
to compete with NSC305787 for binding to ezrin (see Table S1 in

FIG 1 Identification of candidate NSC305787-competed ezrin-binding proteins. (A) Schematic diagram describing an affinity pulldown coupled with an
MS-MS approach for identification of ezrin-interacting proteins that can be competed away by NSC305787. Recombinant ezrin was purified and coupled with
CNBr-activated Sepharose 4B beads. The ezrin-coated beads were then used as bait on total cell lysates from K7M2 mouse OS cells in the presence of either
NSC305787 or vehicle control. The proteins bound to the beads were eluted by boiling samples in SDS-PAGE sample buffer. Proteins were then run on an
SDS-PAGE gel and stained with Coomassie brilliant blue. Protein bands that were competed away with NSC305787 were analyzed by nano-LC–MS-MS. (B)
Schematic flow diagram for analysis of the raw data obtained from MS. Through stepwise filtering, a total of 240 potential ezrin-interacting proteins that can be
competed away by NSC305787 were identified. Proteins identified by MS-MS were first filtered based on the elimination of proteins that were not identified by
at least two unique peptides with a confidence level of �95% and with a ProteinPilot Unused ProtScore of �2 (99% confidence level). Further subtraction of
proteins was then based on the removal of proteins whose predicted molecular weights differed by more than 20% from the molecular weights of the
corresponding bands on the gel.
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the supplemental material). Nine of the 240 proteins were previ-
ously identified as ezrin-binding partners, including ezrin itself
(47), other ERM proteins, radixin and moesin (48), PABP1 (49),
calpain 1 and calpain 2 (50–52), protein kinase C iota (53), focal
adhesion kinase (54), and Na�/H� exchange regulatory cofactor
(EBP50/NHERF1) (55). Moreover, a recent study demonstrated
that the ELMO-DOCK1 (docking protein 1) complex, a bipartite
guanine nucleotide exchange factor complex for the small GTPase
Rac1, orchestrates ciliary basal body migration, docking, and po-
sitioning by interacting with ezrin and that the ELMO-DOCK1-
Rac1 complex influences ezrin phosphorylation (56). Among the
proteins, we identified DOCK1, as well as the other regulators of
Rac1 function, Rho guanine nucleotide exchange factor (GEF-
H1), regulator of chromosome condensation 2 (RCC2), and Rac
GTPase activating protein 1 (RacGap1), in our MS-MS data (see
Table S1 in the supplemental material). The presence of the
above-mentioned ezrin-binding proteins in the MS screen con-
firmed the validity of our experimental approach.

Ezrin interacts with proteins involved in the translation ini-
tiation process and stress granule dynamics. When we analyzed
the 240 potential ezrin-interacting proteins, we identified 21 key
ezrin-binding proteins associated with translation initiation and
SG dynamics, including DDX3, PABP1, caprin-1, staphylococcal
nuclease domain-containing 1 (SND1), several heat shock/stress
proteins, eIF3 subunits, heterogeneous nuclear ribonucleoprotein
Q (hnRNP Q), fragile X mental retardation syndrome-related
protein 1 (FXR1), heterogeneous nuclear ribonucleoprotein K
(hnRNP K), lyric/metadherin (MTDH), argonaute-2/eIF2C2,
fragile X mental retardation protein (FMRP), and RNA-binding
motif protein 42 (RBM42) (see Table S1 in the supplemental ma-
terial). Among these proteins, DDX3 had the top ranking, with
199 peptide matches, 71% coverage, and an Unused ProtScore of
128.70 in the MS-MS data (see Table S1 in the supplemental ma-
terial). We first confirmed the endogenous ezrin interaction with
DDX3 in K7M2 mouse and MG63.3 human OS cell lines by co-
immunoprecipitation (co-IP) (Fig. 2A). When mouse K7M2 OS
cells were treated with NSC305787, the amount of coprecipitated
DDX3 with antiezrin antibody decreased significantly (Fig. 2B).
Surface plasmon resonance (SPR) confirmed a direct interaction
between purified recombinant ezrin and DDX3, since IP experi-
ments do not distinguish between direct and indirect protein
complex interactions (Fig. 2C and D). The role of ezrin Thr567
phosphorylation upon its binding to DDX3 was assessed using a
phosphomimicking ezrin mutant in which the C-terminal threo-
nine, T567, was replaced by aspartate (T567D). We observed that
DDX3 directly interacts with both wild-type ezrin and phospho-
mimicking mutant ezrin at low nanomolar concentrations, with
comparable KD values of 2.81 nM and 4.68 nM, respectively (Fig.
2C and D). These findings establish that ezrin and DDX3 are direct
binding partners and that the interaction is inhibited by
NSC305787. In order to evaluate if ezrin interaction with DDX3
was dependent on the presence of RNA in the complex, we immu-
noprecipitated ezrin from cell lysates, followed by RNase A treat-
ment. The amount of coprecipitated DDX3 diminished, but it did
not completely disappear from ezrin immunoprecipitates, when
RNase A was added, suggesting that RNA has a role in, but is not
required for, ezrin-DDX3 interaction (Fig. 2E).

To further validate that NSC305787 can interrupt the interac-
tion between ezrin and DDX3, we performed ELISAs using puri-
fied proteins, wild-type ezrin, a T567D phosphomimicking mu-

tant of ezrin, and DDX3 (Fig. 3). The ELISA involved binding of
DDX3 to ezrin immobilized on a polystyrene surface, which was
detected using an anti-DDX3 antiserum followed by a secondary
antibody coupled to horseradish peroxidase. Negative controls
(wells coated with BSA alone, ezrin alone, or BSA alone followed
by incubation with DDX3 protein) and a positive control (wells
coated with DDX3 protein alone) were included to verify the spec-
ificity of the ELISA. The inhibitory activity of NSC305787 was
monitored by a concentration-dependent reduction in the bind-
ing signal due to disruption of the complex. The 50% inhibitory
concentrations (IC50s) of NSC305787 required to disrupt wild-
type ezrin-DDX3 and ezrin T567D-DDX3 interactions were cal-
culated as 182.4 nM and 2,096 nM, respectively, which correspond
to 4.6-fold and 52.4-fold molar excess over the amount of DDX3
protein used as a ligand in solution (Fig. 3). These findings suggest
that NSC305787 is much more effective in preventing the binding
of DDX3 to wild-type ezrin than to the ezrin T567D mutant.

Apart from DDX3, we performed co-IP experiments to verify
the interaction of ezrin with caprin-1, MTDH, PABP1, and SND1
in cell lysates from K7M2 mouse OS cells. IP of endogenous ezrin
with antiezrin antibody resulted in coprecipitation of caprin-1,
MTDH, and PABP1 but not SND1, suggesting that ezrin interacts
with the caprin-1, MTDH, and PABP1 proteins in OS cells (Fig.
4A). We were also able to demonstrate the direct binding of ezrin
to MTDH by SPR (Fig. 4B).

Ezrin regulates DDX3 protein levels in cancer cells. We used
RNA interference (RNAi) to silence ezrin expression in OS cells.
In MG63.3 cells transfected with siRNA targeting ezrin, DDX3
protein levels were also reduced significantly (Fig. 5A, left). This
unexpected drop in DDX3 protein levels in response to ezrin
siRNA was validated in human hepatocellular (HepG2) and lung
(H1944) cancer cell lines (Fig. 5A, middle and right, respectively).
To rule out the possibility that the observed changes in DDX3
protein levels were due to nonspecific off-target effects of ezrin
siRNA, we checked protein expression in the K7M2 and K12
mouse OS cell lines. K7M2 was derived from K12 cells following
multiple cycles of orthotopic implantation of K12 cells into mouse
tibias and recovery of metastatic cells from the lung. Highly met-
astatic K7M2 clones express significantly higher levels of ezrin
protein than K12 cells. The AS 1.46 line was generated through
suppression of ezrin expression by stable transfection of an anti-
sense oligonucleotide in K7M2 cells, which resulted in reduced
metastatic potential (13, 57). DDX3 protein expression levels were
found to be significantly lower in both K12 and AS 1.46 cells than
in K7M2 cells (Fig. 5B). There was no change in DDX3 mRNA
levels in MG63.3 cells following ezrin reduction compared to the
control (Fig. 5C). Ectopic overexpression of ezrin in K12 cells also
resulted in higher expression of the DDX3 protein than in the cells
transfected with the empty vector (Fig. 5D).

We next investigated whether inhibition of endogenous ezrin
expression could lead to a reduction in DDX3 protein levels ex-
pressed ectopically. MG63.3 cells were transfected with a mamma-
lian expression vector containing cDNA for human DDX3 with a
FLAG tag. Similar to the previous experiments, siRNA targeting of
ezrin reduced expression levels of the FLAG-tagged DDX3 protein
(Fig. 5E). Each of these results supported the conclusion that the
alterations in the DDX3 protein level in response to ezrin deple-
tion or overexpression were due to the changes either in the half-
life or in the translational rate of the DDX3 protein; the data did
not support alterations in transcription. In order to address the
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question of whether pharmacological inhibition of ezrin binding
could lead to a reduction in DDX3 protein levels, we treated K7M2
cells with low concentrations of NSC305787 for 4 days. This long-
term exposure of the cells caused a significant decrease in DDX3
protein levels compared to the vehicle-treated cells (Fig. 5F). We
performed a time course analysis of RNAi-mediated ezrin knock-
down to identify how soon the decrease in DDX3 protein expres-
sion becomes evident (Fig. 5G). The analysis of ezrin and DDX3
expression in MG63.3 OS cells at various time points after trans-
fection with siRNA for ezrin demonstrated that the level of DDX3
started to decline after 24 h, with the most significant decrease
seen at 72 h. The reduction in DDX3 protein levels was correlated

with the ezrin protein levels in the cells. To further test whether a
similar inhibitory effect on ezrin protein expression could be de-
tected by modulating DDX3 levels, we both transiently reduced
and ectopically overexpressed DDX3 in MG63.3 cells (Fig. 5H).
Neither approach altered ezrin protein levels.

Ezrin regulates translation of mRNAs containing a struc-
tured 5= untranslated region through DDX3. DDX3 regulates
protein translation from mRNAs containing a structured 5= UTR
(27, 31–33). A specific complex 5= UTR contains a 24-bp stem-
loop structure that is only 2% efficient in translation of upstream
protein-coding genes compared to a non-stem-loop-structured
mRNA (43). We used this 24-bp stem-loop in cis with a firefly

FIG 2 Ezrin interacts with DDX3, and the antiezrin compound NSC305787 inhibits this interaction. (A) Interaction of ezrin with DDX3 in K7M2 mouse (left)
and MG63.3 human (right) OS total cell lysates (TCL) by co-IP experiments. Protein complexes were immunoprecipitated from the cell lysates with antiezrin
antibody (Ab) or negative-control total mouse IgG and immunoblotted (IB) with anti-DDX3 antibody. (B) K7M2 cells were treated with 3.0 �M NSC305787 for
8 h. Total cell lysates were immunoprecipitated with control IgG or an ezrin antibody, which was followed by Western blotting for ezrin and DDX3. (C) (Top)
Recombinant wild-type ezrin and the phosphomimicking ezrin T567D mutant were expressed in bacteria and purified by cation-exchange chromatography on
an SP Sepharose column, followed by adsorption chromatography on a heparin column. DDX3 protein was expressed in baculovirus-infected insect cells and
purified by Ni2� affinity column chromatography. Approximately 1.5 �g of each protein was run on a gel and stained with Coomassie blue. (Bottom) A purified
DDX3 sample (1.5 �g) was run on a gel and stained with Coomassie blue (Coom.) (left), or 250 ng of purified DDX3 was run on a gel and transferred to a
membrane for Western blot analysis using anti-DDX3 antibody (right). (D) Recombinant wild-type ezrin or the phosphomimicking ezrin mutant was immo-
bilized on a CM5 chip in Biacore T-200. DDX3 was injected over the chip surface at six different concentrations (1.25, 2.5, 5.0, 10, 20, and 40 nM) in triplicate.
The colored lines show real data, and the black lines represent curves fitted for a 1:1 binding model. (E) Equal amounts of lysates from K7M2 mouse OS cells were
subjected to co-IP with antiezrin antibody. The resulting coprecipitates were treated with 0.5 mg/ml RNase A at 37°C for 30 min. �RNase A and no treat., samples
that were incubated in the absence of RNase A for 30 min at 37°C or at 4°C, respectively. Immunoblotting was performed with anti-DDX3 and antiezrin
antibodies.
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luciferase expression reporter to test if ezrin-altered translation is
based upon secondary mRNA structure (Fig. 6A).

The 24-bp stem-loop dramatically inhibited protein synthe-
sis from the cis-luciferase gene in our transfected cells, which
was only 2% of the luciferase activity from a nonstructured
mRNA. The same structure showed a 2.5-fold increase in lucif-
erase activity following reduction of DDX3 protein expression
in MG63.3 cells (Fig. 6B). However, we observed no difference
in luciferase activity from a nonmodified mRNA between
DDX3-depleted and control cells. When the same experiments
were performed with siRNA targeting ezrin, similar correla-
tions in both stem-loop and nonstructured luciferase activities
were seen in MG63.3 cells (Fig. 6B). Since siRNA-mediated
knockdown of ezrin expression resulted in reduced protein
levels of DDX3 (Fig. 6C), these results suggested that the effect
of ezrin depletion on luciferase reporter activities was most
likely mediated through the loss of DDX3 protein.

We used an in vitro translation assay to examine the effect of
DDX3 on translation of mRNA with a stem-loop structure in
the 5= UTR and whether ezrin has any role in this process. The
effects of ezrin and DDX3 on translation were measured by
adding purified recombinant proteins to a rabbit reticulocyte
lysate containing a pcDNA-LUC or a pcDNA-SL-LUC tem-
plate under conditions for coupled transcription-translation.
As expected, translation of luciferase mRNA with a stable sec-
ondary structure in the 5= UTR was approximately 25-fold less
efficient than that of the nonstructured luciferase mRNA in the

absence of any added recombinant protein. Addition of 1 �g
(0.27 �M) and 2 �g (0.53 �M) purified DDX3 to the reticulo-
cyte lysate inhibited luciferase activity from both stem-loop
and non-stem-loop luciferases in a concentration-dependent
manner, whereas addition of ezrin did not produce any inhib-
itory effect on either luciferase activity (Fig. 6D). DDX3 inhib-
ited the translation of stem-loop-structured luciferase more
effectively than that of the non-stem-loop luciferase. Addition
of 1 �g DDX3 to the reticulocyte lysate inhibited stem-loop-
structured luciferase expression by 64%. In contrast, when the
same amount of DDX3 was added to the reaction mixture,
inhibition of non-stem-loop luciferase expression was only
30% (Fig. 6D). We then tested the effect of ezrin on luciferase
expression in the presence of DDX3 (Fig. 6E). However, we
observed no change in the amount of inhibition of luciferase
expression caused by DDX3 when we added 1.0 �g and 10.0 �g
of purified ezrin to the reticulocyte lysates containing 1.0 �g of
DDX3, which corresponds to 1:1 and 10:1 molar excess ratios.
Since the experiments were performed under conditions for
coupled transcription-translation, we verified that the DDX3-
dependent decrease in protein expression was not due to de-
creased levels of luciferase mRNA (Fig. 6F). We also did not
observe significant differences in luciferase mRNA levels in
nonmodified or structured 5= UTRs (Fig. 6G). Thus, all the
above-mentioned findings supported the idea that a secondary
structure in the 5= UTR of the mRNA enhances its susceptibil-
ity to inhibition of translation by DDX3.

FIG 3 ELISA demonstrating inhibition of the ezrin-DDX3 protein interaction by NSC305787. NSC305787 was much more effective in competing away the
binding of DDX3 to wild-type ezrin than that to the ezrin T567D phosphomimicking mutant. (A) The surface of an ELISA plate was coated with wild-type ezrin
protein (300 ng/well). Binding of DDX3 to the immobilized ezrin protein was detected using anti-DDX3 antiserum, followed by a secondary antibody coupled
to horseradish peroxidase and a chromogenic substrate. ELISA wells coated with BSA served as negative controls (far-left bar). Additional negative controls
included wells coated with ezrin protein alone (second bar) and wells coated with BSA alone followed by incubation with DDX3 protein (third bar). For the
positive control, ELISA wells were coated with DDX3 protein alone (far-right bar). The inhibitory activity of NSC305787 was tested using a range of concen-
trations from 0.012 �M to 12.0 �M. Inhibition of the ezrin-DDX3 interaction led to a reduction in the color signal. The graph below shows the IC50 curve. (B)
ELISA performed as for panel A, except that the purified ezrin T567D phosphomimicking mutant was used in place of the wild-type protein.
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Ezrin inhibits helicase activity but stimulates ATPase activ-
ity of DDX3. We investigated whether ezrin affects the RNA heli-
case or ATPase function of DDX3, which might also have a role in
translation regulation by ezrin. We evaluated both wild-type ezrin
and phosphomimicking mutant ezrin (ezrin T567D) to explore
the possible influence of ezrin Thr-567 phosphorylation on the
modulation of DDX3 RNA helicase or ATPase activity. A fluores-
cence resonance energy transfer (FRET)-based reporter assay that
permits monitoring of the enzyme activity in real time was em-
ployed to study the helicase activity of recombinant DDX3 pro-
tein. The assay utilizes a dsRNA substrate with a 3= overhang
consisting of a fluorophore-labeled reporter strand and a com-
plementary strand modified with a spectrally paired quencher dye.

When the dsRNA substrate is unwound by the helicase, the dye
emits fluorescence upon its release from the quencher (58).

Both purified recombinant wild-type ezrin and the ezrin
T567D mutant inhibited DDX3 helicase activity in a concentra-
tion-dependent manner (Fig. 7A and B). However, the amount of
inhibition was significantly reduced by the phosphomimic. The
concentrations of wild-type ezrin and ezrin T567D required to
elicit a 50% inhibition in the fluorescence signal (IC50) were de-
termined to be 44.0 
 7.1 nM and 117.1 
 9.0 nM, respectively
(Fig. 7A and B, right). This corresponds to almost 11- and 29-fold
molar excesses of wild-type ezrin and ezrin T567D over DDX3,
respectively. A negative-control protein, myoglobin, was added to
reaction mixtures at a high molar ratio, yet there was no change in
the DDX3 enzyme activity (Fig. 7C). Neither purified wild-type
ezrin nor myoglobin alone had any effect on fluorescence (Fig.
7C). Control incubation mixtures in which either Mg2� or ATP
was omitted or heat-inactivated DDX3 was used did not produce
any detectable single-stranded RNA (ssRNA) (Fig. 7D).

We determined the ATPase activity of DDX3 in the presence of
dsRNA with a 3= overhang and increasing amounts of recombi-
nant ezrin. The sequence of the dsRNA was the same as that of the
RNA used in the DDX3 RNA helicase assay. We found that wild-
type ezrin actually stimulated ATPase in a concentration-depen-
dent manner. Ezrin T567D was significantly less effective in en-
hancing the DDX3 ATPase activity than wild-type ezrin (Fig. 8A).
Addition of wild-type ezrin to the reaction mixture at a concen-
tration of 4 �M, corresponding to 20-fold molar excess over
DDX3, stimulated the ATPase activity by approximately 5-fold,
with further increases in ezrin leading to saturation. In contrast,
the ezrin T567D mutant at 8 �M concentration (40-fold molar
excess) minimally enhanced the DDX3 ATPase (1.7-fold). Myo-
globin added to the reaction mixture in 30- and 40-fold excess
over the amount of DDX3 did not alter the rate of ATP hydrolysis
(Fig. 8B). Although low-level basal ATPase activity was reported
for DDX3 in the absence of RNA (59), we were unable to detect it
under our assay conditions without any RNA substrate or in the
presence of only a complementary longer single-stranded tem-
plate of dsRNA (Fig. 8C). We also did not observe any increase in
ATPase activity when DDX3 was incubated with wild-type ezrin at
6 �M concentration (30-fold molar excess over DDX3) without
any RNA or in the presence of ssRNA (Fig. 8C).

DISCUSSION

Ezrin lacks intrinsic enzyme activity and shows its pleiotropic
functions by interacting with different protein binding partners
that are involved in diverse cellular processes. We hypothesized
that the antimetastatic effect of NSC305787 occurs putatively by
preventing specific ezrin protein-protein interactions. We identi-
fied a subset of proteins in our ezrin interactome list, including
DDX3, PABP1, caprin-1, SND1, several heat shock/stress pro-
teins, eIF3 subunits, hnRNP Q, FXR1, hnRNP K, MTDH, argo-
naute 2/eIF2C2, FMRP, and RBM42, that are known to be com-
ponents and/or modulators of protein translation initiation and
SG assembly (26, 60–71). SGs are dynamic, dense aggregates of
proteins, including translation initiation factors, and RNAs that
allow the cell to survive under stress conditions by serving as a
reservoir for nontranslated mRNAs (60). DDX3 has been char-
acterized as a pivotal SG-nucleating protein conferring a cell sur-
vival advantage under stress conditions (26). As RNA-binding
proteins, both caprin-1 and MTDH have been shown to regulate

FIG 4 Ezrin interacts with caprin-1, MTDH, and PABP1. (A) The ability of
ezrin to interact with caprin-1, MTDH, PABP1, and SND1 was tested by co-IP
experiments in mouse K7M2 OS total cell lysates. Protein complexes were
immunoprecipitated from the cell lysates with antiezrin antibody or negative-
control total mouse IgG, followed by immunoblotting with anti-caprin-1, an-
ti-MTHD, anti-PABP1, and anti-SND1 antibodies. (B) For SPR studies, re-
combinant human ezrin was immobilized on a CM5 chip in Biacore T-200.
Recombinant human MTDH was injected over the chip surface at four differ-
ent concentrations (0.63, 1.25, 2.50, and 5.0 nM) in triplicate. The colored lines
show real data, and the black lines represent curves fitted for a 1:1 binding
model.
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the translation of multiple mRNAs and the formation of SGs in
response to stress (62, 63). Our previous findings based on poly-
some profile analysis suggested that ezrin associates with ribonu-
cleoprotein complexes and has a role in the early phases of trans-
lation initiation rather than active and ongoing translation. Ezrin
was detected in the same polysomal fractions containing the RNA-
binding proteins YB-1 and PABP1, as well as the cap binding pro-
teins eIF4E and RACK1 (49). We have validated through co-IP
experiments that ezrin interacts with PABP1 (Fig. 4A), which is a
core component of SGs and an SG marker protein. PABP1 stim-
ulates translation initiation by forming a complex with the
poly(A) tail of mRNAs and interacting with eIF4G, a large scaf-
folding protein that provides a platform for binding of several

initiation factors, which gives rise to a “closed-loop” model for
translation initiation. In light of the above-mentioned evidence,
we propose a model demonstrating that ezrin is a component of
the messenger ribonucleoprotein (mRNP) complex associated
with translation initiation machinery and stress granule aggre-
gates, which includes DDX3, PABP1, and other RNA-binding
proteins, such as caprin-1 and metadherin (Fig. 9). This model
suggests a role for ezrin in regulation of the mRNP homeostasis
required for transitions between translationally active and inactive
states under normal or oncogenic/stress conditions. Ezrin might
perform this task by modulating protein-protein and protein-
RNA interactions and/or regulating enzymatic functions of the
helicase components of the mRNP complex required for its re-

FIG 5 Ezrin regulates the DDX3 protein level. (A) Expression of ezrin protein was inhibited by siRNA in human OS (MG63.3), hepatocellular cancer (HepG2),
and lung cancer (H1944) cell lines, which resulted in reduced DDX3 expression. Protein levels were detected by Western blotting of total cell lysates. (B) K12 is
a mouse OS cell line, and K7M2 is a subclone of K12 with high ezrin expression and high metastatic potential. Ezrin expression in K7M2 was inhibited by stable
antisense oligonucleotides (labeled as AS1.46 cells). The expression levels of ezrin, DDX3, and actin proteins were determined by Western blotting. (C) Ezrin and
DDX3 mRNA levels were measured by real-time PCR in MG63.3 cells from panel A, and the results were normalized to 18S rRNA levels and expressed as fold
change over the control group (*, P 	 0.0001; Student’s t test). The values are presented as the means and standard deviations of the results of triplicate
experiments. (D) Low-ezrin-expressing K12 mouse OS cells were transfected with either an empty vector (EV) or a cDNA coding for wild-type ezrin containing
a Myc-His tag. The protein levels of ezrin, DDX3, and actin were detected by Western blotting after 48 h. (E) MG63.3 cells were transfected with a cDNA coding
for DDX3 containing a FLAG tag or a negative-control EV. Ezrin expression was inhibited by siRNA, and the level of expression of DDX3 from the vector was
determined by Western blotting using anti-FLAG antibody. (F) K7M2 cells were treated with 2.0 �M NSC305787 or vehicle control for 4 days, and the expression
levels of ezrin, DDX3, and actin were determined by Western blotting. (G) The expression levels of DDX3 in MG63.3 cells were determined at 0 h, 4 h, 8 h, 18 h,
24 h, 48 h, and 72 h after transfection of cells with siRNA for ezrin. (H) MG63.3 cells were transfected with either an siRNA targeting endogenous DDX3 (left)
or a cDNA coding for DDX3 containing a FLAG tag (right). The expression level of ezrin was determined by Western blotting using antiezrin antibody. The
asterisk indicates the Flag-tagged exogenous DDX3.
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FIG 6 Ezrin modulates translation of structured mRNAs through DDX3 in transfected cells, and DDX3 preferentially inhibits translation of 5=UTR structured
mRNA in vitro. (A) MG63.3 human OS cells were transfected with constructs designed to represent a nonstructured (pCMV-LUC) or a weakly translated gene
with a structured (pCMV-SL-LUC) 5= untranslated region adjacent to the reporter fLUC gene. Cells were also transfected with anti-DDX3 or antiezrin siRNAs.
(B) Fold changes in normalized firefly luciferase activities from both structured and nonstructured luciferase mRNAs in ezrin- and DDX3-depleted cells with
respect to mock-transfected cells. The firefly luciferase data were normalized to total protein (*, P 	 0.0001; Student’s t test). The values are presented as the
means and standard deviations of the results of triplicate experiments. The graph shows a representative of three independent experiments. (C) Western blots
showing ezrin and DDX3 protein levels from panel B. (D) Rabbit reticulocyte lysates containing pCMV-LUC or pCMV-SL-LUC reporter constructs carrying
luciferase mRNAs with a nonstructured or stem-loop-structured 5= UTR, respectively, were incubated with increasing amounts of DDX3 (1 and 2 �g, corre-
sponding to 0.27 and 0.53 �M, respectively) or ezrin (1 and 2 �g, corresponding to 0.25 and 0.50 �M, respectively) under conditions for coupled transcription-
translation. The translation was performed in a 50-�l reaction volume at 30°C for 90 min, as described in Materials and Methods. The amount of functionally
active luciferase protein synthesized from a non-stem-loop- or stem-loop-structured mRNA was measured in a luminometer. The values are presented as the
means 
 standard deviations of triplicate determinations. (E) Reactions were set up as for panel D, except the effect of ezrin on luciferase expression was tested
in the presence of DDX3. The graph on the left shows the translation reactions for pCMV-LUC and pCMV-SL-LUC performed in the presence of 1.0 �g ezrin
alone (two left bars), 1.0 �g DDX3 alone (two middle bars), and both 1.0 �g ezrin and 1.0 �g DDX3 (two right bars). The graph on the right shows translation
reactions for pCMV-LUC and pCMV-SL-LUC performed in the presence of 10.0 �g ezrin alone (two left bars), 1.0 �g DDX3 alone (two middle bars), and both
10.0 �g ezrin and 1.0 �g DDX3 (two right bars). (F) In vitro-coupled transcription-translation reactions were set up as for panel D with either recombinant DDX3
(1 �g) or ezrin (1 �g). After a 90-min incubation period at 30°C, total RNA was isolated as described in Materials and Methods. Luciferase mRNA levels were
measured by real-time PCR, and the results were normalized to the 18S rRNA levels. The values are presented as the means and standard deviations of triplicate
determinations. (G) Total RNA was isolated as described for panel E from in vitro-coupled transcription-translation reactions with rabbit reticulocyte lysates
containing pCMV-LUC or pCMV-SL-LUC reporter constructs in the absence of any recombinant protein. Luciferase mRNA levels were measured by real-time
PCR, and the results were normalized to 18S rRNA levels. The values are presented as the means and standard deviations of triplicate determinations.
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FIG 7 Wild-type ezrin inhibits RNA helicase activity of DDX3 more effectively than the phosphomimicking ezrin T567D mutant in a concentration-dependent
manner. (A) The effect of ezrin on DDX3 helicase activity was tested by a FRET-based reporter assay in real time. Double-stranded RNA with a 3= overhang
consisting of a 5= fluorophore-labeled reporter strand and a 3= quencher-labeled strand was used as the substrate. Reaction mixtures containing 4 nM recom-
binant DDX3 and 20 nM dsRNA with a 3= overhang were incubated with increasing amounts of recombinant wild-type ezrin (4 to 160 nM, corresponding to 1-
to 40-fold molar excesses of ezrin over DDX3). The measured fluorescence intensity indicates the amount of single-stranded RNA product formation. (Right)
Nonlinear curve fitting of the concentration-response data to calculate the IC50 of wild-type ezrin on helicase activity. (B) The RNA duplex-unwinding activity
of DDX3 was measured under the same conditions as described above, except instead of wild-type ezrin, the phosphomimicking ezrin T567D mutant
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modeling. In support of our model, recently, two different studies
analyzing the mRNA interactome using quantitative proteomics
have provided evidence that ezrin is an mRNA binding protein
(72, 73). The present findings suggest that ezrin allows tumor cells
to endure specific stress conditions encountered during metastatic
progression via integrating translational regulation with the cellu-
lar stress response and regulating SG dynamics. Our findings also
suggest that NSC305787 interferes with the ability of ezrin to per-
form its delicate task of coordinating or orchestrating those bio-
logical processes by inhibiting protein-protein interactions.

Several lines of evidence have demonstrated reciprocal regula-
tion between ERM proteins and Rho GTPases in cytoskeletal
modeling, cell polarity, and migration. Although, little is known

about signaling cascades coupling the Rho family of GTPases with
ERM proteins, different studies suggest that members of the Rho
GTPases, including Rac1, might either stimulate or inactivate
ERM proteins (56, 74, 75). Recently, Chen et al. (33) identified
several factors in the Rac signaling pathway, including Rac1, as
potential translation targets of DDX3. They have shown that
DDX3 modulates cell migration and invasion via its activity in
promoting Rac1 mRNA translation, possibly by interacting with
the 5= UTR, which is required for Wnt–�-catenin signaling. Al-
though in our experiments DDX3 preferentially inhibited the
translation of mRNAs with a complex 5=UTR, these findings nev-
ertheless suggest that the cross talk between ezrin-, DDX3-, and
Rac1-mediated signaling pathways could cooperatively regulate

(4 to 400 nM, corresponding to 1- to 100-fold molar excesses of ezrin over DDX3) was used in the reaction mixtures. Both graphs are representative of the results
of three independent experiments. The calculated IC50 data for both wild-type ezrin and the phosphomimicking ezrin mutant represent the means 
 standard
deviations from three independent experiments. (C) Ezrin at 40-fold molar excess concentration over DDX3 caused almost complete inhibition of DDX3 helicase
activity, whereas myoglobin as a negative-control protein at 80-fold molar excess did not inhibit the helicase activity. Ezrin or myoglobin itself did not produce
any change in fluorescence readings over the time course of the experiment. (D) When ATP and Mg2� ions were removed from the reaction mixture, no helicase
activity was observed. Heat-inactivated DDX3 was also unable to catalyze the unwinding of dsRNA. The graphs show representatives of three independent
experiments.

FIG 8 Wild-type ezrin stimulates ATPase activity of DDX3 more effectively than the phosphomimicking ezrin T567D mutant in a concentration-dependent
manner. (A) The effect of ezrin on DDX3 ATPase activity was determined using a fixed-type assay by measuring the amount of free phosphate generated during
the hydrolysis of ATP, as described in Materials and Methods. Reaction mixtures containing 200 nM DDX3 and 400 nM dsRNA with a 3= overhang were
incubated with increasing amounts of either recombinant wild-type ezrin or the phosphomimicking ezrin T567D mutant (1 to 8 �M, corresponding to 5- to
40-fold molar excesses of ezrin over DDX3). The graphs are representative of the results of three independent experiments. (B) When myoglobin was added to
the reaction mixtures as a negative-control protein at increasing concentrations corresponding to 30- and 40-fold molar excesses over the amount of DDX3, no
apparent change in enzyme activity was observed, whereas ezrin at the same concentrations significantly stimulated DDX3 ATPase activity. The results are
expressed as means and standard deviations of duplicate determinations. (C) Reaction mixtures containing 200 nM DDX3 were incubated with 6 �M recom-
binant wild-type ezrin (corresponding to a 30-fold molar excess of ezrin over DDX3) without any RNA substrate or in the presence of 400 nM either dsRNA with
a 3= overhang or its complementary, longer ssRNA. The sequence of the dsRNA is given in Materials and Methods.
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the metastatic phenotype of cancer cells. These findings also high-
light the importance of identification of the endogenous mRNAs
associated with metastatic progression, the translation of which is
regulated by ezrin-DDX3 interaction.

It has been demonstrated that caprin-1 promotes OS metasta-
sis by conferring resistance to apoptosis and via the activation of
Akt and extracellular signal-regulated kinase 1/2 (ERK1/2) signal-
ing pathways (76). MTDH has also recently been shown to medi-
ate OS metastasis by upregulating MMP-2 via endothelin-1/endo-
thelin A receptor and Jun N-terminal protein kinase (JNK)/c-Jun/
MMP-2 signaling pathways (77–79), as well as by regulating
epithelial-mesenchymal transition (80). Consequently, these

novel interactions between ezrin, caprin-1, and MTDH might also
have a substantial effect on determining the ability of cells to ac-
quire metastatic capability. MTDH also interacts with SND1, and
this interaction has been shown to be critical for cell survival un-
der oncogenic/stress conditions (81, 82). Although, we demon-
strated direct interaction between ezrin and MTDH through
co-IP and SPR experiments, we were unable to detect the SND1
protein in the same coprecipitates with ezrin (Fig. 4A).

Recently, Viswanatha et al. (83) identified 38 ezrin-binding
proteins by expressing various mutant forms of ezrin correspond-
ing to its closed, open, and hyperactivated states in Jeg-3 epithelial
cells and performing affinity pulldown followed by MS. This study

FIG 9 Working model for ezrin and DDX3 functions. The model demonstrates a novel role for ezrin in regulating transcription and translation independently
of its membrane-localized open conformation. We propose that ezrin and DDX3 are the components of an mRNP complex associated with translation initiation
machinery and stress granule aggregates. In this model, ezrin functions as a regulator of mRNP homeostasis required for transitions between translationally active
(translation initiation complex) and inactive (stress granule) states under normal or oncogenic/stress conditions.
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has revealed that the ezrin interactome might change depending
on the conformational state of ezrin, and an unexpectedly signif-
icant fraction of all ezrin-binding proteins bind preferentially to
ezrin in its closed form. In the current understanding, the closed
conformation of ezrin is considered the inactive form, which ex-
ists in the cytoplasm mainly as dormant monomers.

Our findings suggested that ezrin preferentially modulates
translation of a specific subset of mRNAs with a complex 5= UTR
by posttranscriptionally upregulating the intracellular protein
level of DDX3. Ezrin likely sustains the intracellular protein level
of DDX3 either by stabilizing it or by stimulating its translational
expression. Taking into account that long-term exposure of OS
cells to NSC305787 resulted in lower DDX3 protein levels (Fig.
5F), it might be ezrin binding that is critical to stabilize DDX3. In
addition, the results shown in Fig. 5E suggest that the ezrin-medi-
ated effects on the DDX3 protein level are not exerted at the stage
of translation initiation, as the cDNA encoding the full-length
human DDX3 did not contain the 5= UTR. We also determined
whether ezrin has any role in maintaining the intracellular protein
levels of caprin-1 and MTDH, similar to DDX3. Contrary to what
we observed for DDX3 in the K12, K7M2, and K7M2-ezrin anti-
sense AS 1.46 cell lines (Fig. 5B), the protein levels of caprin-1 and
MTDH were not associated with changes in the expression of ezrin
(data not shown).

Although, the role of DDX3 in translation initiation is ambig-
uous, several studies have indicated that DDX3 acts as a transla-
tional repressor rather than an activator (25, 26, 28). Our results
were consistent with those findings in that in our experimental
systems, DDX3 had an inhibitory effect on translation. In addi-
tion, here, we provide biochemical evidence that ezrin-mediated
modulation of DDX3 enzyme activity seems not to be involved in
repression of translation by DDX3, at least in isolated systems
using purified proteins (Fig. 6E). However, we cannot rule out the
possibility that ezrin regulates mRNA homeostasis by modulating
enzymatic activities of DDX3 in cells under normal and oncogen-
ic/stress conditions, and therefore, further detailed experimenta-
tion is needed in order to clarify the biological role of ezrin-DDX3
interaction in translation initiation. It should be noted that it is
still unclear how DDX3 regulates translation—as an enzyme pos-
sessing both helicase and ATPase functions or as an interacting
partner that binds other components of the translation initiation
machinery. A study on the role of the Saccharomyces cerevisiae
DDX3 homolog, Ded1, has suggested that it can act both as a
repressor of translation initiation through its ability to interact
with other components of the translation initiation factors and as
an activator via its ATP-dependent activity (28). The situation is
even further complicated given that the eukaryotic translation ini-
tiation complex contains other proteins with helicase and ATPase
functions, such as eIF4A (DDX2A/B), which is also a DEAD-box
RNA helicase and unwinds RNA secondary structures in the 5=
UTR of mRNAs. Even though it is well known that formation of
an eIF4G, eIF4E, eIF4B, and eIF4H multiprotein complex greatly
stimulates the ATPase and helicase activities of free eIF4A (84),
how other accessory factors present in the translation initiation
complex, such as DDX3 and possibly ezrin, modulate the bio-
chemical functions of eIF4A remains elusive.

Although, we demonstrated that wild-type (closed-conforma-
tion) and constitutively active mutant (open-conformation) ezrin
proteins bind to DDX3 with comparable affinities (Fig. 2D), wild-
type ezrin modulates the enzymatic activity of DDX3 better than

the mutant (Fig. 7 and 8). Recombinant wild-type and mutant
ezrin proteins were expressed in E. coli. The biochemical purity of
the wild-type and mutant ezrin proteins was established (Fig. 2C);
however, the conformational purity of the proteins (i.e., what per-
centage of the total protein is in open versus closed form) is un-
known. Binding of wild-type and mutant ezrin proteins to DDX3
with comparable affinities may lead to different conformational
changes in DDX3 and its enzymatic functions. Therefore, similar
binding affinities might not reflect similar modulations of DDX3
enzyme activity. In addition, although in our previous study, we
demonstrated that NSC305787 inhibits ezrin T567D phosphory-
lation, we believe that it is not the sole mechanism involved and
that inhibition of ezrin function is still possible without inhibiting
its phosphorylation. Computational prediction of the potential
binding sites of NSC305787 was based on the only available X-ray
crystal structure of the N-terminal FERM domain of ezrin (46).
The analysis produced several potential binding sites that are not
at C-terminal sites, including the T567 residue. Binding of
NSC305787 might occur at several sites on ezrin, including C-ter-
minal sites, which can lead to conformational changes resulting in
modulation of the interaction of ezrin with other proteins without
directly interfering with T567 phosphorylation.

Since we were unable to measure the ATPase activity of DDX3
without RNA or in the presence of ssRNA (Fig. 8C), the observed
stimulation by ezrin may not be a direct effect on the ATPase
function of DDX3 but rather an indirect effect of the inhibition of
its RNA helicase activity. Ezrin might increase the nonproductive
unwinding events by uncoupling the ATP hydrolysis cycle from
the strand separation function of DDX3. Given that ATP hydro-
lysis is necessary for dissociation of DEAD-box proteins from the
RNA and multiple substrate turnovers and thus for enzyme recy-
cling (85), our observations support a model in which inhibition
of the RNA helicase activity of DDX3 by ezrin might have resulted
in stimulation of its ATPase activity in order to compensate for
and minimize the nonproductive unwinding events at the expense
of more ATP.

An understanding of the molecular events accompanying ez-
rin-DDX3 interaction will certainly have implications in cancer
biology; however, more studies need to be undertaken to establish
its biological significance. Studies concerning the role of DDX3 in
cancer have shown ambiguous results, suggesting both oncogenic
and tumor suppressor functions, depending on the cancer type
(23, 34). This dual role of DDX3 could be related to its precise
function in regulation of translation, which might be differen-
tially modulated in different types of cells and under different
conditions (e.g., stress conditions). To our knowledge, no
study has yet demonstrated the role of DDX3 in OS. We hy-
pothesize that direct interaction between ezrin and DDX3 has
biological significance in the metastatic phenotype of cancer cells,
including OS, which needs to be further clarified. In addition,
although our preliminary data show that the antiezrin compound
NSC305787 disrupts the interaction between ezrin and DDX3, it
remains uncertain whether its antimetastatic effects are depen-
dent on ezrin-DDX3 interaction.

In conclusion, in this study, we identified DDX3 as a novel
binding partner of ezrin, which suggests a novel molecular func-
tion for ezrin in integrating environmental stress with transla-
tional regulation. This novel function of ezrin is distinct from its
known functions at the plasma membrane as a cytoskeletal scaf-
folding protein. Our findings also suggest that the antiezrin com-
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pound NSC305787 exerts its antimetastatic effects, at least in part,
by blocking specific protein-protein interactions involving ezrin
that otherwise enhance the ability of tumor cells to endure specific
stresses encountered during metastatic progression. Finally, the
novel protein-protein interaction involving ezrin and DDX3
opens new windows of opportunity, which can link the helicase
field with cancer researchers and collective knowledge about ezrin
from cell biology to virology.
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