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It has long been considered that intron-containing (spliced) mRNAs
are translationally more active than intronless mRNAs (identical
mRNA not produced by splicing). The splicing-dependent trans-
lational enhancement is mediated, in part, by the exon junction
complex (EJC). Nonetheless, the molecular mechanism by which
each EJC component contributes to the translational enhancement
remains unclear. Here, we demonstrate the previously unappreci-
ated role of eukaryotic translation initiation factor 4Alll (elF4Alll),
a component of EJC, in the translation of mRNAs bound by the
nuclear cap-binding complex (CBC), a heterodimer of cap-binding
protein 80 (CBP80) and CBP20. elF4Alll is recruited to the 5’-end of
mRNAs bound by the CBC by direct interaction with the CBC-
dependent translation initiation factor (CTIF); this recruitment of
elF4Alll is independent of the presence of introns (deposited EJCs
after splicing). Polysome fractionation, tethering experiments, and
in vitro reconstitution experiments using recombinant proteins show
that elF4Alll promotes efficient unwinding of secondary structures
in 5’UTR, and consequently enhances CBC-dependent translation
in vivo and in vitro. Therefore, our data provide evidence that elF4Alll
is a specific translation initiation factor for CBC-dependent translation.

elF4Alll | cap-binding complex | translation | CTIF |
nonsense-mediated mMRNA decay

In mammalian cells, translation initiation is driven by two major
cap-binding proteins (CBPs). One is the nuclear cap-binding
complex (CBC), which is a heterodimer of nuclear CBP80 and
CBP20 (CBP80/20) (1), and the other is the eukaryotic translation
initiation factor (eIF) 4E, which is a major cytoplasmic CBP
(2). The CBC binds the 5'-cap structure of a newly synthesized
mRNA in the nucleus and then directly interacts with an eIF4G-
like scaffold protein called CBP80/20-dependent translation
initiation factor (CTIF) (3). Because CTIF is mostly present on
the cytoplasmic side of the nuclear envelope and is found in the
nucleus (3), the interaction between the CBC and CTIF may
occur either in the nucleus or during mRNA export through the
nuclear pore complex. In the cytoplasm, at the 5’-end of mRNA,
the CBC-CTIF complex recruits the eIF3 complex (4) and then
the 40S small subunit of the ribosome, thereby directing the so-
called “first” (or pioneer) round of translation (1).

Translation of a CBC-bound mRNA precedes that of the
elF4E-bound mRNA, because the CBC-bound mRNA is a pre-
cursor form of the eIF4E-bound mRNA (5). The timing of the
replacement of the CBC by eIF4E has not yet been elucidated;
however, it is known that the replacement is mediated by the
action of importin o/ in a translation-independent manner (6).
The replaced eIF4E at the 5’-end of mRNA recruits a scaffold
protein, eIF4GI or eIF4GII, which recruits eIF3 and eIF4AI/II
and, eventually, the 40S ribosomal subunit. Then, the recruited 40S
subunit scans the mRNA until it reaches the authentic translation
initiation codon AUG. Efficient ribosome scanning requires either
elF4AI or eIF4AII helicase and the accessory factors eIF4B and
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elF4H to disrupt possible RNA secondary structures in the
5'UTR of mRNA, as reviewed previously (7, 8). On the AUG
codon, the large ribosomal subunit 60S joins the 40S subunit and
forms the 80S ribosome complex. In general, translation of eIFAE-
bound mRNA is responsible for the high expression of poly-
peptides in the cytoplasm.

It has long been thought that nonsense-mediated mRNA de-
cay (NMD), which drives selective destruction of aberrant or
physiological nRNAs containing a premature termination codon
(9-11), occurs during the first round of translation driven by the
CBC (1). The above view, however, was recently challenged by
two reports showing that NMD occurs in the cytoplasm, re-
gardless of whether the CBC or eIF4E drives the first round of
translation (12, 13). In addition, several recent studies revealed
that translation of CBC-bound mRNAs may occur multiple
times (3, 14-16) and that, more intriguingly, the translation of
replication-dependent histone mRNAs mainly occurs on CBC-
bound mRNA (15). Therefore, for simplicity and clarity, we will
hereafter refer to the two types of translation as CBC-dependent
translation (CT), which takes place on CBC-bound mRNA, and
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elFAE-dependent translation (ET), which occurs on eIF4E-bound
mRNA, irrespective of the number of rounds of translation.

The critical difference between CBC-bound and eIF4E-bound
mRNAs is that the former is imprinted by the exon junction
complex (EJC), which is deposited ~20-24 nt upstream of an
exon—exon junction as a consequence of splicing (17). The EJC
contains a heterotetrameric protein core that includes eIF4AIII,
Magoh, Y14, metastatic lymph node 51 (MLN51; also known as
Barentsz), and peripheral proteins. The EJC plays various roles
in posttranscriptional regulation, including mRNA export from
the nucleus, subcellular mRNA localization, translation, and
NMD, as reported previously (18, 19).

EJCs are largely found in CBC-bound mRNA but not in
elF4E-bound mRNA (5), and the deposited EJCs are displaced
by a translocating ribosome (20). Accordingly, it is believed that
the EJC promotes efficiency of CT rather than ET. In line with
this view, translational efficiency of intron-containing mRNA
(spliced mRNA) is generally higher than that of intronless
mRNA (identical mRNA not produced by splicing) (21-23).
Such a difference is attributable, in part, to the EJC (deposited
as a consequence of splicing) rather than to splicing per se.
Furthermore, insulin treatment increases the enhanced trans-
lation of intron-containing mRNA compared with intronless
mRNA through recruitment of activated ribosomal protein S6
kinase 1 (S6K1) to newly spliced mRNAs via the EJC compo-
nent S6K1 Aly/REF-like substrate (SKAR) (24). Despite these
advances in understanding of the role of EJCs in CT, molecular
mechanisms of the possible communication between the CT
complex and the EJC are poorly understood.

Here, we demonstrate that the core EJC component, eIF4AIII,
is a constituent of the CT complex. eIF4AIII is preferentially
recruited to the 5’-end of CBC-bound mRNAs via its direct in-
teraction with CTIF. Interestingly, the recruitment of eIF4AIIl
occurs irrespective of the presence of introns. We also found that
elF4AIIl promotes CT of a reporter mRNA by helping to un-
wind a stem-loop (SL) structure in the 5’'UTR. Our data provide
evidence of a previously unidentified role of eIF4AIII as a CT-
specific translation initiation factor.

Results

NMD of mRNA Containing an SL in the 5'UTR Depends on elF4Alll but
Not on elF4Al/ll. It is well known that eIF4AI and eIF4AII heli-
cases are required for unwinding of secondary structures in the
5’UTR during ribosome scanning in ET (2, 7, 8). It is unknown
whether CT requires the same factors for efficient ribosome
scanning, and even whether CT depends on ribosome scanning.
Therefore, our aim was to determine the possible role of the
elF4AI and eIF4AIl helicases in CT. To this end, we used the
NMD system, because it is known that NMD is mainly associated
with the first round of translation (1, 12, 13). Because newly
synthesized mRNAs are exported from the nucleus to the cy-
toplasm with the CBC bound to the 5'-end, the first round of
translation, for the most part, is expected to be driven by the
CBC rather than by eIF4E.

We constructed NMD reporter plasmids expressing intronless
Renilla luciferase (RLuc) Rp-SLO, RB-SL9.7, and RB-SL87.8
mRNAs, all of which contain RLuc ¢cDNA, p-globin genomic
DNA containing either a normal (Norm) or termination (Ter)
codon at the 39th codon, and the SL structures with different
stability (AG = 0, —9.7, and —87.8 kcal/mol, respectively) 80 nt
downstream of the 5’-end and 21 nt upstream of the translation
initiation codon (Fig. 14). Other studies showed that the in-
sertion of a very stable SL structure (AG = —75 kcal/mol) in the
middle of the 5’UTR causes ribosome stalling and drastic in-
hibition of translation (25, 26). In contrast, translation is not
significantly affected when a moderately stable SL structure
(AG = -30 kcal/mol) is introduced into the 5'UTR, because
elF4AI/II can efficiently unwind this SL structure.
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Fig. 1. Translation preceding NMD requires helicase activity to unwind

secondary structures in the 5'UTR in an elF4Al/ll-independent manner. (A)
Schematic representation of NMD reporter plasmids, all of which contain (in
the following order) triose phosphate isomerase (TP/) exon 6 (purple), TP/
exon 7 (blue), RLuc cDNA (green), and p-globin genomic DNA (orange)
containing either the normal codon CAG (Norm) or the premature termi-
nation codon TAG (Ter) in the 39th codon of the B-globin gene. An SL
structure of various stability (AG = 0, —-9.7, or —87.8 kcal/mol as calculated
by the Mfold program) was inserted in the middle of the 5'UTR in each
reporter. (B and C) Hela cells were cotransfected with a reporter plas-
mid, the reference plasmid phCMV-MUP, and either pcDNA4 or pcDNA4-
PDCD4. Two days after the transfection, total RNA and protein were
isolated and analyzed using a qRT-PCR assay and a luciferase assay, re-
spectively. (B) gRT-PCR assay of reporter mRNAs. The levels of the mRNAs
tested were normalized to MUP mRNAs. Normalized levels of Norm
mRNAs were arbitrarily set to 100%. (C) Translation efficiency of re-
porter mRNAs. (Upper) RLuc activities were measured using the extracts
obtained from cells transfected with the Norm reporter plasmid. The
RLuc activity was normalized to the level of RLuc mRNA. The normalized
RLuc activity (translation efficiency) of RB-SLO-Norm in the absence of
PDCD4 was arbitrarily set to 100%. (Lower) Expression levels of PDCD4
were determined by Western blotting. (D and E) Hela cells were trans-
fected with the indicated siRNA; 1 d later, they were retransfected with
the reporter plasmid Rp-SL9.7, either Norm or Ter, and the reference
plasmid phCMV-MUP. Two days later, total RNA and protein were iso-
lated. (D) Western blot analysis shows specific down-regulation by
siRNA. (E) gRT-PCR assay of RB-SL9.7 mRNAs. The levels of Rp-SL9.7
mRNA were normalized to MUP mRNAs. Normalized levels of Rp-SL9.7-
Norm mRNA were arbitrarily set to 100%. All data represent three in-
dependently performed transfections, qRT-PCR assays, and luciferase
assays. Two-tailed, equal-sample variance Student t tests were used to cal-
culate the P values. *P < 0.05; **P < 0.01.
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HeLa cells were transfected with an NMD reporter construct
and the reference plasmid phCMV-major urinary protein (MUP),
which encodes the MUP. The MUP mRNA was used for ad-
justment of data for the variations observed during transfection
and RNA purification. A quantitative real-time RT-PCR (qRT-
PCR) analysis showed that the levels of RB-SLO Ter mRNA and
RB-SLY.7 Ter mRNA were reduced to 30% of the corresponding
Norm mRNAs (Fig. 1B). In contrast, the level of RB-SL87.8 Ter
mRNA was reduced to 60% of the corresponding Norm mRNA
level (Fig. 1B), suggesting that the presence of a strong SL
structure in the S’UTR inhibits NMD.

We then measured the translation efficiency of the reporter
mRNAs by calculating the ratio of RLuc activity to RLuc mRNA
(Fig. 1C, Upper). As expected, translation of Rp-SL87.8-Norm
mRNA, but not RB-SLO-Norm mRNA or Rp-SL9.7-Norm mRNA,
was drastically inhibited (Fig. 1C, Upper), suggesting that the
presence of a strong SL structure in the 5'UTR inhibits overall
translation. Given that NMD is closely linked to translation, all
these data, along with the results in Fig. 1B, indicate that the
translation preceding NMD requires a ribosome scanning process.

We next used programmed cell death protein 4 (PDCD4),
which binds to and inhibits the helicase activity of eIF4Al and
elF4AIl (27, 28), to determine clearly whether the translation
preceding NMD requires eIF4AI and eIF4AII (both of which
are helicases known to be involved in the unwinding of secondary
structures during ET). The NMD and translation levels of Rp-
SLO mRNA, which lacked an SL structure in the 5’UTR, and
consequently did not require eIF4AI/II helicase activity, were not
significantly affected by the overexpression of PDCD4 (Fig. 1 B
and C). In addition, the NMD and translation levels of Rp-SL87.8
mRNA were not significantly affected by the overexpression of
PDCD4 (Fig. 1 B and C); this result is logical because eIF4AI/II
cannot unwind very strong SL structures (25, 26). In contrast,
overexpression of PDCD4 reduced the efficiency of translation
of RB-SL9.7 mRNA by 2.5-fold (Fig. 1C). These results indicate
that the unwinding of a moderately stable SL structure in the
middle of the 5'UTR of Rp-SL9.7 mRNA requires eIF4AI/II
helicase activity. Intriguingly, the levels of NMD of Rp-SL9.7
mRNA were not significantly affected by the overexpression of
PDCD4 (Fig. 1B) despite translational inhibition (Fig. 1C). The
specific role of PDCD4 in the unwinding of secondary structures
via eIF4AI/Il was further demonstrated by overexpression of
mutant PDCD4, PDCD4-Mut4 (Fig. S1), which contains four
amino acid substitutions in two MA3 domains and fails to in-
teract with eIF4AI/II (29). These results showed that both NMD
and overall translation levels of RB-SL9.7 mRNA were not af-
fected by overexpression of mutant PDCD4 (Fig. S1). All these
observations suggest that the translation preceding NMD is largely
independent of eIF4AI/II. In line with this notion, another report
showed that down-regulation of eIF4AI or eIF4AII fails to block
NMD of p-globin mRNA (30). We also found that NMD of Rp-
SL9.7 mRNA was significantly inhibited by down-regulation of
elF4AIII but not by individual or simultaneous down-regulation
of eIF4AI and eIF4AII using siRNA (Fig. 1 D and E and Fig. S2).
Therefore, all these results suggest that NMD of mRNA con-
taining an SL in the 5'UTR requires eIF4AIIL

elF4Alll Associates with the CT Complex via Its Direct Interaction with
CTIF. It has long been thought that eIF4AIII is necessary for
proper loading or formation of the EJC on a spliced mRNA (18,
19, 31). As expected, disruption of EJCs by the down-regulation
of eIF4AIII inhibited NMD of RB-SL9.7 mRNA (Fig. 1 D and E
and Fig. S2). However, considering that (i) immunoprecipitation
(IP) studies in our previous report revealed that eIF4AIII is
enriched in the CT complex (3) and (ii) eIF4AIII is an RNA
helicase homologous to eIF4AI/Il (32), an alternative interpre-
tation of our results is possible: eIF4AIIIl may help to unwind
secondary structures during CT, and consequently increase the
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efficiency of NMD. Therefore, we first tested whether e[F4AIII
associates with the CT complex.

First, the IP results showed that endogenous eIF4AIII and
CBP80, but not eIF4AI/II and eIF4E, coimmunopurified with
endogenous CTIF in an RNase A-resistant manner (Fig. 24).
Second, endogenous eIF4AI/IT and eIF4GI were mostly present
in the IP of Myc-eIF4E, but endogenous eIF4AIII and CTIF were
detected mostly in the IP of Myc-CBP80 in an RNase A-resistant
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Fig. 2. elF4Alll interacts with CTIF in vivo and in vitro. (A) IP of endogenous
CTIF. Extracts of HEK293T cells were either treated or not treated with RNase
A. IPs were performed using either a-CTIF antibody or a nonspecific rabbit
19G (rlgG). (Upper) Cell extracts before IP and immunopurified proteins after
IP were analyzed by Western blotting using the indicated antibodies.
(Lower) RT-PCR analysis using a-[>2P]-dATP and specific oligonucleotides for
amplification of cellular GAPDH mRNA demonstrated efficient digestion of
cellular transcripts by RNase A. For quantitative analysis, threefold serial
dilutions of cell extracts (Upper) and twofold serial dilutions of RNA samples
(Lower) obtained before IP were loaded in the four leftmost lanes. (B) In
vitro GST pull-down assays. The E. coli extracts expressing GST, GST-CTIF
(1-305), GST-CTIF (306-598), or GST-Galectin 8, which served as a negative
control, were mixed with purified recombinant His-elF4Alll. After the GST
pull-down, purified proteins were subjected to Western blotting using a-GST
antibody (Upper) or a-His antibody (Lower). (C) In vivo BiFC analysis of the
interaction between CTIF and elF4Alll. HelLa cells were transiently trans-
fected with the indicated plasmids, and the cells were fixed and examined
under a confocal microscope 6 h later. Nuclei were stained with DAPI. The
combination of a bJun—-N-terminal fragment of yellow Venus-enhanced
fluorescent protein (VN) and bfos-C-terminal fragment of yellow Venus-
enhanced fluorescent protein (VC) was used as a positive control. Enlarged
images of the boxed areas are shown in the lower right corner of each im-
age. (Scale bars: 10 pm.) (D) IP of Myc-CBP80 and Myc-elF4E after CTIF down-
regulation. HEK293T cells were transiently transfected with either CTIF siRNA
or nonspecific control siRNA. Two days later, the cells were retransfected
with pCMV-Myc, pCMV-Myc-CBP80, or pCMV-Myc-elF4E. One day later, the
total-cell extracts were subjected to IP using a-Myc antibody. The cellular
protein p-actin served as a negative control. All data represent at least
two independently performed transfections, IPs, and confocal micros-
copy observations.
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manner (Fig. S34). Third, endogenous CBP80 and CTIF (but
not eIF4E, eIF4GI, or p-actin) coimmunopurified with FLAG-
elF4AIII in an RNase A-resistant manner (Fig. S3B). Fourth,
endogenous CBP80 and eIF4AIII coimmunopurified with FLAG-
CTIF WT and FLAG-CTIF (1-305), but not with FLAG-CTIF
(306-598), in an RNase A-resistant manner (Fig. S3C). Fifth, the
GST pull-down assays showed that recombinant His-eIF4AIIL
copurified with GST-CTIF (1-305) but not GST-CTIF (306-598)
(Fig. 2B). Sixth, the results of bimolecular fluorescence com-
plementation (BiFC) assays (33), in which fluorescent signals are
emitted when two tested proteins interact within a cell, showed
that coexpression of the two fusion proteins, an eIF4AIII-fused
N-terminal fragment of yellow Venus-enhanced fluorescent
protein (eIF4AIII-VN) and a CTIF-fused C-terminal fragment of
yellow Venus-enhanced fluorescent protein (CTIF-VC), or vice
versa, resulted in the emission of moderate fluorescent signals in
the cytoplasm (Fig. 2C and Fig. S3D). All these data indicate that
elF4AIIl directly interacts with the N-terminal half of CTIF in
vivo and in vitro.

Next, we tested whether the association of eIF4AIII with the
CT complex is attributable to the direct interaction of CTIF and
elF4AIIL The results of IPs using the extracts of cells depleted
of CTIF revealed that eIF4AIIl was enriched in the IP of Myc-
CBPS80, but not in the IP of Myc-eIF4E, in a CTIF-dependent
manner (Fig. 2D). In contrast, other EJC components, UPF2 and
UPF3X, were enriched in the IP of Myc-CBP80 in a CTIF-
independent manner. Consistent with other studies (3, 4, 15), en-
dogenous elF4GI was largely detected in the IP of Myc-elF4E,
whereas endogenous elF3 was detected in both IPs. It should
be noted that eIF3 is recruited to CT and ET complexes via its
interaction with CTIF and eIF4GI/II, respectively (4). Because
of direct interaction between eIF4AIII and CTIF (Fig. 2B), these
findings suggest that eIF4AIII binds to the CT complex via its
direct interaction with CTIF.

elF4Alll Aassociates with Intronless mRNAs as Well as Intron-Containing
(Spliced) mRNAs. The finding that eI[F4AIII directly associates with
the CT complex (Fig. 2) led us to hypothesize that eIF4AIII could
associate with the 5’-end of mRNA as a CT component, as well as
with exon—exon junctions of a spliced mRNA as an EJC com-
ponent. To test this hypothesis, we used pull-down assays with
fusion proteins containing the bacteriophage MS2 coat protein
(MS2), which binds to a specific RNA-hairpin structure (MS2-
binding site; MS2bs), and maltose-binding protein (MBP). This
assay takes advantage of the strong and specific binding of MS2
to MS2bs and allows for recovery of the MS2bs-containing mes-
senger ribonucleoproteins (mRNPs) on amylose beads via the
MBP (34). Two reporter constructs, RB-8bs-no intron and Rp-
8bs-intron, were generated, which contained (in the following
order) RLuc cDNA lacking a translation termination codon,
B-globin (either genomic or cDNA sequence) with a translation
termination codon (TAA), and MS2bs (Fig. 34).

Transiently expressed HA-MBP and MS2-HA-MBP, but not
MS2-HA, were enriched by the MBP pull-down (Fig. 3B, Upper),
and RB-8bs mRNAs were present only in the pull-down of MS2-
HA-MBP (Fig. 3B, Lower). These data demonstrated the efficacy
of this system under our experimental conditions. The copurified
proteins were analyzed by Western blotting (Fig. 3B, Upper).
The CT components, CBP80 and CTIF, and the ET components,
elF4E and eIF4GI, copurified with Rp-8bs-no intron mRNAs
and Rp-8bs-intron mRNAs without a significant difference. In
contrast, the EJC components, UPF2 and UPF3X, copurified
only with Rp-8bs-intron mRNAs; this result is consistent with
the role of these proteins in EJCs. Intriguingly, eIF4AIII was
detected in the Rp-8bs-no intron mRNP. Furthermore, greater
amounts of eIF4AIII were detected in the Rp-8bs-intron mRNP.
These data indicate that eIF4AIII associates with intronless mRNAs
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Fig. 3. elF4Alll associates with both intronless mRNAs and intron-containing
(spliced) mRNAs. (A) Diagram of the experimental procedure of the MBP
pull-down assay. The reporter plasmid contains (in the following order) RLuc
cDNA without a translation termination codon, the p-globin gene containing
either no intron or two introns, the translation termination codon (TAA),
and eight tandem MS2bs repeats (8bs) within the 3'UTR. HEK293T cells were
cotransfected with a reporter plasmid (either Rp-8bs-no intron or Rp-8bs-
intron) and an effector plasmid expressing MS2-HA, HA-MBP, or MS2-HA-
MBP. Two days after the transfection, the cells were treated with 100 pg/mL
cycloheximide for 1 h and then cross-linked with formaldehyde. Total-cell
extracts were prepared and then precipitated with amylose beads. (B) MBP
pull-down assay using the reporter mRNAs Rp-8bs-no intron and Rp-8bs-in-
tron. (Upper) Proteins purified in the MBP pull-down assay were analyzed by
Western blotting using the indicated proteins. (Lower) RT-PCR assays of Rf-
8bs mRNAs and GAPDH mRNAs using specific oligonucleotides and a-[>2P]-
dATP demonstrated that the reporter mRNAs were selectively purified only
in the presence of MS2-HA-MBP. (C) Experiments as described in B, except
that the cells were transfected with CTIF siRNA or nonspecific control siRNA
and retransfected with a plasmid expressing either MS2-HA or MS2-HA-MBP.

as a CT component and with intron-containing (spliced) mRNAs
as both an EJC and CT component.

The finding that the interaction between CTIF and eIF4AIII is
necessary for recruitment of eIF4AIII to the CT complex (Fig. 2D)
was further confirmed by repeating the same MBP pull-down
assay with extracts of cells depleted of CTIF (Fig. 3C). Down-
regulation of CTIF to ~30% of the normal level significantly
reduced the levels of copurified eIF4AIII in the RB-8bs-no in-
tron mRNP and Rp-8bs-intron mRNP, without affecting the
levels of other copurified proteins tested (Fig. 3C). These results
demonstrate that eIF4AIII associates with intronless and intron-
containing (spliced) mRNAsS via its direct interaction with CTIF.

elF4Alll Selectively Increases CT Efficiency in Vivo. Given the specific
interaction between eIF4AIII and the CT complex and the se-
quence similarity between eIF4AIIl and ET-specific RNA helicases
(eIF4AI and eIF4AIl), we next wanted to see whether eIF4AIII
is selectively involved in unwinding of secondary structures in a
5’UTR during CT. To exclude the effects of eIF4AIII as an EJC
component and to test the role of eIF4AIII in CT of mRNA with
secondary structures in the 5"UTR, we first constructed a reporter
plasmid that expresses intronless RLuc (R) mRNAs with or without
a SL structure (R-SL9.7 mRNA and R-SLO mRNA, respectively)
that has an AG of —9.7 kcal/mol (SL9.7; Fig. 44). Of note, the
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elF4Alll increases CT efficiency in vivo. (A) Schematic representation of reporter plasmids R-SLO and R-SL9.7, which contain (in the following order) TP/

exon 6 (purple), TPl exon 7 (blue), RLuc cDNA (green), TPl exon 6 (purple), and TP/ exon 7 (blue). The plasmid R-SL9.7 contains an SL structure in the middle of
the 5'UTR. ATG, translation initiation codon; TAG, translation termination codon. (B-D) HEK293FT cells were transiently transfected with either elF4Alll siRNA
or nonspecific control siRNA. One day later, the cells were retransfected with reporter plasmids R-SLO and R-SL9.7. Two days later, the cells were harvested and
the cytoplasmic extracts were prepared and subjected to polysome fractionation using the 10-50% (wt/vol) sucrose gradient. Then, the CT complex and ET
complex were separated by subjecting each fraction to IP using either the a-CBP80 or a-elF4E antibody. (B) Western blot analysis demonstrates efficient down-
regulation of elF4Alll. (C) Analyses of polysome-fractionated samples. The polysome-fractionated samples before and after IP were analyzed by Western
blotting using the indicated antibodies (Upper) and RT-PCR assays using specific oligonucleotides and a-[>2P]-dATP (Lower). (D) Quantitative representation of
the relative levels of R-SL9.7 mRNAs. The levels of R-SL9.7 mRNA and R-SLO mRNA in each fraction (C, Lower) were quantitated. The levels of R-SL9.7 mRNA

were normalized to R-SLO mRNA.

introduction of SL9.7 into the 5'UTR of the NMD reporter
mRNA rendered the mRNA more vulnerable to translational
repression mediated by PDCD4, although NMD of the reporter
mRNA was not abrogated (Fig. 1 and Fig. S1).

Next, we performed polysome fractionation experiments fol-
lowed by IPs using extracts of cells that transiently expressed
both R-SLO mRNA and R-SL9.7 mRNA and were either depleted
or not depleted of eIF4AIII using siRNA. Western blotting results
showed that the siRNA transfection reduced expression of the
endogenous eIF4AIII protein to 15% of the normal level (Fig. 4B).
Upon polysome fractionation, CBP80 and eIF4E were detected
in most fractions before IP in undepleted cells (Fig. 4C, Left;
before IP), consistent with other reports (1, 3). Distribution of eIFAE
was not significantly changed by the eIF4AIIl down-regulation
(Fig. 4C, Right; before IP). On the other hand, distribution of
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CBP80 was marginally shifted from polysome to subpolysome
fractions after the eIF4AIIl down-regulation (Fig. 4C, compare
Left and Right; before IP).

Distribution of the reporter mRNAs was analyzed by means of
RT-PCR assays with specific oligonucleotides and a-[>?P]-dATP.
The reporter mRNAs R-SLO and R-SL9.7 were present in all
fractions before IP (Fig. 4C, before IP). Quantitative analysis
showed that the relative distribution of R-SL.9.7 mRNA, which
was normalized to R-SLO mRNA, was not significantly affected
by the eIF4AIIl down-regulation (Fig. 4D, before IP).

To distinguish the CT and ET complexes, IPs were performed
using an a-CBP80 antibody or a-eIF4E antibody (Fig. 4C, after
IP). Immunopurified CBP80 and eIF4E in each fraction were
analyzed by means of Western blotting (Fig. 4C, after IP). The
coimmunopurified mRNAs were analyzed using RT-PCR (Fig. 4C,
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after IP). The normalized levels of R-SL9.7 mRNA in the IP of
CBPS80, but not in the IP of eIF4E, significantly decreased in
polysome fractions and moderately increased in subpolysome
fractions after the eIF4AIIl down-regulation (Fig. 4D, after IP).
It should be noted that the polysome distribution of R-SLO
mRNA was marginally affected by the eIF4AIIl down-regulation
in the IP of CBP80 and eIF4E (Fig. 4C, after IP). All these results
provided strong evidence that eIF4AIII preferentially enhances
CT of mRNAs containing an SL structure. In agreement with the
role of eIF4AIII in CT, CTIF that was artificially tethered to an
intercistronic region of intronless dicistronic mRNA increased the
translation of a downstream cistron fourfold. The translational
enhancement was inhibited twofold by down-regulation of
e[FAAIII but not eIF4AI, eIF4AIl, UPF2, or UPF3X (Fig. S4).

ATPase/Helicase Activity of elF4Alll Is Important for Promotion of CT
Efficiency of mRNAs Containing an SL Structure. The selective role
of eIF4AIII in CT of mRNAs containing an SL structure was
tested in experiments similar to those experiments in Fig. 4,
using the extracts of cells depleted of eIF4AIII or codepleted of
elF4AI and eIF4AII (Fig. S5A). After polysome fractionation
using a sucrose gradient, the subpolysome fractions (40S, 60S,
and 80S) and polysome fractions were pooled separately. The
pooled fractions were subjected to IPs using either an a-CBP80
antibody or an a-eIF4E antibody (Fig. S5B). Then, the relative
polysome/subpolysome distributions of R-SL9.7 mRNA were de-
termined using qRT-PCR assays. The results showed that eIF4AIIT
down-regulation reduced the relative polysome/subpolysome
ratio of R-SL9.7 mRNA in the IP of CBP80 but not in the IP of
eIF4E (Fig. S5C). On the other hand, simultaneous down-
regulation of eIF4AIl and eIF4AIl reduced the relative poly-
some/subpolysome ratio of R-SL9.7 mRNA in the IP of eIF4E
but not in the IP of CBP80 (Fig. S5C). Intriguingly, the reduction
in the relative polysome/subpolysome ratio of R-SL9.7 mRNA
in the IP of CBP80 was completely reversed via expression of
siRNA-resistant eIF4AAIII-WT but not of an ATPase/helicase
mutant, eIF4AIII-E188Q (Fig. S6). It is known that the intro-
duction of the E188Q substitution into the Walker boxes of
elF4AIIl abolishes ATPase/helicase activity without affecting
the function of eIF4AIII in EJC assembly and NMD of a reporter
mRNA lacking a clearly defined SL structure (35, 36). These
results suggest that (i) eIF4AIII and eIF4AI/II are specifically in-
volved in CT and ET, respectively, of mRNAs containing an SL
structure and (ii) the ATPase/helicase activity of eI[F4AIII is nec-
essary for promotion of CT of mRNAs containing an SL structure.

elF4Alll Selectively Increases CT Efficiency in an in Vitro Translation
System. The selective increase by eIF4AIII of the CT of mRNAs
containing an SL structure was recapitulated in an in vitro
translation system. As shown in Fig. 54, the cytoplasmic extracts
for in vitro translation were obtained from HeLa cells either
depleted or undepleted of eIF4AIII. For preparation of mRNAs
for in vitro translation, we used either immunopurified CBP80-
bound or eIF4E-bound intronless mRNA to eliminate the effects
of EJCs on translation. We also needed to rule out the possible
effects of preexisting eIF4AIIl, which had already associated
with immunopurified mRNAs. To this end, IPs were performed
using a-FLAG antibody-conjugated agarose beads and the extracts
of eIF4AIIl-depleted HEK293T cells transiently expressing
R-SL9.7 mRNA and either FLAG-CBP80 or FLAG-eIF4E. After
that procedure, FLAG-CBP80-bound or FLAG-eIF4E-bound
mRNPs were eluted from the resin using FLAG peptides. In
vitro translation reactions were performed by mixing the cytoplas-
mic extracts, the eluted mRNPs, and one of recombinant proteins
(eIFAAIII-WT, eIF4AIII-E188Q, eIF4AI-WT, or BSA as a
control). To minimize possible exchange of the CBC for eIF4E
during the reaction, the reaction mixtures were incubated for
only 15 min.
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Fig. 5. Down-regulation of endogenous elF4Alll and add-back of purified
recombinant elF4Alll inhibits and restores, respectively, the CT of intronless
mRNAs with SL structures. (A) Diagram of the experimental procedure of the
in vitro-reconstituted translation system. Cytoplasmic cell extracts and either
FLAG-CBP80-bound or FLAG-elF4E-bound R-SL9.7 mRNPs for in vitro trans-
lation were obtained from HeLa cells and HEK293T cells, respectively. The
details are described in Results. (B) Western blot analysis shows specific
down-regulation of elF4Alll in Hela cells. Comparable down-regulation of
elF4Alll was observed in HEK293T cells (Fig. S8A). (C) Western blot analysis
demonstrates specific IPs. B-Actin served as a negative control. (D) Coomassie
Blue staining of purified recombinant His-elF4AIlI-WT, His-elF4Alll-E188Q,
and His-elF4AI-WT. (E) In vitro translation of FLAG-CBP80-bound R-SL9.7
mRNAs. The levels of in vitro-translated RLuc protein were analyzed using
luciferase assays. (Upper) Value of RLuc activity in the control siRNA-trans-
fected cell extracts was set to 1.0. **P < 0.01. (Lower) After the in vitro
translation reaction, total RNA was purified and analyzed by qRT-PCR assay.
The levels of RLuc mRNAs were normalized to endogenous 28S ribosomal
RNAs (rRNAs). The normalized level of RLuc mRNAs in control siRNA-trans-
fected cell extracts was set to 1.0. (F) In vitro translation of FLAG-elF4E-
bound R-SL9.7 mRNAs. Experiments were conducted as described in E, except
that the FLAG-elF4E-bound R-SL9.7 mRNAs were analyzed using in vitro
translation. The columns and bars represent the mean and SD of three in-
dependent transfections and in vitro translation reactions.

Western blotting results demonstrated specific down-regulation
of eIF4AIII (Fig. 5B) and selectivity of IP (Fig. 5C). The purity
and integrity of the recombinant proteins were demonstrated by
Coomassie Blue staining (Fig. 5D). In vitro translation reactions
and add-back experiments revealed that translation of CBP80-
bound R-SL9.7 mRNA decreased twofold in the eIF4AIII-
depleted cell extracts and was restored by the addition of
recombinant eIFAAIII-WT but not eIFAAIII-E188Q or eIF4AI-WT
(Fig. 5E, Upper). In contrast, translation of eIF4E-bound R-SL9.7
mRNAs was not significantly changed in the eIF4AIll-depleted
cell extracts relative to the undepleted cell extracts and was not
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affected by the addition of a recombinant protein (Fig. 5F,
Upper). In addition, there was no significant change in the levels
of R-SL9.7 mRNAs after in vitro translation (Fig. 5 E and F,
Lower). Of note, the relative translation efficiency of CT (RLuc
activity divided by the R-SL9.7 mRNA level) in the control cell
extracts was slightly lower compared with ET, without statistical
significance (Fig. S7). This finding suggests that CT is as efficient
as ET under our conditions. All these results, along with the data
from the polysome fractionation (Fig. 4) and artificial tethering
experiments (Fig. S4), indicate that eIF4AIII preferentially
promotes CT of mRNAs containing an SL structure in vitro and
in vivo. In line with this notion, the results of in vitro translation
reactions and add-back experiments using FLAG-CBP80-bound
or FLAG-eIF4E-bound R-SLO mRNPs lacking an SL structure
in the 5'UTR showed that CT and ET of R-SLO mRNA were not
dependent on eIF4AIII (Fig. S8).

elF4AIlI-mRNA Interactions Are Enriched at the 5-End and in the
Translation Initiation Codon of Intronless as Well as Intron-Containing
(Spliced) mRNAs. Recently, a transcriptome-wide interaction map of
elF4AIIl was generated using high-throughput sequencing of
RNA isolated by cross-linking immunoprecipitation [HITS-CLIP;
also named cross-linking immunoprecipitation sequencing (CLIP-
Seq)], elucidating that eIFAAIII-binding sites are largely located in
the canonical EJC deposition region and in the noncanonical
region within the exons (37). Given our finding that eIF4AIII is
recruited to the 5'-end of mRNA via its direct interaction with
CTIF, we expected to see in the eIF4AIIl CLIP data that
eIF4AIII-mRNA interactions would be enriched in 5'UTRs of
mRNAs. For this purpose, we retrieved the previously reported
elF4AIII CLIP data (two replicates performed in HeLa cells) and
further filtered reproducible binding regions (clusters) that con-
tained overlapping CLIP tags between two replicates [bi-
ological complexity (BC) = 2] and peak height (PH > 10)] (Fig.
S9A). By analyzing locations of such robust eIF4AIIl CLIP clus-
ters in mRNAs, we found that elF4AIII-mRNA interactions were
enriched in 5’-end regions, mostly with peaks in the translation
initiation codon (Fig. S9B). Such enrichment, however, was not
observed either in the stop codon or at the 3’-end. The elF4AIII
showed slight enrichment upstream of the translation termination
codon, but the result was not statistically significant relative to
control clusters for mRNA length (Fig. S9C, Left). We also found
that the binding of eIF4AIIl downstream of the termination
codon or near the 3’-end was significantly less (Fig. S9C, Right).
Furthermore, we observed the same distribution pattern in intron-
less mRNAs, although there was sharply higher enrichment at the
5’-end (Fig. S9D). Taken together, these data suggest that eIFAAIIL
interacts with the 5’-end and translation initiation codon of
mRNAs, consistent with its biochemical interaction with CTIF
and its role in CT observed in this study.

Down-Regulation of elF4Alll Inhibits Rapid Degradation of Replication-
Dependent Histone mRNAs Induced by Inhibition of DNA Replication.
To demonstrate further the role of eIF4AIIl in CT, we used
replication-dependent histone mRNAs, which lack introns and a
poly(A) tail. The stability of replication-dependent histone mRNAs
is well known to be closely linked to translation, as reviewed
elsewhere (38). In particular, the majority of replication-dependent
histone mRNAs that are translated in the cytoplasm bind to
CBP80/20 rather than to eIF4E (15, 34). Furthermore, rapid
degradation of replication-dependent histone mRNAs, which is
induced by treatment with hydroxyurea (HU; a potent inhibitor of
DNA replication), largely occurs during CT (15, 34). Therefore,
our present finding that eIF4AIII is preferentially involved in CT
prompted us to test whether eIF4AIIl is involved in the stability
of replication-dependent histone mRNAs (Fig. 6 and Fig. S10).
For this purpose, we depleted HeLa cells of eIF4Al, elF4All,
eIF4AIIl, or CTIF or codepleted those cells of eIF4AI and
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Fig. 6. Rapid degradation of replication-dependent histone mRNAs upon
inhibition of DNA replication is dependent on elF4Alll. (A-C) Hela cells were
transfected with the indicated siRNAs. Three days later, the cells were
treated with HU for 40 min before cell harvesting, and total-cell protein
and RNA were then purified. (A) Western blot analysis shows specific down-
regulation by siRNAs. The qRT-PCR assays of HISTTH1C mRNAs (B) and
HIST2H2AA mRNAs (C) are shown. The levels of HISTTH1C and HIST2H2AA
mRNAs were normalized to H3F3A mRNA. Normalized levels of HISTTH1C
mRNAs (B) and HIST2ZH2AA mRNAs (C) in the absence of HU treatment were
setto 100%. **P < 0.01. The columns and bars represent the mean and SD of
four independent transfections and qRT-PCR assays. (D-F) Hela cells were
transfected with a plasmid expressing PDCD4. Two days later, the cells were
treated with HU for 40 min before cell harvesting, and total-cell protein
and RNA were then purified. (D) Western blot analysis shows over-
expression of PDCD4-WT or Mut4. The qRT-PCR analyses of HISTIH1C
mRNAs (E) and HIST2ZH2AA mRNAs (F) are shown. The columns and bars
represent the mean and SD of four (A-C) or three (D-F) independent
transfections and gRT-PCR assays.

elF4AIll Then, the levels of cellular HISTIHIC and HIST2H2AA
mRNAs, which are replication-dependent histone mRNAs, were
measured using qRT-PCR assays. We also measured the levels of
cellular H3F34 mRNA, which is a replication-independent his-
tone mRNA containing a poly(A) tail, and used them as a control
for variations in this experiment.

The specific down-regulation of cellular proteins by siRNA
treatment was confirmed by Western blotting (Fig. 64). The
qRT-PCR results showed that HU treatment triggered rapid
degradation of HISTIHIC and HIST2H24AA mRNAs (Fig. 6 B
and C). In agreement with our previous report (15), down-
regulation of CTIF attenuated the rapid degradation of repli-
cation-dependent histone mRNAs induced by HU treatment.

The rapid degradation of replication-dependent histone mRNAs
was attenuated by down-regulation of eIF4AIIl but not by in-
dividual or simultaneous down-regulation of eIF4AI and eIF4AIl
(Fig. 6 B and C and Fig. S10 A-C). This inhibition was reversed
by expression of eIF4AAIII-WT but not eIF4AIII-E188Q (Fig. S10
D-F). These data suggest that CT of intronless replication-
dependent histone mRNAs requires e[F4AIIl but not eIF4AI/IL.
In line with this result, degradation of replication-dependent
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histone mRNAs was not significantly affected by overexpression
of either PDCD4-WT or -Mut4 (Fig. 6 D-F).

Discussion

In this study, we demonstrate a previously unidentified role of
elF4AIll in translation driven by the CBC. We report that
elF4AIIl is recruited to the CT complex via direct interaction
with CTIF, and that it triggers CT of mRNAs with secondary
structures in the 5’UTR. Based on our in vivo and in vitro results,
we propose a model in which eIF4AIII preferentially promotes
CT efficiency (Fig. 7).

The newly synthesized intron-containing or intronless mRNAs
are exported from the nucleus to the cytoplasm with the CBC
bound to the 5’-end (Fig. 7, Left). During the export, the peri-
nuclear protein CTIF joins the 5'-end of the mRNAs via direct
interaction between CTIF and CBP80 (3). In the cytoplasm, the
CBC-CTIF complex recruits eIF4AIII and elF3, both of which
are known to interact directly with CTIF (as shown in Fig. 2 and
ref. 4). Alternatively, formation of the complex may occur before
mRNA export because a significant fraction of CTIF and eIF4AIII
is found in the nucleus (3, 30, 39-41). The resulting CT complex
can recruit the 40S ribosomal subunit to the 5’-end of the mRNAs
via elF3, triggering the ribosome scanning process. When the
scanning ribosome encounters secondary structures, eIF4AIII
may melt the structures or induce remodeling of the complex to
promote unwinding of these structures. As a result, the ribosome
can continue scanning the mRNA until the ribosome reaches an
authentic translation initiation codon. It is likely that eIF4AIII
comigrates with the scanning ribosome until the ribosome rea-
ches the authentic translation initiation codon because reanalysis
of the previously reported eIF4AIIl CLIP-seq data (37) shows
significant enrichment of eIF4AIIl CLIP clusters in translation
initiation codons of both total mRNAs and intronless mRNAs
(Fig. S9). These observations provide additional evidence of the
existence of noncanonical eIF4AIII (or EJC)-binding sites that
were reported previously (37, 42). Although we do not know the
exact timing of the replacement of the CBC by eIF4E, this event
is triggered by importin o/p (6). After that, the eIF4E directs
efficient ET (Fig. 7, Right).
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The ATP-dependent helicase activity of recombinant or pu-
rified eIF4AI is weak; however, the RNA helicase activity of
elF4Al is stimulated by cofactors, such as eIF4B and eIF4H (43—
45). Like eIF4AlI, purified eIF4AIII has relatively weak helicase
activity (32, 45, 46). It was reported, however, that RNA un-
winding by eIF4AIII is stimulated by MLN51, which is another
EJC component (46), but not by eIF4B or eIF4H (45). Further-
more, it was reported recently that MLNS51 enhances translation
of intron-containing mRNAs and, to a lesser extent, intronless
mRNAs via direct interaction with eIF3 (47). These observations,
together with our present results, show that MLN51 may pro-
mote elF4Alll-mediated unwinding of secondary structures
or elF4Alll-mediated remodeling of the CT complex by en-
hancing the helicase activity of eIF4AIIl. In particular, the
MLNS51-mediated enhancement of CT via eIF4AIIl may be
further coordinated by an interaction between MLNS51 and
elF3 (47-49).

In general, the translational efficiency of intron-containing
(spliced) mRNA is higher than that of intronless mRNA, in part,
because of EJCs deposited as a consequence of splicing (21-23).
Such an EJC-mediated increase in the translation of intron-
containing (spliced) mRNAs over intronless mRNAs could be
explained, in part, by our present observations. An intron-
containing (spliced) mRNA may be subjected to a microenvi-
ronment with a high local concentration of eIF4AIII because
translocating ribosomes displace EJCs from an mRNA. There-
fore, free eIF4AIII and the eIF4AIII displaced from EJCs may
associate with CTIF at the 5’-end of mRNAs more frequently,
and thereby promote CT efficiency. Further studies should elu-
cidate molecular details of the above possibility.

Materials and Methods
Construction of Plasmids. These details are described in SI Materials and Methods.

Cell Culture and Transfection. HeLa, HEK293T, and HEK293FT cells were grown
in DMEM (HyClone) containing 10% (vol/vol) FBS (HyClone) and 1% peni-
cillin/streptomycin (HyClone). The cells were transiently transfected with the
indicated plasmids and 100 nM in vitro-synthesized siRNA (Invitrogen)
using Lipofectamine 2000 (Invitrogen) and Oligofectamine (Invitrogen), re-
spectively, as described previously (3, 50, 51). To achieve simultaneous down-
regulation of elF4Al and elF4All, we transfected the cells with either 50 nM

elF4E-dependent translation
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Fig. 7. Model illustrates the role of elF4Alll in CT (details are provided in Discussion). AUG, translation initiation codon; m’G, Cap; (A)n, poly(A) tail; 20,
CBP20; 80, CBP80; 40S, 40S ribosomal subunit; 60S, 60S ribosomal subunit; 3, elF3; 4Alll, elF4Alll; 4E, elF4E; 4G/, elFAGI/N; 4Al/N, elF4AI/; X, unidentified
factor. It remains unknown whether elF4Alll directly melts the structures or induces remodeling of the complex to promote unwinding of the structures.
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(Fig. S5) or 100 nM (Figs. S2 and S10 A-C) siRNA. The total amount of
siRNA used in this experiment was adjusted to either 100 or 200 nM using
control siRNA. The following siRNA sequences were used in this study: 5'-
r(GCCCAAUCUGGGACUGGGA)I(TT)-3" for elF4Al and 5'-r(AGGAGUCU-
CUCCUUCGUGG)(TT)-3' for elF4All. The siRNA sequences for elF4Alll (40),
CTIF (3), UPF2 (52), UPF3X (52), and the nonspecific control (52) were
described previously. At 2 or 3 d after the transfection, the cells were
harvested, and total protein and RNA were purified as described pre-
viously (3, 52).

When indicated, the cells were incubated with 5 mM HU (Sigma-Aldrich)
for 40 min before cell harvesting.

Immunoprecipitation. Immunoprecipitation (IP) was performed as described
previously (3, 50, 53). When indicated, the cells were treated with a final
concentration of 1% formaldehyde (Sigma-Aldrich) in PBS for 10 min before
cell harvesting.

Western Blotting. Antibodies against the following proteins were used: FLAG
(Sigma), Myc (Calbiochem), HA (Roche), GFP (Santa Cruz Biotechnology), elF4E
[an antibody raised in rabbits (Cell Signaling Technology) or mice (BD Bio-
science)], elF3b (Santa Cruz Biotechnology), elF4Gl [a gift from S. K. Jang
(Pohang University of Science and Technology, Pohang, Korea)l, CTIF (3),
CBP80 (4), PDCD4 (Bethyl), elF4Al (Abcam), elF4All (Abcam), elF4Alll (53), UPF2
(53), UPF3X [a gift from L. E. Maquat (University of Rochester, Rochester, NY)],
B-actin (Sigma), His (GE Healthcare), and GST (Amersham).

RT-PCR Analysis Using Specific Oligonucleotides and «-[>?P]-dATP and qRT-PCR
Analyses. The details of the RT-PCR assays are as described previously (3, 50, 51).
The gRT-PCR analyses were performed using a LightCycler system (Roche
Diagnostics).

The mRNAs for the RB-SL reporters (RB-SLO-Norm or RB-SLO-Ter, RB-SL9.7-
Norm or RB-SL9.7-Ter, and RB-SL87.8-Norm or Rp-SL87.8-Ter), Rp-8bs (either
intron or no intron), R-SLO, and R-SL9.7 were analyzed by means of qRT-PCR
using two specific oligonucleotides: 5-ATGGTGCACCTGACTCCTGA-3’ (sense)
and 5'-GGGTTTAGTGGTACTTGTGAGC-3’ (antisense) for the RB-SL and RB-8bs
mRNAs, and 5-AATACGACTCACTATAGGGA-3’ (sense) and 5-GGAGCTTC-
TCGTGTACTTCC-3’ (antisense) for the R-SLO and R-SL9.7 mRNAs. Oligonu-
cleotides used for amplification of mRNAs of MUP, RLuc, -actin, and GAPDH
have been described elsewhere (3, 15, 50, 51). Oligonucleotides used for
amplification of cellular HISTTH1C and HIST2ZH2ZAA mRNAs, which are rep-
lication-dependent histone mRNAs (54, 55), and cellular H3F3A mRNA, which
is a replication-independent histone mRNA containing a poly(A) tail (54, 55),
have been described elsewhere (15).

Polysome Fractionation. Polysome fractionations using HEK293FT cells (two
150-mm culture dishes) were performed as described previously (50).

BiFC Assays. BiFC assays were performed as described previously (15, 50).

Protein Expression, Purification, and GST Pull-Down Assay. GST, GST-CTIF
(1-305), GST-CTIF (306-598), and GST-Galectin 8, which served as a negative
control, were overexpressed in Escherichia coli BL21(DE3)pLysS by adding
1 mM isopropyl p-b-1-thiogalactopyranoside (IPTG) when the OD at 600 nm
was 0.5; the cultures were then incubated at 37 °C for 3 h.

The His-elF4AIlIl-WT, His-elF4AllI-E188Q, and His-elF4AI-WT proteins were
also overexpressed in E. coli BL21(DE3)pLysS by adding 1 mM IPTG when the
OD at 600 nm reached 0.5, and the cells were subsequently incubated either
for 20 h at 18 °C (His-elF4AIIl-WT) or for 16 h at 16 °C (His-elF4AllI-E188Q and
His-elF4AI-WT). The cells were then harvested, resuspended in lysis buffer
[20 mM Hepes-NaOH (pH 7.5), 100 mM NacCl, 10% (vol/vol) glycerol, and
1 mM PMSF], and sonicated. Total-cell extracts were loaded onto a HisTrap

. Ishigaki Y, Li X, Serin G, Maquat LE (2001) Evidence for a pioneer round of mRNA
translation: mRNAs subject to nonsense-mediated decay in mammalian cells are
bound by CBP80 and CBP20. Cell 106(5):607-617.

2. Pestova TV, Lorsch JR, Hellen CU (2007) The mechanism of translation initiation in
eukaryotes. Translational Control in Biology and Medicine, eds Mathews MB,
Sonenberg N, Hershey JWB (Cold Spring Harbor Lab Press, Cold Spring Harbor, NY),
pp 87-128.

3. Kim KM, et al. (2009) A new MIF4G domain-containing protein, CTIF, directs nuclear
cap-binding protein CBP80/20-dependent translation. Genes Dev 23(17):2033-2045.

4. Choe J, et al. (2012) Translation initiation on mRNAs bound by nuclear cap-binding

protein complex CBP80/20 requires interaction between CBP80/20-dependent trans-

lation initiation factor and eukaryotic translation initiation factor 3g. J Biol Chem
287(22):18500-18509.
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HP column (GE Healthcare), and the column was washed with the
binding buffer [20 mM Hepes-NaOH (pH 7.5), 100 mM NacCl, and 10%
(vol/vol) glycerol]l. The bound proteins were eluted at ~250 mM imid-
azole in the binding buffer. The purified proteins were dialyzed against
the buffer [10 mM Hepes (pH 7.4), 120 mM potassium acetate, 1.5 mM
magnesium acetate, 4 mM DTT, and 10% (vol/vol) glycerol].

In the in vitro GST pull-down assays, the purified recombinant His-elF4Alll-
WT and the extracts of E. coli expressing the GST-tagged proteins were
mixed and incubated in 500 uL of binding buffer [10 mM Tris-HCI (pH 8.0),
1% (vol/vol) glycerol, 150 mM Nacl, 0.1% Triton X-100, 2 mM benzamidine,
1 mM PMSF, 0.001% BSA, and protease inhibitor mixture tablet] at 4 °C for
1 h. Glutathione Sepharose 4B resin (Amersham-Pharmacia Biotech) was
added, and the mixture was incubated for 1 h and washed five times with
the binding buffer. The resin-bound proteins were separated using SDS/
PAGE and subjected to Western blotting.

Preparation of Cytoplasmic Extracts. Hela cells were transfected with either
elF4Alll siRNA or nonspecific control siRNA, and the cells were harvested and
resuspended in hypotonic buffer [10 mM Hepes (pH 7.4), 10 mM potassium
acetate, 1.5 mM magnesium acetate, and 2.5 mM DTT] 3 d later. After
incubation for 30 min on ice, the cells were ruptured by passing 10 times
through a 27-gauge needle attached to a 3-mL syringe. The cell homogenate
was centrifuged at 13,000 x g for 15 min at 4 °C. The supernatant was col-
lected and used for in vitro translation.

In Vitro Translation of Coimmunopurified mRNAs. In vitro translation reactions
were performed as described previously (3). Briefly, HEK293T cells were
transfected with elF4Alll siRNA; 1 d later, the cells were retransfected with
the reporter plasmid expressing either R-SL9.7 mRNA (Fig. 5) or R-SLO mRNA
(Fig. S8) and a plasmid expressing a FLAG-tag only, FLAG-CBP80, or FLAG-
elF4E. Two days after the transfection, IP was performed using a-FLAG antibody-
conjugated agarose beads, and resin-bound ribonuclease (RNP) complexes were
eluted using 3xFLAG peptides (Sigma-Aldrich).

In vitro translation was performed for 15 min at 37 °C in 20-pL reaction
mixtures containing 4 pL of immunoprecipitated CBP80-bound RNP or elF4E-
bound RNP and 1 pg of either purified BSA or a recombinant protein. The
activity of in vitro-translated luciferase was measured as described pre-
viously (51, 56).

Analysis of the elF4Alll CLIP Data. For bioinformatic analysis of elF4Alll CLIP
tags, we retrieved relevant data from the Gene Expression Omnibus database
(accession no. GSE40778) and used a previously described analytical method
(57). In brief, CLIP data from duplicate experiments were downloaded in
bedGraph format, further processed, and combined as reproducible cluster
regions (regions with overlapping tags; BC = 2, PH > 10; PH was defined as
the maximal number of overlapping tags in each cluster region). Based
on the position of clusters in the genome and annotation in the Refer-
ence Sequence database, relative positions of the clusters were calculated
and plotted. To adjust the data for differences in the length of transcripts,
we followed the normalization method described elsewhere (57).
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