
Tristetraprolin Recruits Eukaryotic Initiation Factor 4E2 To Repress
Translation of AU-Rich Element-Containing mRNAs

Xianzun Tao,a,b Guangxia Gaoa

Key Laboratory of Infection and Immunity, Institute of Biophysics, Chinese Academy of Sciences, Beijing, Chinaa; University of Chinese Academy of Sciences, Beijing,
Chinab

Tristetraprolin (TTP) regulates the expression of AU-rich element-containing mRNAs through promoting the degradation and
repressing the translation of target mRNA. While the mechanism for promoting target mRNA degradation has been extensively
studied, the mechanism underlying translational repression is not well established. Here, we show that TTP recruits eukaryotic
initiation factor 4E2 (eIF4E2) to repress target mRNA translation. TTP interacted with eIF4E2 but not with eIF4E. Overexpres-
sion of eIF4E2 enhanced TTP-mediated translational repression, and downregulation of endogenous eIF4E2 or overexpression
of a truncation mutant of eIF4E2 impaired TTP-mediated translational repression. Overexpression of an eIF4E2 mutant that lost
the cap-binding activity also impaired TTP’s activity, suggesting that the cap-binding activity of eIF4E2 is important in TTP-
mediated translational repression. We further show that TTP promoted eIF4E2 binding to target mRNA. These results imply
that TTP recruits eIF4E2 to compete with eIF4E to repress the translation of target mRNA. This notion is supported by the find-
ing that downregulation of endogenous eIF4E2 increased the production of tumor necrosis factor alpha (TNF-�) protein with-
out affecting the mRNA levels in THP-1 cells. Collectively, these results uncover a novel mechanism by which TTP represses tar-
get mRNA translation.

Tristetraprolin (TTP) plays important roles in immunity, devel-
opment, and tumorigenesis by posttranscriptionally regulat-

ing the expression of a variety of genes (1). For example, TTP
regulates the expression of tumor necrosis factor alpha (TNF-�)
(2). Knockout of TTP in mice results in TNF-� excess and causes
severe immune disorders (2, 3).

TTP specifically recognizes AU-rich elements (AREs), which
are cis elements with tandem AUUUA-like motifs in a context rich
in A and/or U, mainly located in the 3= untranslated region (3=
UTR) of the mRNAs of stringently regulated genes, such as cyto-
kine and growth factor genes and proto-oncogenes (4, 5). TTP
directly binds to ARE motifs and recruits cellular mRNA decay
enzymes, including the deadenylase complex CCR4-NOT, decap-
ping complex DCP1a/DCP2, 3=-5= exoribonuclease complex exo-
some, and 5=-3= exoribonuclease Xrn1, to degrade target mRNAs
(6–14). This activity of TTP is regulated by phosphorylation mod-
ification (6–14). There is increasing evidence suggesting that TTP
also regulates the translation of target mRNAs. It has been re-
ported elsewhere that TTP associates with polysomes (15, 16) and
that a TTP-interacting protein, cullin 4B, promotes the loading of
TTP-associated TNF-� mRNA complex onto polysomes (17). Re-
cently, Qi et al. reported that TTP inhibits the translation of
TNF-� in an ARE-dependent manner and the RNA helicase RCK
is involved in this process (18). In addition, Tiedje et al. reported
that TTP represses the translation of TNF-� through competing
with HuR to bind to ARE (19). Nonetheless, detailed mechanisms
underlying TTP-mediated translational repression are not well
established.

Translation initiation is the main target of translational repres-
sion, although other mechanisms also exist (20). Most eukaryotic
translation initiation is cap dependent. The cap-binding factor
eukaryotic initiation factor 4E (eIF4E) binds to the cap structure
of an mRNA and recruits eIF4G, a scaffold protein which further
recruits eIF4A, eIF4B, and the 43S preinitiation complex for the
assembly of a translation initiation complex (20). This process can

be disturbed by a variety of means (20, 21). For example, the zinc
finger antiviral protein (ZAP) represses the translation of target
mRNA by interfering with the interaction between eIF4A and
eIF4G (22).

eIF4E2, a homologue of eIF4E, can bind to the cap structure of
an mRNA but does not interact with eIF4G (23, 24) and thus can
act as a translational repressor by competing with eIF4E. eIF4E2-
knockout mice died within a few hours after birth, with an in-
crease in general translation in brain tissues (25). eIF4E2 knock-
down in HeLa cells also increased general protein synthesis (25).
In addition to regulating general translation, eIF4E2 has been re-
ported to repress the translation of specific mRNAs. Since the
binding affinity of eIF4E2 for the cap structure is estimated to be
much lower than that of eIF4E (26), eIF4E2 needs to be recruited
by a specific RNA binding protein to target mRNA to compete
with eIF4E for cap binding. In Drosophila melanogaster, the
eIF4E2 homologue, d4EHP, is recruited by Bicoid to repress the
translation of caudal mRNA to drive embryo development (27).
In oocytes developing in mice, eIF4E2 interacts with Prep1 to
repress the translation of Hoxb4 mRNA (28). eIF4E2 has also been
reported to be able to initiate translation under some circumstances. A
recent study showed that in hypoxia eIF4E2 is recruited by the oxygen-
regulated protein hypoxia-inducible factor alpha and the RNA binding
protein RBM4 to initiate the translation of hypoxia response genes (29).
This activity of eIF4E2 is exploited by cancer cells to produce hypoxia
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response proteins to drive tumor progression (30). The underlying mo-
lecular mechanism is not clear yet.

Research on TTP-mediated translational repression and
mRNA decay is hampered by the low efficiency of each process.
The total inhibition is often no more than 5-fold (18). As a result,
it is difficult to quantitatively evaluate the magnitudes of mRNA
decay and translational repression separately. Multiplication of
ARE motifs has been shown to amplify ARE-mediated inhibition
of reporter expression (31). In the present study, using a reporter
that contains eight ARE motifs, we investigated the mechanism
underlying TTP-mediated translational repression. We provide
evidence showing that TTP recruits eIF4E2 to repress target
mRNA translation.

MATERIALS AND METHODS
DNA constructs and siRNAs. Fragments of AREm, ARE, AREm*2, and
ARE*2 were generated by annealing paired oligonucleotides. The se-
quences of the oligonucleotides are as follows: AREm oligonucleo-
tides, 5=-CTAGAATCGATTATGTATTATGTATGTATTATGTATGT
ATTTGGC-3= and 5=-GGCCGCCAAATACATACATAATACATACA
TAATACATAATCGATT-3=; ARE oligonucleotides, 5=-CTAGAATCG
ATTATTTATTATTTATTTATTATTTATTTATTTAGC-3= and 5=-GG
CCGCTAAATAAATAAATAATAAATAAATAATAAATAATCGATT-
3=; AREm*2 oligonucleotides, 5=-CTAGTATGATGTATCATGTATCT
ATGATCTATGTACTTGTCTAGAATCGGCGGCCGCATGATGTAT
CATGTATCTATGATCTATGTACTTGCG-3= and 5=-GGCCCGCAA
GTACATAGATCATAGATACATGATACATCATGCGGCCGCCGAT
TCTAGACAAGTACATAGATCATAGATACATGATACATCATA-3=;
ARE*2 oligonucleotides, 5=-CTAGTATTATTTATTATTTATTTATTATTT
ATTTATTTATCTAGAATCGGCGGCCGCATTATTTATTATTTATTTAT
TATTTATTTATTTACG-3= and 5=-GGCCCGTAAATAAATAAATAATAA
ATAAATAATAAATAATGCGGCCGCCGATTCTAGATAAATAAATAAA
TAATAAATAAATAATAAATAATA-3=. pFL-CMV was generated through
replacing the renilla luciferase (RL) coding sequence in phRL-CMV (Pro-
mega) with the firefly luciferase (FL) coding sequence from pGL3-Luc-linker
(32). pFL-CMV-AREm, pFL-CMV-AREm*2, pFL-CMV-ARE, and pFL-
CMV-ARE*2 were generated through inserting the fragments of AREm,
ARE, AREm*2, and ARE*2 into pFL-CMV using restriction sites XbaI and
NotI. pFL-CMV-AREm*4 and pFL-CMV-ARE*4 were generated by insert-
ing fragments of AREm*2 and ARE*2 into pFL-CMV-AREm*2 and pFL-
CMV-ARE*2 using restriction sites XbaI and NotI. pFL-CMV-AREm*6 and
pFL-CMV-ARE*6 were generated by inserting fragments of AREm*2 and
ARE*2 into pFL-CMV-AREm*4 and pFL-CMV-ARE*4 using restriction
sites XbaI and NotI. pFL-CMV-AREm*8 and pFL-CMV-ARE*8 were gener-
ated by inserting fragments of AREm*2 and ARE*2 into pFL-CMV-AREm*6
and pFL-CMV-ARE*6 using restriction sites XbaI and NotI. pcDNA4-TTP-
myc has been described previously (32). To generate pCMV-HF-eIF4E and
pCMV-HF-eIF4E2a/b/c/d/e, the coding sequences of eIF4E and eIF4E2a/b/
c/d/e were each PCR amplified from cDNAs from HeLa cells using specific
primers and cloned into pCMV-HF (33) using restriction sites EcoRI and
XhoI. Sequences of the primers are as follows: eIF4E primers, 5=-GCACGAA
TTCATGGCGACTGTCGAAC-3= and 5=-GCACCTCGAGTTAAACAACA
AACCT-3=; eIF4E2a/b/c/d/e primers, 5=-GCACGAATTCATGAACAACAA
GTTCGAC-3= (forward primer for all the isoforms), 5=-GCACCTCGAGTC
ATGGCACATTCAAC-3= (reverse primer for isoforms a and e), 5=-GCACC
TCGAGTCAGCGGCCGCTGCTGTTC-3= (reverse primer for isoform
b), and 5=-GCACCTCGAGCTTGTGTACTCTCACAATGTG-3= (reverse
primer for isoforms c and d). The coding sequence of the N-terminal
fragment of eIF4E2 (eIF4E2N) was generated by PCR from pCMV-HF-
eIF4E2 using primers 5=-GCACGAATTCATGAACAACAAGTTCGA
C-3= and 5=-GCACCTCGAGTCATTCTTTGAAGAGATGGAAG-3=. The
coding sequence of the C-terminal fragment of eIF4E2 (eIF4E2C) was
generated by PCR from pCMV-HF-eIF4E2 using primers 5=-GCACGAA
TTCGGAATTAAACCCATGTG-3= and 5=-GCACCTCGAGTCATGGC

ACATTCAAC-3=. The Y78A mutation was generated by overlapping PCR
from pCMV-HF-eIF4E2 using primers 5=-CAGAGCGCTGAACAGAAT
ATCAAAC-3= and 5=-CTGTTCAGCGCTCTGTGAGCTCGTG-3=. The
short hairpin RNA (shRNA)-expressing vectors, pSR-Ctrli, pSR-TTPi,
pSR-eIF4E2i-302, and pSR-eIF4E2i-977, were generated by annealing
paired oligonucleotides and subsequently cloning them into pSR vector
(OligoEngine) using restriction sites BglII and HindIII. Sequences of the
oligonucleotides are as follows: Ctrli oligonucleotides, 5=-GATCCCCGC
GCGCTTTGTAGGATTCGTTCAAGAGACGAATCCTACAAAGCGCG
CTTTTTA-3= and 5=-AGCTTAAAAAGCGCGCTTTGTAGGATTCGTC
TCTTGAACGAATCCTACAAAGCGCGCGGG-3=; TTPi oligonucleotides,
5=-GATCCCCCGCTGCCACTTCATCCACATTCAAGAGATGTGGATG
AAGTGGCAGCGTTTTTA-3= and 5=-AGCTTAAAAACGCTGCCACTTC
ATCCACATTCAAGAGATGTGGATGAAGTGGCAGCGGGG-3=;
eIF4E2i-302 oligonucleotides, 5=-GATCCCCCACAGAGCTATGAACAGA
ATATTCAAGAGATATTCTGTTCATAGCTCTGTGTTTTTA-3= and 5=-
AGCTTAAAAACACAGAGCTATGAACAGAATATCTCTTGAATATTCT
GTTCATAGCTCTGTGGGG-3=; eIF4E2i-977 oligonucleotides, 5=-GATCC
CCAGCTGAGATCACTTAATAATTCAAGAGATTATTAAGTGATCTCA
GCTTTTTTA-3= and 5=-AGCTTAAAAAAGCTGAGATCACTTAATAATC
TCTTGAATTATTAAGTGATCTCAGCTGGG-3=. Small interfering RNAs
(siRNAs) were purchased from GenePharma. The sense sequences are as
follows: Ctrl, 5=-UUCUCCGAACGUGUCACGUTT-3=; eIF4Ei, 5=-GGAUG
GUAUUGAGCCUAUGTT-3=; eIF4E2i, 5=-CGAGACAAGAAUCAGAGCA
GUTT-3=.

Cell culture and transfection. HeLa, HEK293, and HEK293T cells
were maintained in Dulbecco’s modified Eagle’s medium (Invitrogen)
supplemented with 10% fetal bovine serum (Gibco). THP-1 cells were
maintained in RPMI 1640 medium (Invitrogen) supplemented with 10%
fetal bovine serum (Gibco). THP-1 cells stably expressing a control
shRNA or the shRNAs directed against TTP or eIF4E2 were established
through infecting THP-1 cells with vesicular stomatitis virus G protein
(VSV-G)-pseudotyped shRNA-expressing retroviral vectors and subse-
quent puromycin selection. To induce TNF-� expression in THP-1 cells,
cells were treated with phorbol myristate acetate (PMA; Sigma) at a final
concentration of 200 nM for 2 days, followed by resting in fresh medium
for 1 day and then lipopolysaccharide (LPS) (Sigma; final concentration
of 100 ng/ml) treatment for 4 h. To knock down eIF4E or eIF4E2 in HeLa
cells, siRNA was transfected into the cells using Lipofectamine 2000 (In-
vitrogen). Twenty-four hours later, the cells were transfected with the
reporters and a TTP-expressing plasmid using the Neofectin DNA trans-
fection reagent (SciLight). Another 24 h later, cells were harvested.

Luciferase assay and RNA extract. Luciferase activities were mea-
sured with the Dual-Luciferase reporter assay system (Promega) accord-
ing to the manufacturer’s instructions, except that the cells were lysed with
RNase-free RLN lysis buffer (50 mM Tris-Cl, pH 8.0, 140 mM NaCl, 1.5
mM MgCl2, 0.5% NP-40, 1 mM dithiothreitol [DTT], 1,000 U/ml RNase
inhibitor), which keeps the nuclei intact. Cytoplasmic RNA was extracted
from clarified cell lysate using TRIzol (Invitrogen) according to the man-
ufacturer’s instructions.

Polysome profiling analysis. The polysome profiling analysis proce-
dure was similar to that described previously (22). Briefly, cells were
treated with fresh medium containing 100 �g/ml cycloheximide to fix the
polysomes for 30 min. The cells were lysed with the lysis buffer (10 mM
HEPES, pH 8.0, 300 mM KCl, 5 mM MgCl2, 0.5% NP-40, 100 �g/ml
cycloheximide), 1 ml for each 10-cm dish. The clarified cell lysate was
separated through ultracentrifugation in a 10% to 50% sucrose gradient.
RNA concentrations of the samples were measured with a continuous
254-nm absorbance detector to indicate the positions of ribosome sub-
units and polysomes. Twelve fractions, 1 ml each, were collected for each
sample. The RNA in each fraction was isolated by two rounds of extrac-
tion with phenol-chloroform-isopentanol (25:24:1) and one round of
phenol removal with chloroform-isopentanol (49:1), followed by alcohol
precipitation. The FL-ARE and renilla luciferase control reporter mRNA
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levels were measured by quantitative reverse transcription PCR (RT-
qPCR).

Protein-protein coimmunoprecipitation assay. Cells from a 35-mm
dish were lysed in 300 �l lysis buffer (30 mM HEPES [pH 7.5], 100 mM
NaCl, 0.5% NP-40, 1 mM NaF, 1 mM NaVO3, and a protease inhibitor
cocktail) for 30 min on a roller at 4°C. The lysate was clarified by centrif-
ugation at 12,000 rpm for 10 min at 4°C. The clarified cell lysate was
incubated with antibodies and protein G-Sepharose (Amersham Pharma-
cia) for 2 h on a roller at 4°C. For RNase A treatment, RNase A was added
to a final concentration of 100 �g/ml just before incubation. Immunopre-
cipitates were washed three times with phosphate-buffered saline (PBS),
resuspended in SDS loading buffer, boiled for 5 min, resolved by SDS-
PAGE, and detected by Western blotting.

Cap-binding assay. The cap-binding assay procedure was the same as
the protein-protein coimmunoprecipitation assay except that the anti-
bodies and protein G-Sepharose were replaced with M7-GTP–Sepharose
(GE Healthcare Biosciences).

RNA-protein coimmunoprecipitation assay. Cells were lysed with
optimized RLN lysis buffer (50 mM Tris-Cl, pH 8.0, 140 mM NaCl, 1.5
mM MgCl2, 0.5% NP-40, 1 mM DTT, 1,000 U/ml RNase inhibitor) for 30
min on a roller at 4°C. The lysate was clarified by centrifugation at 2,000
rpm for 5 m at 4°C. The clarified lysate was incubated with antibodies
against eIF4E (A-10, sc-271480; Santa Cruz) or eIF4E2 (YB-18, sc-100731;
Santa Cruz) and protein G-Sepharose (Amersham Pharmacia) for 2 h on
a roller at 4°C. Immunoprecipitates were washed three times with PBS.
Half of the immunoprecipitate was resuspended in TRIzol (Invitrogen)
for RNA extraction. The remaining immunoprecipitate was resuspended
in SDS loading buffer for protein detection by Western blotting.

Quantitative RT-PCR. RNA was reverse transcribed in a 20-�l reac-
tion mixture [1 to 5 �g RNA, 1 �g oligo(dT)18, 10 mM deoxynucleoside
triphosphates (dNTPs), Tris-HCl (pH 8.3), 75 mM KCl, 3 mM MgCl2, 5
mM DTT, 1 �l RT]. The cDNA levels were measured by SYBR green
real-time PCR in the Rotor-Gene 6000 system (Corbett Life Science).
Sequences of the primers are as follows: qLuc-FP, 5=-TGAGGCACTGGG
CAGGTGTC-3= (walking over the intron sequence, for both firefly lucif-
erase and renilla luciferase reporter); qFL-RP, 5=-ATGCAGTTGCTCTCCA
GCGG-3=; qRL-RP, 5=-ATGAAGGAGTCCAGCACGTTC-3=; qGAPDH-
FP, 5=-TCGGAGTCAACGGATTTG-3=; qGAPDH-RP, 5=-GCATCGCC
CCACTTGATT-3=; qTNF-FP, 5=-CCTCTCTCTAATCAGCCCTCTG-3=;
qTNF-RP, 5=-GAGGACCTGGGAGTAGATGAG-3=; qTTP-FP, 5=-GACTG
AGCTATGTCGGACCTT-3=; qTTP-RP, 5=-GAGTTCCGTCTTGTATTTG
GGG-3=.

Statistics. The mean values � standard deviations (SD) were calcu-
lated from three independent experiments or measurements. P values
were calculated using the Student t test.

RESULTS
TTP represses the translation of ARE reporters. In an attempt to
increase the responsiveness of ARE reporters to TTP, reporters
containing different numbers of a typical TNF-� ARE motif in the
3= UTR of firefly luciferase were constructed (Fig. 1A). To avoid
plasmid DNA contamination of the RNA samples during quanti-
tative RT-PCR (RT-qPCR) measurement of the reporter mRNA
levels, an intron was inserted into the 5=UTR (Fig. 1A). PCR using
a forward primer walking over the intron sequence (Fig. 1A) am-
plifies the cDNA reverse transcribed from the spliced mRNAs but
not the fragment in the plasmids. A no-RT control was used in the
RT-qPCR assay to monitor plasmid contamination, and no plas-
mid contamination was observed.

The reporters and a plasmid expressing TTP were transfected
into HeLa cells. The sensitivity of a reporter to TTP was indicated
by fold inhibition, calculated as the luciferase activity expressed
from the reporter in the absence of TTP divided by the luciferase
activity in the presence of TTP. Increased numbers of ARE motifs

significantly increased the sensitivity of the reporter to TTP (Fig.
1B). Increased sensitivity to TTP was not likely caused by the in-
creased length of the 3=UTR since the reporter containing eight mu-
tated ARE motifs (AREm*8) was not sensitive to TTP (Fig. 1B).

TTP inhibited the expression of the FL-ARE*8 reporter by
about 16-fold on the protein level, as indicated by the luciferase
activity (Fig. 1B). However, the mRNA level of the reporter was
reduced by only about 3-fold, as determined by RT-qPCR (Fig.
1B), implying that translational repression exists in TTP inhibi-
tion of the reporter expression, which is consistent with the results
reported previously by Qi et al. (18). Relative translational effi-
ciency was calculated as the luciferase activity divided by the rela-
tive mRNA level to evaluate the inhibitory effect of TTP on re-
porter mRNA translation. Data showed that TTP inhibited the
translational efficiency of the reporter by about 5-fold (Fig. 1B).
The reporter containing eight ARE motifs was used in the follow-
ing studies and named FL-ARE.

We next examined whether the endogenous TTP inhibits the
expression of the FL-ARE reporter. TTP was downregulated in
HEK293 cells with an shRNA, and the reporter was expressed in
these cells. Data showed that moderate downregulation of TTP
(Fig. 1C) increased the protein expression level, the mRNA level,
and the translational efficiency of the FL-ARE reporter (Fig. 1D).
These results indicate that the endogenous TTP regulates the
mRNA abundance and translation efficiency of the reporter,
which is consistent with the results reported previously by Qi et al.,
wherein a single ARE motif-containing reporter was used (18).

To determine whether TTP functions in a dose-dependent
manner, the FL-ARE reporter was transfected into cells together
with increasing amounts of the TTP-expressing plasmid. In-
creased expression levels of TTP displayed increased fold inhibi-
tion on the ARE reporter (Fig. 1E). Notably, when 5 ng of or more
of the TTP-expressing plasmid per well of the 12-well plate was
used to transfect cells, cytotoxicity was significant, as indicated by
the decreased expression of the control renilla luciferase reporter
(Fig. 1E). To avoid the cytotoxicity, we used 2 ng of the TTP-
expressing plasmid per well in the following studies.

TTP interacts with eIF4E2 but not eIF4E. A previous study
suggested that ARE-mediated translational repression may be cap
dependent (34). We speculated that TTP might repress cap-de-
pendent translation initiation. To test this hypothesis, we analyzed
the interactions of TTP with cap-binding proteins eIF4E and
eIF4E2 by coimmunoprecipitation assays. To prevent nonspecific
RNA tethering, the cell lysate was treated with RNase A before
immunoprecipitation. Data showed that TTP did not interact
with eIF4E but interacted with eIF4E2 (Fig. 2A). To validate the
efficiency and the specificity of the coimmunoprecipitation assay,
the interaction of endogenous eIF4G with eIF4E or eIF4E2 was
detected. Consistent with the previously reported results (24),
eIF4G interacted with eIF4E but not with eIF4E2 (Fig. 2A).

Sequence analysis recently revealed that there are four addi-
tional eIF4E2 isoforms (NCBI; http://www.ncbi.nlm.nih.gov
/gene/9470). Compared with prototype eIF4E2, isoform a, iso-
forms b, c, and d have different C termini, and isoforms c and d
lack a fragment close to the N terminus (Fig. 2B). We explored
whether these eIF4E2 isoforms interact with TTP. Coimmunopre-
cipitation assays revealed that all the eIF4E2 isoforms interacted
with TTP (Fig. 2C).

Overexpression of eIF4E2 enhances TTP-mediated transla-
tional repression. To probe whether eIF4E2 is involved in TTP-
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FIG 1 TTP represses the translation of ARE reporters. (A) Schematic representation of ARE-containing firefly luciferase (FL) reporters and a control renilla
luciferase (RL) reporter. In the firefly reporter, each black box in the 3=UTR represents a wild-type or mutated ARE motif. The indicated primers were used for
quantitative PCR analyses. (B) An empty vector or a plasmid expressing myc-tagged TTP was cotransfected into HeLa cells with the FL reporters containing the
indicated number of ARE motifs (ARE*n) or mutated ARE motifs (AREm*n). The plasmid expressing control reporter RL was included to serve as a control for
transfection efficiency and sample handling. At 48 h posttransfection, cells were harvested and lysed. One-tenth of the cell lysate was used to measure luciferase
activities, and the rest was used to extract cytoplasmic RNA. Reporter mRNA levels were measured by RT-qPCR. Translational efficiency was calculated as
luciferase activity divided by mRNA level. FL activity, mRNA level, and translational efficiency were normalized by RL activity, mRNA level, and translational
efficiency, respectively. Fold inhibition was calculated as the normalized FL activity, mRNA level, or translational efficiency in the absence of TTP divided by that
in the presence of TTP. (C and D) A plasmid expressing an shRNA directed against TTP or a control shRNA was transfected into HEK293 cells with the FL-ARE*8
and RL reporters. At 48 h posttransfection, cells were harvested and lysed. One-tenth of the cell lysate was used to detect protein expression by Western blotting,
1/10 of the cell lysate was used to measure luciferase activities, and the rest was used to extract cytoplasmic RNA. The mRNA levels were measured by RT-qPCR.
(C) The mRNA level of TTP was normalized with that of glyceraldehyde-3-phosphate dehydrogenase. The relative mRNA level in the control cells was set as 1.
(D) FL activity, mRNA level, and translational efficiency were normalized by RL activity, mRNA level, and translational efficiency, respectively. (E) Indicated
amounts of a plasmid expressing TTP-myc were transfected into HeLa cells with the FL-ARE*8 and RL reporters. A plasmid expressing green fluorescent protein
(GFP)-myc was included to serve as a control for transfection efficiency and sample handling. At 48 h posttransfection, cells were lysed, luciferase activities were
measured, and protein expression levels were detected by Western blotting. Fold inhibition of reporter expression was calculated as described for panel B. Data
presented are means � SD from three independent experiments. *, P � 0.05; **, P � 0.01.
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mediated translational repression, we analyzed the effect of over-
expression of eIF4E2a on TTP inhibition of reporter expression.
Overexpression of eIF4E was included as a control. While overex-
pression of eIF4E modestly reduced TTP-mediated translational
repression, overexpression of eIF4E2a at a comparable expression
level enhanced TTP-mediated translational repression (Fig. 3A
and B). The fold inhibition on the mRNA levels was not signifi-
cantly affected by overexpression of eIF4E or eIF4E2a (Fig. 3A).
Notably, only the overexpression of eIF4E2a at a relatively high
level enhanced TTP-mediated translational repression (Fig. 3C
and D).

We next tested whether other eIF4E2 isoforms also function in
TTP-mediated translational repression. Overexpression of any
one of the isoforms had no significant effect on the fold inhibition
on the mRNA levels (Fig. 3E). While overexpression of isoforms a,
b, c, and d significantly enhanced TTP-mediated translational re-
pression, overexpression of isoform e had little effect (Fig. 3E).
Notably, the expression level of isoform e was considerably lower
than those of the other isoforms (Fig. 3F), which may account for
its lack of activity in this assay. In the following studies, we focused
on isoform a (here referred to as “eIF4E2”).

Downregulation of eIF4E2 impairs TTP-mediated transla-
tional repression. We next examined the effect of downregulating
the endogenous eIF4E2 on TTP-mediated translational repres-
sion. An siRNA directed against the common sequence of all the
isoforms of eIF4E2 was employed. An siRNA directed against
eIF4E was used as a control. The siRNAs significantly reduced the
expression levels of eIF4E and eIF4E2 (Fig. 4A). While downregu-

lation of eIF4E modestly enhanced TTP-mediated translational
repression, downregulation of eIF4E2 significantly reduced TTP-
mediated translational repression (Fig. 4B).

Overexpression of an eIF4E2 truncation mutant impairs
TTP-mediated translational repression. We next mapped the
domains of eIF4E2 involved in its interaction with TTP. The full-
length eIF4E2 was divided into two fragments, the N-terminal
domain eIF4E2N and the C-terminal domain eIF4E2C. The inter-
action was analyzed by coimmunoprecipitation assays. To prevent
nonspecific RNA tethering, the cell lysate was treated with RNase
A before immunoprecipitation. Data showed that both eIF4E2N
and eIF4E2C interacted with TTP (Fig. 5A). Interestingly, for un-
known reasons, the interaction of TTP with eIF4E2N seemed to be
stronger than that with the full-length eIF4E2 (Fig. 5A).

Based on the above results, we speculated that overexpression
of the eIF4E2 truncation mutants might inhibit the activity of TTP
in a dominant negative manner. Indeed, overexpression of both
truncation mutants significantly impaired TTP-mediated transla-
tional repression without a significant effect on the fold inhibition
of the mRNA levels (Fig. 5B) or on TTP expression (Fig. 5C).
These results further suggest that eIF4E2 is involved in TTP-me-
diated translational repression.

Overexpression of eIF4E2N relieves TTP-mediated reduc-
tion of target mRNA association with polysomes. To further val-
idate the roles of TTP and eIF4E2 in translation repression of
ARE-containing mRNAs, we analyzed the effect of overexpression
of TTP and eIF4E2N on the association of target mRNA with
polysomes by the polysome profiling assay. Overexpression of
TTP or eIF4E2N did not significantly affect the pattern of ribo-
some distribution (Fig. 6A), suggesting that overexpression of
TTP or eIF4E2N did not affect general translation under this con-
dition. Overexpression of TTP significantly reduced the percent-
age of FL-ARE reporter mRNA in the polysome fractions, and
overexpression of eIF4E2N partially relieved the reduction (Fig.
6B and C). These effects were specific since the distribution of the
renilla luciferase control reporter mRNA was not significantly af-
fected (Fig. 6B and C). These results further indicate that TTP
represses the translation of ARE-containing mRNAs and that
eIF4E2 is involved in this process.

Overexpression of an eIF4E2 mutant that loses the cap-bind-
ing activity impairs TTP-mediated translational repression. It is
well established that eIF4E2 binds to the cap structure of an
mRNA but does not interact with eIF4G (35). Hence, when
eIF4E2 binds to the cap structure, it interferes with the assembly of
the translation initiation complex. Residue Y78 is essential for cap
binding of eIF4E2a (36). To investigate the role of the cap-binding
activity of eIF4E2 in TTP-mediated repression, the FLAG-tagged
eIF4E2Y78A mutant was constructed. The mutant was transiently
expressed in HeLa cells and assayed for its ability to bind to the cap
structure analog M7-GTP. Consistent with the previous results
reported by others (36), the eIF4E2Y78A mutant failed to bind
M7-GTP (Fig. 7A). However, the mutation did not affect the in-
teraction of eIF4E2 with TTP (Fig. 7B). Overexpression of the
eIF4E2Y78A mutant impaired TTP-mediated translational re-
pression (Fig. 7C) without a significant effect on fold inhibition of
the mRNA levels (Fig. 7C) or on TTP expression (Fig. 7D). These
results suggest that the eIF4E2Y78A mutant inhibited TTP-medi-
ated translational repression in a dominant negative manner and
that the cap-binding activity of eIF4E2 is required for its function
in TTP-mediated translational repression.

FIG 2 TTP interacts with eIF4E2 but not with eIF4E. (A) TTP-myc was tran-
siently expressed in HEK293 cells together with FLAG-tagged eIF4E or
eIF4E2a. At 48 h posttransfection, cells were harvested and lysed. Cell lysates
were immunoprecipitated (IP) with anti-FLAG antibody in the presence of
RNase A. The precipitates were resolved by SDS-PAGE followed by Western
blotting. (B) Schematic representation of eIF4E2 isoforms. (C) TTP-myc was
transiently expressed in HEK293 cells together with each FLAG-tagged eIF4E2
isoform. At 48 h posttransfection, cells were harvested and lysed. Cell lysates
were immunoprecipitated with anti-FLAG antibody in the presence of RNase
A. The precipitates were resolved by SDS-PAGE followed by Western blotting.
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TTP promotes eIF4E2 to bind to target mRNA. Based on the
above results, we hypothesized that TTP promotes eIF4E2 to bind
to the cap structure of target mRNA and thus compete with eIF4E
to inhibit the assembly of the translation initiation complex. To
test the hypothesis, we measured the relative levels of the FL-ARE
reporter mRNA associated with eIF4E2 or eIF4E2 in the presence
or absence of TTP. The reporter and TTP were transiently ex-
pressed in HeLa cells. eIF4E or eIF4E2 was immunoprecipitated,
and the associated reporter mRNA levels were measured. TTP

expression decreased the association of the FL-ARE reporter
mRNA with eIF4E (Fig. 8A) but increased its association with
eIF4E2 (Fig. 8B). These effects were specific; the association of
the renilla luciferase control reporter mRNA with eIF4E2 was
minimal and little affected by TTP expression (Fig. 8A and B).
Western blotting revealed that comparable amounts of eIF4E2
were immunoprecipitated (Fig. 8C). Collectively, these results
imply that TTP specifically promotes eIF4E2 association with
target mRNA.

FIG 3 Overexpression of eIF4E2 enhances TTP-mediated translational repression. (A and B) A plasmid expressing FLAG-tagged eIF4E or eIF4E2 or an empty
vector (EV) was transfected into HeLa cells with the luciferase reporters, with or without a plasmid expressing TTP-myc. At 48 h posttransfection, cells were
harvested and lysed. (A) Luciferase activities and mRNA levels of the reporters were measured, and fold inhibition was calculated as described in the legend to Fig.
1B. (B) One-tenth of the cell lysate was resolved by SDS-PAGE followed by Western blotting. (C and D) Indicated amounts of the plasmid expressing
FLAG-tagged eIF4E2a or an empty vector were transfected into HeLa cells with the luciferase reporters, with or without a plasmid expressing TTP-myc. At 48 h
posttransfection, cells were harvested and lysed. (C) Luciferase activities and mRNA levels of the reporters were measured, and fold inhibition was calculated as
described in the legend to Fig. 1B. (D) One-tenth of the cell lysate was resolved by SDS-PAGE followed by Western blotting. (E and F) A plasmid expressing a
FLAG-tagged eIF4E2 isoform as indicated or an empty vector was transfected into HeLa cells with the luciferase reporters, with or without a plasmid expressing
TTP-myc. At 48 h posttransfection, cells were harvested and lysed. (E) Luciferase activities and mRNA levels of the reporters were measured, and fold inhibition
was calculated as described in the legend to Fig. 1B. (F) One-tenth of the cell lysate was resolved by SDS-PAGE, followed by Western blotting. Data presented are
means � SD from three independent experiments. *, P � 0.05.
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Downregulation of eIF4E2 increases the production of
TNF-� in THP-1 cells. In the above-described experiments, we
used an ARE reporter to explore the function of eIF4E2 in TTP-
mediated translational repression. We next investigated whether
eIF4E2 is involved in TTP-mediated translational repression un-
der physiological conditions. Macrophages are the main source of
TNF-�, and TTP regulates the production of TNF-� in these cells
(3). Thus, we used macrophage-like PMA-treated THP-1 cells to
analyze the roles of TTP and eIF4E2 in the regulation of TNF-�
production. For this purpose, a THP-1 cell line was needed in
which eIF4E2 is stably downregulated. Considering the fact that
eIF4E2 knockout caused general translation dysregulation and
perinatal lethality in mice (25), we reasoned that stably downregu-
lating all the isoforms of eIF4E2 might be toxic to the cells. We
thus chose to downregulate only a subset of the isoforms of
eIF4E2. Two shRNAs, one (sh302) targeting isoforms a, b, and c
and the other (sh977) targeting isoforms a and e, were stably ex-
pressed in THP-1 cells. An shRNA targeting TTP was stably ex-
pressed in THP-1 cells to serve as a positive control. Western anal-
ysis revealed that eIF4E2 was efficiently downregulated but TTP
was only moderately downregulated (Fig. 9A). These cells were
treated with PMA and then stimulated with LPS to induce TNF-�
production. Downregulation of TTP modestly enhanced the
mRNA level of TNF-� (Fig. 9B). In contrast, downregulation of
eIF4E2 had little effect on the mRNA levels (Fig. 9B). Downregu-
lation of TTP increased the production of TNF-� in the culture
medium, as well as the pro-TNF and TNF-� in the cell lysate (Fig.
9C). In comparison, downregulation of eIF4E2 increased the pro-
duction of TNF-� and the expression of pro-TNF as well as the
downregulation of TTP (Fig. 9C). These results indicate that

FIG 4 Downregulation of eIF4E2 impairs TTP-mediated translational repres-
sion. A control siRNA (Ctrl) or an siRNA targeting eIF4E or eIF4E2 was trans-
fected into HeLa cells. At 24 h posttransfection, reporter plasmids were trans-
fected into these cells with or without a plasmid expressing TTP-myc. At 24 h
after the second round of transfection, cells were harvested and lysed. (A)
One-tenth of the cell lysate was resolved by SDS-PAGE followed by Western
blotting. (B) Luciferase activities and mRNA levels of the reporters were mea-
sured, and fold inhibition was calculated as described in the legend to Fig. 1B.
Data presented are means � SD from three independent experiments. *, P �
0.05. EV, empty vector.

FIG 5 Overexpression of eIF4E2 truncation mutants reduces TTP-mediated translational repression. (A) TTP-myc was transiently expressed in HEK293 cells
together with FLAG-tagged eIF4E2N (4E2N), eIF4E2C (4E2C), or the full-length eIF4E2 (4E2). Cell lysates were immunoprecipitated (IP) with anti-FLAG
antibody in the presence of RNase A. The precipitates were resolved by SDS-PAGE followed by Western blotting. EV, empty vector. (B and C) An empty vector
or a plasmid expressing FLAG-4E2N or -4E2C was transfected into HeLa cells with the reporters, with or without a plasmid expressing TTP-myc. At 48 h
posttransfection, cells were harvested and lysed. (B) Luciferase activities and mRNA levels of the reporters were measured, and fold inhibition was calculated as
described in the legend to Fig. 1B. Data presented are means � SD from three independent experiments. **, P � 0.01. (C) The cell lysates were resolved by
SDS-PAGE followed by Western blotting.
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FIG 6 TTP-mediated reduction of target mRNA association with polysomes is relieved by overexpression of eIF4E2N. (A) An empty vector (EV) or a plasmid
expressing FLAG-tagged eIF4E2N (4E2N) was transfected into HeLa cells with the reporters, with or without a plasmid expressing TTP-myc. At 48 h posttrans-
fection, cells were treated with cycloheximide for 30 min and then lysed. The clarified cell lysates were fractionated through sucrose gradient centrifugation.
Polysome profiles were analyzed and plotted. (B) The RNA in each fraction was isolated, and the FL-ARE and RL reporter mRNAs were measured by RT-qPCR.
The percentage of the mRNA in each fraction was calculated as the mRNA level in each fraction divided by the total mRNA level in all the fractions. (C) Percentage
of the mRNA in the polysome fractions was calculated as the mRNA level in fractions 1 to 6 divided by the total mRNA level in all the fractions. Data presented
are means � SD from three independent measurements, representative of two independent experiments. *, P � 0.05.
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eIF4E2 is indeed involved in the expression of TNF-� in THP-1
cells.

DISCUSSION

TTP plays important roles in immunology, metabolism, and dif-
ferentiation by regulating the expression of multiple target genes
that contain type II AREs in the 3= UTR (37). TTP regulates the
expression of ARE-containing mRNAs by both promoting the
degradation and repressing the translation of target mRNA (38).
While the mechanisms by which TTP promotes the degradation of
ARE-containing mRNAs have been extensively studied (39), the
mechanism underlying TTP-mediated translational repression is
not so well established. A difficulty in the studies on TTP repres-
sion of translation is that the magnitude of inhibition is relatively
small. Reporters containing tandem multiple responsive elements
have been widely used to increase reporter sensitivity in studies of
microRNA-mediated gene silencing (40, 41). Tandem multiple
AREs also exist in the 3= UTR of many mRNAs, such as interleu-
kin-6 (IL-6), IL-8, and IL-10 mRNA (http://rna.tbi.univie.ac.at
/cgi-bin/AREsite.cgi). Here, we developed a reporter containing
eight ARE motifs, which is much more sensitive to TTP than the
reporter containing a single ARE motif (Fig. 1). Using this re-
porter, we probed the mechanism underlying TTP repression of
translation and provide evidence showing that TTP recruits
eIF4E2 to compete with eIF4E to block translational initiation.

TTP interacted with all the five isoforms of eIF4E2 but not with
eIF4E in the coimmunoprecipitation assays (Fig. 2A and C). Se-
quence analyses revealed that isoforms b and c differ from isoform
a at the C-terminal domain. Isoforms d and e lack an exon con-
taining the residue Y78, which is essential for the cap-binding
activity of isoform a (Fig. 2B and 7A). However, our preliminary
results showed that isoforms d and e also bound the cap structure
analog M7-GTP (X. Tao and G. Gao, unpublished data), implying

FIG 8 TTP promotes eIF4E2 binding to ARE-containing mRNAs. An empty
vector (EV) or a plasmid expressing TTP-myc was transfected into HeLa cells
with the FL-ARE and RL reporters. At 48 h posttransfection, one-fourth of the
cell lysate was immunoprecipitated with anti-eIF4E or anti-eIF4E2 antibody.
(A and B) RNA was extracted from one-eighth of the cell lysates and half of the
precipitates. The reporter mRNA levels were measured by RT-qPCR. The per-
centage of input was calculated as the reporter mRNA level in the precipitates
divided by the reporter mRNA level in the cell lysates. Data presented are
means � SD from three independent measurements, representative of two
independent experiments. *, P � 0.05; **, P � 0.01. (C) The cell lysates and the
remaining precipitates were resolved by SDS-PAGE followed by Western blot-
ting. IP, immunoprecipitation.

FIG 7 Overexpression of an eIF4E2 mutant that loses the cap-binding activity impairs TTP-mediated translational repression. (A) FLAG-tagged eIF4E2 or its
Y78A mutant was transiently expressed in HEK293 cells and pulled down with beads conjugated to cap structure analog M7-GTP. The precipitates (top) and cell
lysates (bottom) were resolved by SDS-PAGE followed by Western blotting. WT, wild type. (B) TTP-myc was transiently expressed in HEK293 cells together with
FLAG-tagged wild-type eIF4E2 or the Y78A mutant. Cell lysates were immunoprecipitated (IP) with anti-FLAG antibody in the presence of RNase A. The
immunoprecipitates and total cell lysates were resolved by SDS-PAGE followed by Western blotting. (C) An empty vector (EV) or a plasmid expressing
FLAG-tagged eIF4E2 Y78A mutant was transfected into HeLa cells with the reporters, with or without a plasmid expressing TTP-myc. At 48 h posttransfection,
cells were harvested and lysed. Luciferase activities and mRNA levels of the reporters were measured, and fold inhibition was calculated as described in the legend
to Fig. 1B. Data presented are means � SD from three independent experiments. *, P � 0.05. (D) The cell lysates were resolved by SDS-PAGE followed by Western
blotting.
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that they bind the cap structure in a manner distinct from that of
isoform a. This possibility is supported by the finding that eIF4E3
binds to the cap in a manner that does not involve the Y78 equiv-
alent residue (42). Overexpression of eIF4E2a enhanced TTP-me-
diated translational repression in a dose-dependent manner (Fig.
3). Compared with the other isoforms, overexpression of isoform
e appeared to fail to enhance TTP’s activity (Fig. 3C). One plausi-
ble explanation is that the protein was expressed at a lower level
than were the other isoforms (Fig. 3F), although the cells were
transfected with a large amount of the expressing plasmid.

TTP is a phosphorylated protein with multiple phosphoryla-
tion status. It has been reported that phosphorylation modifica-
tion inactivates TTP-mediated mRNA decay but does not affect
TTP-mediated repression in another step(s), probably translation
(43). eIF4E2 seemed to interact with multiple species of phos-
phorylated TTP (Fig. 2). It will be interesting to investigate
whether phosphorylation modification of TTP affects its interac-
tion with eIF4E2 and eIF4E2-mediated TTP repression of target
mRNA translation.

Downregulation of the endogenous eIF4E2 compromised TTP
inhibition of reporter expression (Fig. 4), indicating that eIF4E2 is
involved in TTP-mediated translational repression at endogenous
levels. We further showed that overexpression of truncation mu-
tants of eIF4E2 significantly relieved TTP-mediated translational
repression (Fig. 5). Overexpression of TTP reduced the associa-
tion of target mRNA with the polysomes, and expression of the
N-terminal domain of eIF4E2 to some extent restored target
mRNA association with the polysomes (Fig. 6). In addition, over-

expression of an eIF4E2 mutant that lost the cap-binding activity
inhibited TTP-mediated translational repression (Fig. 7C). These
results imply that TTP represses the translation of target mRNA by
promoting eIF4E2 to compete with eIF4E to bind to the cap struc-
ture. This notion is supported by the observation that overexpres-
sion of TTP increased the association of target mRNA with eIF4E2
but decreased target mRNA association with eIF4E (Fig. 8). Based
on these results, we propose that TTP inhibits the assembly of
translation initiation complex on target mRNA through recruit-
ing eIF4E2 to block the cap structure.

To validate the function of TTP and eIF4E2 in TNF-� transla-
tional regulation under physiological conditions, we measured the
effect of downregulation of TTP or eIF4E2 on TNF-� production
in THP-1 cells. While downregulation of TTP increased the pro-
duction of TNF-� at both mRNA and protein levels, downregu-
lation of eIF4E2 increased the production of TNF-� protein with-
out affecting the mRNA levels (Fig. 9).

In addition to recruiting eIF4E2 to repress target mRNA trans-
lation, TTP may have other mechanisms to repress translation. It
has been reported previously that TTP competes with HuR to bind
to the ARE motif to inhibit translation (19). This mechanism
seems to be distinct from the eIF4E2-mediated translational re-
pression, although further investigation is needed to explore the
relationship between these two processes. The RNA helicase RCK
has been reported to interact with TTP and be required for TTP-
mediated translational repression (18). Our preliminary results
showed that RCK interacted with eIF4E2a (Tao and Gao, unpub-

FIG 9 eIF4E2 is involved in the regulation of TNF-� protein synthesis in THP-1 cells. THP-1 cells stably expressing an shRNA indicated were treated with PMA
for 2 days, followed by stimulation with LPS for 4 h. The culture media were collected, and cells were lysed. (A) Cell lysates were resolved by SDS-PAGE followed
by Western blotting. (B) Cytoplasmic RNA was extracted from the cell lysates, and mRNA levels were measured by RT-qPCR. The mRNA level of TNF-� was
normalized with that of glyceraldehyde-3-phosphate dehydrogenase. The relative TNF mRNA level in the control cells was set as 1. (C) The culture media and
cell lysates were resolved by SDS-PAGE followed by Western blotting. The relative intensities of the bands of TNF-� in the culture media and pro-TNF and
�-actin in the cell lysates were quantified using the ImageJ software. The relative intensity of the band of pro-TNF was normalized with that of �-actin (left panel,
bottom). Data presented are representative of three independent experiments. The relative intensity of the band of TNF-� in the medium of the control cells was
set as 1 (right panel). Data presented are means � SD from three independent experiments. *, P � 0.05; **, P � 0.01.
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lished). It will be interesting to investigate whether RCK is in-
volved in eIF4E2-mediated translational repression.

In summary, we developed a reporter with increased sensitivity
to TTP-mediated translational repression. Using this system, we
investigated the mechanism underlying TTP-mediated transla-
tional repression. We provide evidence supporting a model that
TTP binds to target mRNA and recruits eIF4E2 to the cap struc-
ture of the target mRNA to block translational initiation. This
mechanism is further supported by the observation that down-
regulation of endogenous eIF4E2 enhanced TNF-� production.
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