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Abstract 

An RNA str uct ure or modified RNA sequences can pro vide a platf orm f or ribosome loading and internal translation initiation. The functional 
significance of internal translation has recently been highlighted by the disco v ery that a subset of circular RNAs ( circRNAs ) is internally translated. 
Ho w e v er, the molecular mechanisms underlying the internal initiation of translation in circRNAs remain unclear. Here, we identify eIF3g ( a subunit 
of eIF3 complex ) as a binding partner of eIF4A3, a core component of the exon-junction complex ( EJC ) that is deposited onto spliced mRNAs and 
pla y s multiple roles in the regulation of gene e xpression. T he direct interaction between eIF4A3-eIF3g serves as a molecular link er betw een the 
eIF4A3 and eIF3 comple x, thereb y f acilitating internal ribosomal entry. P rotein synthesis from in vitro -synthesized circRNA demonstrates eIF4A3- 
driven internal translation, which relies on the eIF4A3-eIF3g interaction. Furthermore, our transcriptome-wide analy sis sho ws that efficient 
polysomal association of endogenous circRNAs requires eIF4A3. Notably, a subset of endogenous circRNAs can express a full-length intact 
protein, such as β-catenin, in an eIF4A3-dependent manner . Collectively , our results expand the understanding of the protein-coding potential 
of the human transcriptome, including circRNAs. 
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Introduction 

In eukaryotic cells, translation initiation is a pivotal stage
in gene regulatory pathways ( 1 ,2 ) . In conventional cap-
dependent translation, the 5 

′ -cap structure of the messen-
ger RNAs ( mRNAs ) plays a crucial role in ribosome recruit-
ment to initiate translation. The cap structure is primarily
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′ untranslated region ( 5 

′ UTR ) to search for an initiation
odon in the proper nucleotide sequence context. When the
0S ribosome reaches the initiation codon, the large subunit
 60S ) of the ribosome joins to initiate protein synthesis. 

Among the eIFs, eIF3 is the largest complex, consisting
f 12 polypeptides ( eIF3a-i and eIF3k-m ) and plays multiple
oles in translation ( 1 , 2 , 5–8 ) . During the initiation step, eIF3
romotes the assembly of the pre-initiation complex, loading
f the 40S ribosome onto the 5 

′ -end of the mRNA, ribosome
canning along the 5 

′ UTR and AUG recognition in the proper
ontext. In addition to its role in translation initiation, eIF3
an interact with the translating 80S ribosome and affect the
longation and termination steps of translation, as well as ri-
osome recycling. 
As an alternative to cap-dependent ribosome recruitment,

nternal ribosome entry sites ( IRESes ) located in the 5 

′ UTR
f a subset of cellular and viral mRNAs can provide a plat-
orm for ribosome loading and internal translation initiation
 2 ,9 ) . Recent studies have also shown that in addition to IRES,
 

6 -methyladenosine ( m 

6 A; the most abundant internal modi-
cation in mRNAs ) within the 5 

′ UTR directs cap-independent
ranslation via eIF3 recruitment ( 10 ) . 

The functional importance of internal translation was re-
ently highlighted by the identification of a large number of
ircular RNAs ( circRNAs ) , most of which are generated by
he back-splicing of internal exons ( 11–13 ) . Notably, a sub-
et of circRNAs is translated internally ( 14–24 ) . Although
he emerging molecular functions of circRNAs include regula-
ion of transcription, pre-mRNA splicing, mRNA stability and
RNA translation ( 25–27 ) , the molecular mechanisms under-

ying the internal initiation of translation in circRNAs remain
nclear ( 17 ,28 ) . 
The translation of newly synthesized mRNAs is regulated

y an exon junction complex ( EJC ) that is deposited onto mR-
As ∼20–24 nucleotides upstream of exon–exon junctions as
 consequence of a splicing event ( 29–31 ) . The EJC is orga-
ized around the central core of four proteins with several pe-
ipheral proteins that clamp the RNA sequence. The core EJC
s composed of eIF4A3, metastatic lymph node 51 ( MLN51;
lso known as barentsz or CASC3 ) , Y14 ( also known as RNA-
inding motif 8A ) and the Mago-Nashi homolog ( MAGOH ) .
IF4A3 is a member of the DEAD-box RNA helicase family
hat contains two globular domains ( RecA1 and RecA2 ) in-
olved in RNA binding and ATP hydrolysis. The two globu-
ar domains of eIF4A3 remain in an open structure and move
reely in the absence of ATP. However, in the presence of
TP, eIF4A3 undergoes a conformational change and forms a
losed structure that binds to RNA. MAGOH and Y14, which
orm a tight heterodimer, make contact with eIF4A3, block-
ng conformational changes and maintaining the RNA-bound
orm of eIF4A3. Additionally, MLN51 directly interacts with

AGOH and stabilizes both the open and closed structures of
IF4A3, thereby contributing to the stabilization of the EJC.
n general, intron-containing mRNAs ( i.e. mRNAs that un-
ergo splicing ) are translated more efficiently than intronless
RNAs with identical nucleotide sequences ( 32 ,33 ) . In ad-
ition, following insulin treatment, the translation of intron-
ontaining mRNAs is selectively promoted compared to that
f their intronless counterparts ( 34 ) . This preference is at-
ributable in part to the EJC, which is deposited as a result
f splicing, rather than to splicing per se . 
This study provides molecular evidence supporting the in-

ernal initiation of translation driven by the interaction be-
tween eIF4A3 and eIF3g, highlighting a previously unknown
layer of post-transcriptional regulation of gene expression. 

Materials and methods 

Cell lines 

HeLa ( female; ATCC ) , human embryonic kidney
293T ( HEK293T ) ( fetal; ATCC ) , Huh7 ( male; Korean Cell
Line Bank ) , A549 ( male; ATCC ) , U2OS ( female; ATCC ) and
HepG2 ( male; ATCC ) cell lines were maintained in Dulbecco’s
modified Eagle’s medium ( DMEM; Capricorn Scientific ) sup-
plemented with 10% ( v / v ) fetal bovine serum ( Capricorn
Scientific ) and 1% ( v / v ) penicillin / streptomycin solution
( Capricorn Scientific ) at 37 

◦C and 5% CO 2 . Stable HeLa
cell lines expressing siRNA-resistant and doxycycline ( Dox ) -
inducible FLAG-tagged eIF4A3-wild-type ( WT ) have been
described previously ( 35 ) . To induce FLAG-eIF4A3, 400
ng / ml Dox ( MilliporeSigma ) was added to the medium. To
eliminate mycoplasma contamination, all cell lines were reg-
ularly treated with Plasmocin 

TM ( Invitrogen ) and tested using
the MycoAlert PLUS Mycoplasma Detection Kit ( Lonza ) .
When indicated, the cells were washed four times with
phosphate-buffered saline ( PBS ) and cultured in serum-free
DMEM for 24 h before harvesting. 

Plasmid construction 

The following plasmids have been previously described
or obtained elsewhere: pEBG ( 36 ) ; pR β-SL87.8-Norm,
pRSET-A-eIF4A3, p3 × FLAG-eIF4A3, which encodes
human eIF4A3 mRNA resistant to eIF4A3 siRNA and
p3 × FLAG-eIF4A3- ( E188Q ) ( 37 ) ; pcDNA-F / BoxB / R,
pGEX-6p-1 + NdeI, pGEX-eIF3g and pcDNA3-FLAG-eIF3g
( 38 ) ; pCI-FLuc, p λN-HA and p λN-HA-GFP ( 39 ) ; PB-CuO-
V5-CASC3 ( Addgene; #158540 ) ; pCMV-MYC and pRSET-A
( Clontech ) ; pCMV-MYC-GST ( 40 ) ; pCMV-MYC-4E-BP1
( 41 ) ; p3 × FLAG ( MilliporeSigma ) ; p λN-HA-Y14, p λN-
HA-MA GOH, p3 × FLA G-eIF4A3-T163A and p3 × FLA G-
eIF4A3-T163D ( 35 ) ; pCIRC-FP-IRES-G ( 42 ) ; pGL3-control
( Promega ) ; pRL-CMV ( Promega ) ; pBluescripts SK ( - ) and
TOPFlash and FOPFlash ( 43 ) . 

To construct plasmid pEBG-eIF4A3, which expresses
glutathione S -transferase ( GST ) -tagged full-length human
eIF4A3, a Klenow-filled BglII / XbaI fragment of p3 × FLAG-
eIF4A3 was ligated into a Klenow-filled NotI fragment of
pEBG. 

To generate plasmid pEBG-eIF3g-WT, a DNA fragment
containing human eIF3g cDNA was amplified by PCR using
pcDNA3-FLAG-eIF3g as a template and two specific oligonu-
cleotides: eIF3g-F and eIF3g-R ( Supplementary Table S1A ) .
The PCR product was ligated into the BamHI / KpnI fragment
of pEBG. 

For the construction of plasmids pEBG-eIF3g ( region
62–320 ) , pEBG-eIF3g ( region 151–320 ) and pEBG-eIF3g
( region 232–320 ) , the corresponding regions were amplified
by PCRs from pcDNA3-FLAG-eIF3g as a template with spe-
cific oligonucleotides: eIF3g-F1 ( sense for region 62–320 ) ,
eIF3g-F2 ( sense for region 151–320 ) or eIF3g-F3 ( sense for
region 232–320 ) and eIF3g-R ( antisense for all; Supplemen-
tary Table S1A ) . For the construction of plasmids pEBG-eIF3g
( region 151–186 ) and pEBG-eIF3g ( region 151–231 ) , the cor-
responding regions of human eIF3g cDNA were amplified by
PCRs using pcDNA3-FLAG-eIF3g as a template and specific
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oligonucleotides: eIF3g-F2 ( sense for all ) , eIF3g-R1 ( antisense
for region 151–186 ) and eIF3g-R2 ( antisense for region 151–
231; Supplementary Table S1A ) . Each PCR product was lig-
ated into the BamHI / KpnI fragment of pEBG. 

For the bacterial production of 6 × His-tagged human full-
length eIF3g, a region containing human eIF3g cDNA was
amplified by PCR from pcDNA3-FLAG-eIF3g as a template
with two specific oligonucleotides: eIF3g-recomb-F and eIF3g-
recomb-R ( Supplementary Table S1A ) . The PCR product was
ligated into the XhoI / KpnI fragment of pRSET-A. 

To construct the pGEX-eIF4A3 plasmid, which produces
GST-fused human eIF4A3 in a bacterial system, a DNA frag-
ment containing human eIF4A3 cDNA was amplified by
PCR using p3 × FLAG-eIF4A3 as the template and two spe-
cific oligonucleotides: eIF4A3-recomb-F and eIF4A3-recomb-
R ( Supplementary Table S1A ) . The PCR product was ligated
into the BamHI / XhoI fragment of pGEX-6p-1 + Ndel. 

To construct p λN-HA-eIF4A3-WT, -T163A or -T163D, the
Klenow-filled ClaI / XbaI fragment of p3 × FLAG-eIF4A3-
WT, -T163A or -T163D was ligated to the Klenow-filled
EcoRI / XbaI fragment of p λN-HA, respectively. 

For the construction of p λN-HA-eIF4A3-E188Q, an
EcoRV fragment of p3 × FLAG-eIF4A3-E188Q harboring
a mutation was ligated to an EcoRV fragment of p λN-HA-
eIF4A3-WT. 

To construct p λN-HA-eIF4A3-D154K / Y155A and -
D401K / E402R, which cannot bind to MNL51 and the
Y14 / MAGOH heterodimer, respectively, the correspond-
ing region in p λN-HA-eIF4A3-WT was replaced with
each fragment of eIF4A3 cDNA harboring substitu-
tions D154K / Y155A or D401K / E402R ( Supplementary
Table S1A ) . 

To generate p λN-HA-MLN51, a DNA fragment containing
human MLN51 cDNA was amplified by PCR using PB-CuO-
V5 CASC3 as the template and two specific oligonucleotides,
MLN51-F and MLN51-R ( Supplementary Table S1A ) . The
PCR product was ligated into the EcoRI / NotI fragment of
p λN-HA-eIF4A3-WT. 

To generate plasmid p λN-HA-eIF3g, a DNA fragment con-
taining human eIF3g cDNA was amplified by PCR using
pcDNA3-FLAG-eIF3g as a template and two specific oligonu-
cleotides, eIF3g-F4 and eIF3g-R3 ( Supplementary Table S1A ) .
The PCR product was ligated into the EcoRI / NotI fragment
of p λN-HA-eIF4A3-WT. 

To construct p3 × FLAG-eIF4A3-D154K / Y155A and -
D401K / E402R, the AccI / XbaI fragment of p3 × FLAG-
eIF4A3-WT was ligated into the AccI / XbaI fragments
of p λN-HA-eIF4A3-D154K / Y155A and -D401K / E402R,
respectively. 

For artificial tethering of eIF4A3 or its variants to the
5 

′ UTR of renilla luciferase gene ( RLuc ) mRNA, the pcDNA3-
SL-BoxB-R plasmid, which contains both a strong stem-
loop structure ( SL ) and 12 tandem repeats of BoxB in
the 5 

′ UTR, was constructed by inserting the SL and a
PCR-amplified BoxB sequence into the 5 

′ UTR of the RLuc
gene. First, SL-containing fragments were obtained from
a NheI / NcoI-digested fragment of pR β-SL87.8-Norm. Sec-
ond, the 12BoxB-containing sequence was amplified from
pcDNA-F / BoxB / R using two oligonucleotides, 12BoxB-F and
12BoxB-R ( Supplementary Table S1A ) . The resulting PCR
products were digested with NcoI and BstB1. Finally, the SL
and PCR-amplified BoxB sequences were ligated to the lin-
earized pcDNA-F / BoxB / R digested with NheI and BstB1. To
construct pcDNA3-BoxB-R, the HindIII-digested fragment of 
pcDNA3-SL-BoxB-R was self-ligated. 

To generate plasmids, p λN-HA-eIF1, -eIF3i and eIF5, DNA 

fragments containing human eIF1 , eIF3i and eIF5 cDNAs 
were purchased from Korea Human Gene Bank ( BKU006023,
BKU006981 and hMU008661 ) . cDNAs were amplified by 
PCR using two specific oligonucleotides: eIF1-F and eIF1-R,
eIF3i-F and eIF3i-R, and eIF5-F and eIF5-R ( Supplementary 
Table S1A ) . PCR products were ligated into the XbaI / NotI 
fragment of p λN-HA-GFP. 

Dicistronic reporter plasmids Gl1 and Gl3, with or without 
the β-globin intron, were constructed by a series of PCRs. A 

DNA fragment containing the β-globin intron was obtained 

by PCR, using pcDNA3.1-c βGl-Norm-8bs as the template.
The nucleotide sequences corresponding to the intercistronic 
regions of the resulting Gl1 and Gl3 plasmids are listed in Sup- 
plementary Table S2A. Plasmids Gl2 and Gl4, which contain a 
strong SL in the 5 

′ UTR, were constructed by inserting the SL- 
containing fragment of pR β-SL87.8-Norm into the 5 

′ UTR of 
Gl1 and Gl3, respectively. 

To construct pSK-Circ-BoxB-R for the generation of in 

vitro -transcribed Circ-BoxB-R, sequences containing a group 

I self-splicing intron ( 44 ) , 12 tandem repeats of BoxB and 

the RLuc gene were synthesized in vitro ( Integrated DNA 

Technologies ) . Next, the in vitro -synthesized fragment was 
ligated to the PvuII fragment of pBluescript SK ( −) . The pSK- 
Circ-R plasmid was generated by the self-ligation of the EcoRI 
fragment of pSK-Circ-BoxB-R ( Supplementary Table S2B ) . 

To construct plasmids FLAG-cCTNNB1s encoding FLAG- 
tagged circRNAs of the CTNNB1 gene, the DNA fragments 
corresponding to cCTNNB1a, cCTNNB1b and cCTNNB1c 
were amplified by PCR using cDNA from HeLa cells as a 
template and specific oligonucleotides ( Supplementary Table 
S1A ) : cCTNNB1-F ( sense for all ) , cCTNNB1a-R ( antisense 
for cCTNNB1a ) , cCTNNB1b-R ( antisense for cCTNNB1b ) 
and cCTNNB1c-R ( antisense for cCTNNB1c ) , respectively.
Next, the nucleotide region of green fluorescent protein ( GFP ) 
in pCIRC-FP-IRES-G was replaced with the amplified PCR 

products. Finally, a nucleotide sequence encoding the FLAG 

peptide was inserted immediately downstream of the putative 
translation initiation codon ( Supplementary Table S2C ) . 

PCR amplification was performed using the Advantage- 
HF2 PCR Kit ( Clontech ) , following the manufacturer’s in- 
structions. All constructs were verified by DNA sequencing. 

DNA or siRNA transfection 

Cells were transiently transfected with ( i ) various plas- 
mids using either Lipofectamine 2000 ( Life Technologies ) 
or TurboFect ( Thermo Fisher Scientific ) or ( ii ) 100 μM in 

vitro -synthesized siRNAs ( GenePharma ) using either Oligo- 
fectamine ( Life Technologies ) or Lipofectamine 3000 ( Life 
Technologies ) as previously described ( 35 , 36 , 40 , 45 ) . The cal- 
cium phosphate transfection method was used for immuno- 
precipitation ( IP ) and RNA-IP experiments on HEK293T 

cells. The siRNAs used in our study are listed in Supplemen- 
tary Table S1B along with references ( 46–48 ) . 

The yeast two-hybrid assay 

This screening was performed by PanBioNet, Inc. ( Pohang,
Republic of Korea ) using GAL4 BD-eIF4A3 and an AD-fused 

human thymus cDNA library ( Clontech ) . Specific interactions 
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etween eIF4A3 and AD-eIF3 subunits were also confirmed
sing a yeast two-hybrid assay ( PanBioNet Inc. ) . 

P, RNA-IP and the glutathione- S -transferase 

ull-down assay 

P, glutathione- S -transferase ( GST ) pull-down assays and
NA-IP were performed as previously described ( 35 , 36 , 40 ) .
or the IP, cells were washed once with ice-cold PBS and har-
ested, followed by centrifugation at 3000 × g for 10 min
t 4 

◦C. The cell pellet was resuspended in 500 μl of NET-
 buffer [50 mM Tris-HCl ( pH 7.4 ) , 150 mM NaCl, 1 mM
henylmethylsulfonyl fluoride ( PMSF ) , 2 mM benzamidine
ydrochloride and 0.05% Nonidet P-40] and sonicated twice
ith 30 bursts of 1 s each ( output control: 3, duty cycle: 30%;

onifier 250, Branson ) . After centrifugation at 13 000 × g
or 10 min at 4 

◦C, the supernatant was precleared by in-
ubation with 50 μl of Protein G Agarose 4B ( Incospharm )
or 1 h at 4 

◦C. The precleared supernatants were incubated
or 3 h at 4 

◦C with either antibody-conjugated beads or
LAG M2 affinity gel ( Millipore, Sigma ) . Next, the beads
ere washed five times with NET-2 buffer and resuspended

n 100 μl of 2 × sample buffer [1.43 M β-mercaptoethanol,
% ( w / v ) sodium dodecyl sulfate ( SDS ) , 125 mM Tris-HCl
 pH 6.8 ) , 15% ( v / v ) glycerol and 0.01% bromophenol blue].
o-immunoprecipitated proteins were analyzed using western
lotting. 
RNA-IP was conducted similarly to IP, except that ( i ) NET-

 buffer was supplemented with 0.2 U / μl RiboLock RNase
nhibitor ( Thermo Fisher Scientific ) , ( ii ) the beads were satu-
ated with 6.7 μg / μl denatured yeast tRNAs ( MilliporeSigma )
efore mixing with the precleared lysate and ( iii ) the bound
NAs were extracted with phenol / chloroform / isoamyl al-

ohol and precipitated with ethanol. The extracted RNAs
ere subjected to cDNA synthesis and reverse transcriptase
ith quantitative polymerase chain reaction ( RT-qPCR ) . 
The GST pull-down assay was performed similarly to the IP,

xcept that Glutathione Sepharose 4 B Resin ( GE Healthcare )
as used instead of Protein G Agarose 4 B. As indicated,

he cell extracts were treated with RNase A ( MilliporeSigma )
or 15 min at 37 

◦C before incubation with either antibody-
onjugated resin or glutathione-conjugated resin. 

rotein expression, purification and the in vitro 

ST pull-down assay 

urification of the recombinant proteins and GST pull-down
ssays were performed as previously described ( 35 , 36 , 40 ) .
riefly, Esc heric hia coli strain BL21 ( DE3 ) pLysS was trans-

ormed with a plasmid expressing GST, GST -eIF3g, GST -
IF4A3, His-eIF3g or His-eIF4A3. To induce the expres-
ion of the recombinant protein, 1 mM isopropyl- β- d -
-thiogalactopyranoside ( IPTG ) was added to the culture
edium when the absorbance at 600 nm ( A 600 ) reached 0.5.
fter incubation for 3 h at 37 

◦C, the cells were harvested
nd lysed in lysis buffer [50 mM Tris-HCl ( pH 8.0 ) , 150 mM
aCl, 0.5% Triton X-100, 1 mM dithiothreitol, 10% ( v / v )

lycerol, 2 mM benzamidine hydrochloride and 1 mM PMSF].
For in vitro GST pull-down assays, glutathione Sepharose

B with prebound GST-tagged recombinant proteins was
ixed with a purified recombinant His-tagged recombinant
rotein in binding buffer [10 mM HEPES ( pH 7.4 ) , 1.5 mM
agnesium acetate, 150 mM potassium acetate, 2.5 mM
ithiothreitol and 0.05% Nonidet P-40] and incubated for 1
h at 4 

◦C. After five washes with the binding buffer, the bound
proteins were analyzed by western blotting. 

Human and rabbit eIF3 were purified from HeLa cells and
rabbit reticulocyte lysates ( Green Hectares ) , respectively, fol-
lowing established procedures ( 49 ,50 ) . 

Western blotting 

Primary antibodies against the following proteins were used
for western blotting or IP: GST [catalog no. ( # ) A190-122A,
Bethyl Laboratories], His tag ( 27–4710-01, GE Healthcare ) ,
HA tag ( 3F10; 11867431001, Roche ) , MYC tag ( 9E10;
OP10L, Millipore ) , eIF4A3 [sc-365549, Santa Cruz Biotech-
nology; ( 51 ) ], phospho-eIF4A3 ( 35 ) , MLN51 ( ab90651,
Abcam ) , Y14 ( MAB2484, Abnova ) , MAGOH ( ab38768,
Abcam ) , eIF1 ( 12496, Cell Signaling Technology ) , eIF3a
( 3411, Cell Signaling Technology ) , eIF3b ( sc-16377, Santa
Cruz Biotechnology or # A301-761A, Bethyl Laboratories ) ,
eIF3c ( sc-28858, Santa Cruz Biotechnology ) , eIF3g ( 646101,
BioLegend or # A301-757A, Bethyl Laboratories ) , eIF3i
( 11287–1-AP, Proteintech ) , eIF5 ( 11155–1-AP ) , 4E-BP1
( 9452, Cell Signaling Technology ) , phospho-Ser 65 4E-
BP1 ( 9451, Cell Signaling Technology ) , rpS3 ( ab140688,
Abcam ) , rpL11 ( 14382, Cell Signaling Technology ) , β-
Catenin ( 9581, Cell Signaling Technology ) , β-actin ( A5441,
MilliporeSigma ) and GAPDH ( LF-PA0212, AbFrontier ) . In
addition, horseradish peroxidase ( HRP ) -conjugated primary
antibodies were used in our study [ α-His-HRP ( sc-8036
HRP, Santa Cruz Biotechnology ) and α-FLAG-HRP ( A8592,
MilliporeSigma ) ]. 

The following secondary antibodies against the primary an-
tibodies were used for western blotting: an HRP-conjugated
goat anti-mouse IgG antibody ( AP124P, MilliporeSigma ) ,
HRP-conjugated goat anti-rabbit IgG antibody ( AP132P,
MilliporeSigma ) , HRP-conjugated rabbit anti-goat IgG an-
tibody ( A5420, MilliporeSigma ) and HRP-conjugated goat
anti-rat IgG antibody ( ab6845, Abcam ) . 

Far western blotting 

This procedure was performed as described previously
( 36 ,38 ) . Briefly, purified rabbit and human eIF3 complexes
were separated by SDS–polyacrylamide gel electrophoresis
( PAGE ) and transferred to a nitrocellulose membrane ( GE
Healthcare ) . Next, the membrane was incubated with purified
recombinant His-eIF4A3 or bovine serum albumin ( Bovogen ) ,
followed by conventional western blotting with the HRP-
conjugated α-His antibody. 

The in situ proximity ligation assay 

The proximity ligation assay ( PLA ) was performed follow-
ing the manufacturer’s instructions. Briefly, HeLa cells grown
on a coverslip were fixed with 3.8% formaldehyde in PBS
( pH 7.4 ) for 30 min at room temperature, permeabilized with
0.5% Triton X-100 in PBS, incubated with blocking buffer
for 1 h at 37 

◦C and finally incubated with specific primary
antibodies for additional 1 h at 37 

◦C. After washing, the
cells were incubated with the secondary antibodies conju-
gated with either PLUS or MINUS PLA probes [Duolink®
In Situ PLA® Probe Anti-Mouse PLUS ( MilliporeSigma;
DUO92001 ) and Duolink® In Situ PLA® Probe Anti-Rabbit
MINUS ( MilliporeSigma; DUO92005 ) , respectively] for 1 h
at 37 

◦C. The cells were subjected to ligation for 30 min at
37 

◦C and rolling circle amplification using Duolink® In Situ
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Detection Reagents Green ( MilliporeSigma; DUO92014 ) .
4 

′ ,6-Diamidino-2-phenylindole ( DAPI ) staining was per-
formed to visualize the nucleus. Images were captured using
an LSM800 microscope ( Carl Zeiss ) . 

Immunostaining 

HeLa cells were fixed in 3.8% formaldehyde ( MilliporeSigma )
and permeabilized with 0.5% Triton X-100 ( MilliporeSigma ) .
Permeabilized cells were incubated for 1 h with 1.5% bovine
serum albumin ( BSA; BovoStar ) for blocking, followed by in-
cubation for 1 h with the primary antibody in PBS contain-
ing 0.5% BSA. Next, the cells were incubated in PBS contain-
ing 0.5% BSA with secondary antibodies conjugated to Alexa
Fluor 488 or rhodamine ( Life Technologies ) . DAPI was used to
visualize the nuclei. Images were obtained using an LSM800
( Carl Zeiss ) . 

The dual luciferase assay 

FLuc and RLuc activities were measured using the Dual Lu-
ciferase Assay Kit ( Promega ) following the manufacturer’s in-
structions. All raw data for the dual luciferase assay and RT-
qPCR results obtained from each experiment are provided in
Supplementary Table S3. 

RT-qPCR 

The isolation of total cell or cytoplasmic RNAs from cells and
cDNA synthesis have been described previously ( 35 , 36 , 40 ) .
Total-cell or cytoplasmic RNAs were extracted using TRI-
zol Reagent ( Thermo Fisher Scientific ) following the manu-
facturer’s instructions and were digested for 45 min at 37 

◦C
with 0.05 U / μl DNase I ( Thermo Fisher Scientific ) supple-
mented with 0.4 U / μl RiboLock RNase inhibitor. Where indi-
cated, total-RNA samples were digested with 10 U / μl RNase
R ( Lucigen ) for 15 min at 37 

◦C. Purified RNAs were heated
at 95 

◦C for 5 min, followed by rapid chilling on ice for 5 min.
Next, the denatured RNAs were subjected to cDNA synthesis
in 20 μl reaction mixture at 37 

◦C for 2 h with 6 U / μl Re-
vertAid reverse transcriptase ( Thermo Fisher Scientific ) sup-
plemented with an RNase inhibitor ( 1 U / μl ) following the
manufacturer’s recommendations. After the reaction, the re-
verse transcriptase was inactivated by heating at 95 

◦C for
5 min. RT-qPCR analysis was carried out with gene-specific
oligonucleotides ( Supplementary Table S1C ) and LightCycler
480 SYBR Green I Master Mix ( Roche ) on a LightCycler 480
II machine ( Roche ) . MIQE guidelines were followed to con-
duct the RT-qPCR experiments ( 52 ) . Endogenous circRNAs
were analyzed by RT-qPCR using divergent oligonucleotides
previously validated as specific to circRNAs ( 36 , 53 , 54 ) . 

To prepare RNAs from the polysome-fractioned samples,
polysomal and subpolysomal fractions were collected. Then,
the total RNAs were extracted using equal volumes of phenol,
chloroform and isoamyl alcohol. Subsequent RNA precipita-
tion was performed with a single volume of isopropanol. The
extracted RNAs were then treated with DNase I and reverse
transcribed using the aforementioned methods. 

RT-PCR analysis 

Total-RNA samples ( 10 μg ) were digested with 10 U / μl
RNase R for 15 min at 37 

◦C. After purification, the RNAs
were subjected to cDNA synthesis. To detect circRNAs or
linear RNAs, DNA fragments were amplified by PCR using
cDNA as a template and a specific set of oligonucleotides 
( Supplementary Table S1C ) . Finally, the PCR products were 
resolved and analyzed using agarose gel electrophoresis. 

Nor thern blot ting 

RNA probes for northern blotting were produced using in 

vitro transcription reactions involving T7 RNA polymerase 
and PCR-amplified DNA fragments as templates, in the pres- 
ence of digoxigenin ( DIG ) -UTP ( DIG RNA Labeling Kit; 
Roche ) . The oligonucleotides used for the amplification of the 
DNA template are listed in Supplementary Table S1D. 

Total cell RNA was purified using the TRIzol Reagent. Elec- 
trophoresis of 15 μg of total RNA was carried out on a 1.2% 

denaturing agarose gel, and the RNA was transferred to a 
Hybond-N 

+ membrane ( Invitrogen ) . Next, the membrane was 
dried and crosslinked ( 0.12 J / cm 

2 ) using a CL-1000 ultravi- 
olet crosslinker ( Ultra-Violet Products Ltd. ) . Prehybridization 

was performed at 68 

◦C for 2 h, and hybridization was per- 
formed in Hybridization Buffer ( Clontech ) with a DIG-labeled 

RNA probe. The membrane was washed stringently ( twice 
with 2 × SSC supplemented with 0.1% SDS and once with 

0.5 × SSC supplemented with 0.1% SDS at 68 

◦C ) , and the 
signals were developed using the DIG Luminescent Detection 

Kit ( Roche ) . 

In vitro transcription 

SL-BoxB-R, BoxB-R and FLuc RNA were synthesized in vitro 

using linearized pcDNA3-SL-BoxB-R, pcDNA3-BoxB-R and 

pCI-FLuc, respectively, as templates, T7 RNA polymerase 
( New England Biolabs ) and 2 mM of each NTPs. To obtain 

capped linear RNAs, an 8 mM cap analog ( New England 

Biolabs ) was added to the reaction mixture. To remove the 
DNA templates, DNase I was treated after in vitro transcrip- 
tion for 20 min at 37 

◦C. DNase I-treated samples were then 

column-purified ( New England Biolabs ) . 

In vitro synthesis of circRNAs 

In vitro circularization was performed as previously described 

( 44 ) . Briefly, to generate Circ-BoxB-R and Circ-R RNAs, lin- 
earized pSK-Circ-R and pSK-Circ-BoxB-R, respectively, were 
in vitro -transcribed. After in vitro transcription, the tran- 
scripts were treated with DNase I for 20 min at 37 

◦C, followed 

by column purification ( New England Biolabs ) . To increase 
circularization efficiency, the purified RNAs were recircular- 
ized as follows: the purified RNAs were heated at 70 

◦C for 
5 min, followed by rapid chilling on ice for 3 min. Next, 2 

mM GTP was added to the reaction mixture with buffer [50 

mM Tris-HCl ( pH 7.5 ) , 10 mM MgCl 2 and 1 mM DTT] to 

circularize the in vitro -synthesized RNAs. To remove the re- 
maining linear RNAs, 20 μg of RNAs was heated at 65 

◦C for 
3 min and immediately cooled on ice for 3 min. Next, RNase 
R treatment was performed following the manufacturer’s in- 
structions. Finally, the RNase R-digested RNAs were purified 

on a column to obtain in vitro -circularized RNAs. 

In vitro tethering-coupled translation 

To prepare lysates of cells expressing an effector protein, HeLa 
cells were transiently transfected with a plasmid express- 
ing λN-HA-GFP, λN-HA-eIF4A3-WT, λN-HA-eIF4A3 vari- 
ant, λN-HA-Y14, λN-HA-MAGOH or λN-HA-MLN51. Two 

days later, the cell pellets were lysed using a hypotonic buffer 
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10 mM Tris-HCl ( pH 7.4 ) , 10 mM NaCl, 0.1% ( v / v ) Tri-
on X-100, 10 mM EDTA, 1 mM PMSF and 2 mM benza-
idine hydrochloride], followed by incubation on ice for 30
in. After incubation, the cells were further disrupted with a
arrow-gauge syringe. Next, 10 μl of cell lysates were mixed
ith 4 μl of in vitro -synthesized either linear or circular RNAs
issolved in DEPC-DW, 3 μl of TM [132 mM HEPES ( pH
.4 ) , 112.2 mM creatine phosphate ( MilliporeSigma ) , 0.66
g / μl creatine phosphate kinase ( Roche ) , 1 mM spermidine
 MilliporeSigma ) , 264 μM amino acid ( Promega ) , 6.6 mM
ATP ( New England Biolabs ) , 0.792 μM rGTP ( New Eng-
and Biolabs ) and 13.2 mM DTT], 2 μl of HT buffer [10 mM
EPES ( pH 7.4 ) , 400 mM potassium acetate, 5 mM MgAc,
 mM DTT and 10% glycerol], 0.4 μl of 2 mM potassium
cetate, 0.4 μl of 25 mM magnesium acetate and 0.2 μl of
0 U / μl RNase inhibitor. The reaction mixtures were then
ncubated at 37 

◦C for 1 h. Finally, the activities of in vitro -
ranslated RLuc and FLuc were measured as described before.

he polysome fractionation experiment 

olysome fractionation of HeLa cell lysates ( from three 150
m culture dishes ) was carried out as described previously

 37 ,55 ) . Briefly, the cells were preincubated with the normal
rowth medium supplemented with 100 μg / ml cycloheximide
 MilliporeSigma ) for 15 min to immobilize ribosomes on mR-
As. The cells were then washed once with PBS contain-

ng 100 μg / ml cycloheximide and resuspended in polysome
ell extraction buffer [50 mM 3- ( N -morpholino ) propane-
ulfonic acid ( pH 7.4 ) , 15 mM MgCl 2 , 150 mM NaCl, 100
g / ml cycloheximide, 0.5% ( v / v ) Triton X-100, 1 mg / ml hep-
rin ( MilliporeSigma ) , 0.2 U / μl RiboLock RNase inhibitor, 2
M PMSF and 1 mM benzamidine hydrochloride], followed
y incubation for 10 min on ice. After centrifugation at 13
00 × g for 10 min, the supernatant ( cytosolic fraction ) was
oaded onto a 10–50% ( w / v ) sucrose gradient bar and sub-
ected to ultracentrifugation at 36 000 rpm for 2 h ( Optima
E-90 Ultracentrifuge, Beckman Coulter ) with the follow-

ng settings: maximum speed and coarse break. Each frac-
ion was collected using a Foxy Jr Density Gradient System
 Teledyne ISCO ) according to the A 254 . Equal amounts of in
itro -synthesized FLuc RNA were added to each fraction as a
pike-in control for normalization. For ribosome run-off ex-
eriments, the cells were treated with 100 μg / ml puromycin
 Puro; MilliporeSigma ) before harvesting. 

ircRNA microarray analysis 

or the transcriptome-wide identification of circRNAs that as-
ociate with polysomes in an eIF4A3-dependent manner, cir-
RNA microarray analysis was performed using either polyso-
al or subpolysomal fractions from HeLa cells depleted or not
epleted of eIF4A3, following Arraystar’s standard protocols
or the Human Circular RNA Array ( 8 × 15 K; AS-S-CR-H-
2.0, Arraystar ) . In brief, the RNAs were digested with RNase
 ( Epicenter ) to remove linear RNAs. The remaining circR-
As were amplified and transcribed into fluorescent comple-
entary RNAs using the random priming method ( Arraystar

uper RNA Labeling Kit; Arraystar ) . The labeled comple-
entary RNAs were hybridized with the circRNA microar-

ay. After the slides were washed, the arrays were scanned by
n Agilent Scanner G2505C. The Agilent Feature Extraction
oftware ( v.11.0.1.1 ) was used to analyze the acquired array
mages. 
Computational analysis was performed using the R lan-
guage ( v.3.6.1 ) with the Tidyverse ( v.1.2.1 ) and Biostrings
( v.2.52.0 ) packages powered by R Studio ( v.1.1.456 ) . The ar-
ray signals with the quality status ‘absent’ or ‘marginal’ were
removed from the data. The log 2 values of normalized signal
intensities ≥5.0 were arbitrarily selected. CircRNAs deposited
in the circBase database ( http:// www.circbase.org/ ) were used
for further analysis (4220 circRNAs). The relative ratios of
the polysomal-to-subpolysomal levels of circRNAs (PS ratios)
were calculated. To calculate the fold-change, the PS ratios
of circRNAs in the cells depleted of eIF4A3 were divided by
those of circRNAs in undepleted cells. To adjust the microar-
ray data to the experimental data, a scaling factor (0.261 for
set #1 and 0.262 for set #2) was applied to recalculate the fold-
change. The scaling factor was experimentally determined by
RT-qPCR analysis of cZNF609 and cGSE1 using the same
pool of RNAs. For the analysis of the correlation between cir-
cRNA microarray data from two biological replicates, Pear-
son’s correlation coefficients ( r ) were calculated. For statisti-
cal analysis, lmPerm (v.2.1.0) and DescTools (v.0.99.28) pack-
ages were used. CircRNA microarray data were deposited in
the Gene Expression Omnibus database under the accession
code GSE131563. 

Statistical analysis 

Two-tailed equal-variance Student’s t -test was performed
for statistical analysis with significance defined as a P
value < 0.05 (high significance at P < 0.01). For
transcriptome-wide analysis of circRNAs, the Wilcoxon
signed-rank test or one-way ANOVA, followed by either
Tukey’s honestly significant difference test or Bonferroni cor-
rection, was performed to calculate statistical significance. In
most cases, data from three biological replicates were analyzed
unless otherwise specified in the figure legends. Data are pre-
sented as the mean ± standard deviation. 

Results 

eIF4A3 interacts with eIF3g, a component of the 

eIF3 complex 

Initially, we screened for eIF4A3-interacting proteins using
a yeast two-hybrid screening system with a GAL4 DNA-
binding domain (BD)-fused human eIF4A3 as bait and a
human thymus cDNA library fused with an activation do-
main (AD). From 3.5 × 10 

7 colonies, we successfully iso-
lated nine independent ones (Figure 1 A): one for eIF3g
(NM_003755), one for ZXDB (NM_007157) and seven
colonies for NOM1 (NM_138400). Notably, a previous re-
port showed that NOM1 interacts with eIF4A3 and partici-
pates in pre-rRNA processing ( 56 ). 

Among the identified proteins, we selected eIF3g to inves-
tigate its specific interaction with eIF4A3. First, a yeast two-
hybrid assay revealed that eIF3g specifically interacted with
eIF4A3, but not with eIF4A1 and eIF4A2 (Supplementary Fig-
ure S1A), which are highly similar to eIF4A3 in amino acid se-
quence ( 57 ). In addition, eIF3g was the only eIF3 component
that interacted with eIF4A3 (Figure 1 B). Second, the direct in-
teraction between eIF4A3 and eIF3g was evident from an in
vitro GST pull-down assay based on recombinant eIF4A3 and
eIF3g (Supplementary Figure S1B, C), far western blotting in-
volving purified recombinant His-eIF4A3 and the eIF3 com-
plex purified from rabbit or cultured human cells (Figure 1 C),

http://www.circbase.org/


10956 Nucleic Acids Research , 2023, Vol. 51, No. 20 

A B C

E

FD

Figure 1. eIF4A3 interacts with eIF3g. ( A ) The yeast two-hybrid assay using BD-eIF4A3 and the indicated AD-fused preys. Transformed yeast cells were 
spread on a selective medium lacking leucine and tryptophan (SD-LW) to select cotransformants. In our system, specific interactions between 
BD-eIF4A3 and the AD-library were expected to yield a visible blue color (LacZ expression in the filter assay), and the growth on a medium lacking uracil 
(SD-LWU) and on a medium lacking adenine (SD-LWA). A known interaction, homodimerization of polypyrimidine tract-binding protein, served as the 
positive control (+). The empty vectors expressing BD or AD served as the negative control ( −). ( B ) The yeast two-hybrid assay involving BD-eIF4A3 and 
AD-eIF3 subunits (all human proteins). ( C ) F ar-w estern blotting analysis. Purified rabbit and human eIF3 complexes and bovine serum albumin (BSA, 
which served as a negative control) were resolved by SDS–PAGE. Next, the purified recombinant eIF4A3 and the α-His antibody were used as a probe 
and primary antibody, respectively. The representative images of Coomassie blue staining and a far-western blot are shown in the left and right panels, 
respectiv ely. B ecause eIF3g and eIF3h comigrated in the SDS–PAGE gel under our conditions, w e could not distinguish a specific interactor of eIF4A3. 
FW, f ar-w estern blotting; WB, w estern blotting. ( D ) T he PLA assa y to e v aluate the interaction betw een EJC component and eIF3 components. HeLa 
cells either depleted or not depleted of the indicated protein were subjected to the PLA assay. The antibodies raised in a mouse or rabbit are colored 
y ello w or red, respectively. mIgG, nonspecific mouse IgG; rIgG, nonspecific rabbit IgG; scale bar, 10 μm. ( E ) Mapping of the domains of eIF3g required 
for its interaction with eIF4A3. The results obtained from IP experiments with FLAG-eIF4A3 and either GST-eIF3g or its deletion variant (Supplementary 
Figure S2) are summarized. ( F ) The GST pull-down assay. HEK293T cells either undepleted or depleted of eIF3g were transiently transfected with a 
plasmid expressing either GST or GST-eIF4A3. Representative images from at least two biological replicates ( n = 2) are presented in each panel. 
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P experiments with endogenous eIF4A3 after RNase A treat-
ent (Supplementary Figure S1D) and in vivo GST pull-down

ssay with GST-eIF3g (Supplementary Figure S1E). Third, we
sed a PLA, which provides a high level of specificity and
nables the precise detection of protein–protein interactions
ithin cells ( 58 ). Although our confocal microscopy analysis

howed that the eIF4A3 and eIF3 components were mainly
istributed in the nucleus and cytoplasm, respectively (Sup-
lementary Figure S1F), the PLA results showed that the in-
eraction of eIF4A3 with eIF3a, eIF3c and eIF3g occurred in
oth the nucleus and cytoplasm (Figure 1 D). Moreover, the
ownregulation of either eIF4A3 or an eIF3 component by
mall interfering RNA (siRNA) almost completely inhibited
LA signals (Figure 1 D). Finally, IP experiments with FLAG-
IF4A3 and either GST-eIF3g or its deletion variant revealed
hat the region corresponding to amino acid residues 151–186
f eIF3g was essential for binding to eIF4A3 (Figure 1 E, Sup-
lementary Figure S2). Collectively, these findings indicate a
pecific and direct interaction between eIF4A3 and eIF3g, both
n vitro and in vivo . 

n interaction of eIF4A3 with eIF3g links the EJC 

nd eIF3 complex 

onsidering that eIF4A3 is a core component of the EJC
 59 ,60 ) and that eIF3g is a component of a stable eIF3 sub-
omplex in mammals ( 5 ,8 ), it is plausible that the direct inter-
ction of eIF4A3 with eIF3g may lead to the association of the
JC with the eIF3 complex. Indeed, our PLA assay revealed an

n vivo interaction between either eIF4A3 or Y14 and the eIF3
omponent (Figure 1 D, Supplementary Figure S1G). In addi-
ion, eIF3 components co-immunopurified with endogenous
IF4A3 (Supplementary Figure S1D) and vice versa (Supple-
entary Figure S1E). Notably, the association of eIF4A3 with

IF3 components and ribosomal proteins but not with other
JC components was almost completely disrupted when the
ells were depleted of eIF3g (Figure 1 F). These results indicate
 specific association between the EJC and the eIF3 complex
ia the eIF4A3–eIF3g interaction. 

 tethered eIF4A3 drives the internal initiation of 
ranslation 

hat is the molecular function of the eIF4A3 association with
IF3g? As the EJC is deposited onto mRNA after splicing,
t may recruit eIF3 and ribosomes, thereby driving the inter-
al initiation of translation of spliced mRNAs. Nonetheless,
JCs deposited onto newly synthesized linear mRNAs can be
apidly displaced from the mRNAs by translating ribosomes
 61 ), making it difficult to experimentally determine the effect
f eIF4A3 on internal initiation. Therefore, to more precisely
etermine the effect of EJC components on internal transla-
ion, we used intronless tethering reporter constructs contain-
ng (i) either a strong stem-loop (SL) structure ( �G = −87.8
cal / mol) in the middle of the 5 

′ UTR (SL-BoxB-R) or no such
tructure (BoxB-R), (ii) 12 repeats of the BoxB sequence de-
ived from bacteriophage λ in the 5 

′ UTR and (iii) a Renilla
uciferase gene (RLuc; Figure 2 A). An exogenously expressed
N-HA-tagged fusion protein was expected to be tethered to
oxB sequences located in the 5 

′ UTR. In addition, consistent
ith previous findings showing that the presence of a strong
L structure in the 5 

′ UTR blocks cap-dependent translation
ue to inefficient ribosome scanning ( 37 ,39 ), we observed that
he insertion of an SL in the 5 

′ UTR reduced RLuc activity
by ∼10-fold (Supplementary Figure S3A). We also observed
that tethering of a general translation initiation factor (eIF1,
eIF3i or eIF5) to the 5 

′ UTR of reporter SL-BoxB-R mRNA re-
sulted in a ∼2-fold increase in relative RLuc activity (Supple-
mentary Figure S3B, C), validating that our tethering system
efficiently worked under the conditions used in our study. 

Tethering of each EJC core protein (eIF4A3, Y14,
MAGOH or MLN51) or eIF3g to the 5 

′ UTR of reporter
BoxB-R mRNA increased the relative RLuc activity by 2.1–
4.0-fold without significantly influencing the abundance and
integrity of the reporter mRNAs (see BoxB-R mRNA; Sup-
plementary Figure S3D–F, left panels). A similar fold increase
was also observed in the SL-containing reporter mRNA (see
SL-BoxB-R mRNA; Supplementary Figure S3D–F, right pan-
els). Notably, SL-BoxB-R mRNAs were significantly enriched
in the IP of endogenous eIF4A3, when λN-HA-fused Y14, -
MAGOH, -MLN51 or -eIF3g was co-expressed (Supplemen-
tary Figure S3G, H), suggesting that tethered Y14, MAGOH,
MLN51 and eIF3g interact with endogenous eIF4A3 to a suf-
ficient extent to drive the internal initiation of translation.
Moreover, the observed increase in RLuc activity was signif-
icantly reversed when the EJC core component or the eIF3
component was downregulated (Figure 2 B–D, Supplementary
Figure S4A–C), suggesting that eIF4A3 drives internal initia-
tion in an EJC- and eIF3-dependent manner. 

Next, we conducted tethering experiments using vari-
ous eIF4A3 variants: T163A, a non–phospho-mimetic form
that stably associates with all other EJC core components
( 35 ); T163D, a phospho-mimetic form that cannot bind to
all other EJC core components ( 35 ); D154K / Y155A and
D401K / E402R, both of which fail to interact with MLN51
and a MAGOH-Y14 heterodimer, respectively ( 62 ); and
E188Q, which lacks ATPase / helicase activity and loses the
ability of eIF4A3 to interact with a heterodimer of MAGOH
and Y14 ( 63 ). The results revealed that tethering eIF4A3-
WT, T163A, T163D and E188Q led to a significant in-
crease in relative RLuc activity compared to tethered GFP
(Figure 2 E). However, no such increase was observed for
the D154K / Y155A or D401K / E402R mutations. Notably,
T163A exhibited the highest increase in RLuc activity, and
tethered T163D exhibited a weak but significant increase in
RLuc activity compared with tethered GFP. Comparable ex-
pression of eIF4A3-WT and its variants was validated by west-
ern blotting (Supplementary Figure S4D). The specific interac-
tion of eIF4A3 variants with other EJC components and eIF3g
was also confirmed by IPs of the eIF4A3 variant (Figure 2 F).
Remarkably, eIF3g was preferentially enriched in the IPs of
WT and T163A compared to the other eIF4A3 variants (Fig-
ure 2 F). Collectively, these results indicate that eIF4A3 alone
has an intrinsic ability to drive internal translation initiation
in an eIF3-dependent manner and that this ability is enhanced
by other EJC components. 

The cellular EJC deposited onto mRNA after 
splicing drives the internal initiation of translation 

To further elucidate eIF4A3-driven internal translation, we de-
signed dicistronic constructs (Figure 3 A), which contained—
in the following order—the 5 

′ UTR with or without a strong
SL structure ( �G = −87.8 kcal / mol), a FLuc gene as the first
cistron, an intercistronic region with or without the first in-
tron of the β-globin gene ( Gl ) at 18 nucleotides downstream
of a stop codon of the first cistron, and an RLuc gene as the
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Figure 2. An eIF4A3 tethered to the 5 ′ UTR drives the internal initiation of translation. ( A ) Schematic representation of tethering reporter mRNAs using 
12 repeats of B o xB and λN system. AUG, a translation initiation codon; UAA, a translation stop codon; SL, a strong stem-loop structure; RLuc, Renilla 
luciferase; FLuc, firefly luciferase. ( B ) Artificial tethering of a core EJC component or eIF3g. HEK293T cells depleted of either eIF4A3 or eIF3g were 
cotransfected with a tethering reporter plasmid expressing SL-BoxB-R mRNA, an indicated effector plasmid and a reference plasmid (pGL3-control) 
expressing FLuc mRNA. Two days after transfection, cell extracts were subjected to dual luciferase assays. RLuc activities were normalized to FLuc 
activities. The normalized levels of RLuc activity in the presence of λN-HA-GFP were arbitrarily set to 1.0. Statistical significance between tethered 
λN-HA-GFP and other tethered proteins was calculated in each condition, and the corresponding P values are indicated by red asterisks. In addition, 
statistical significance among the depleted conditions was calculated, and the P values are indicated by blue asterisks with lines; n = 4; ** P < 0.01; #, 
not significant. ( C ) The effect of a tethered eIF4A3 on RLuc expression in cells depleted of one of EJC core components. As performed in ( B ), except 
that cells depleted of the indicated protein were transiently cotransfected with a plasmid expressing SL-BoxB-R mRNA, an indicated effector plasmid and 
pGL3-control; n = 3; ** P < 0.01. ( D ) The effect of tethered eIF4A3 on SL-BoxB-R mRNA in cells depleted of one of the eIF3 components; n = 3; 
* P < 0.05. ( E ) The impact of the tethering of the eIF4A3-WT or its variant. HEK293T cells were transiently expressed with a plasmid expressing 
SL-B o xB-R mRNA, an effector plasmid expressing one of the eIF4A3 variants and pGL3-control. Statistical significance between tethered λN-HA-GFP 
and other tethered proteins was calculated, and the corresponding P values are indicated by red asterisks. In addition, statistical significance between 
tethered λN-HA-eIF4A3-WT and its variant was calculated, and the P values are indicated by blue asterisks with lines; n = 3; ** P < 0.01; * P < 0.01; #, 
not significant. ( F ) Specific interaction of eIF4A3 variants with other EJC core components and eIF3g. Total-cell extracts of HEK293T cells transiently 
expressing FLAG-eIF4A3-WT or its variant were subjected to IP experiments using α-FLAG antibody. Co-immunopurified proteins were analyzed by 
western blotting. Representative images ( n = 2) are presented in the panel. 

 

 

 

 

 

 

 

 

 

 

 

 

second cistron. The Gl1 and Gl3 reporter mRNAs are ex-
pected to carry no EJCs and a single EJC, respectively, al-
though they could produce mRNAs with identical nucleotide
sequences. The same was true for Gl2 and Gl4 mRNAs. In ad-
dition, given that the EJC is deposited 20–24 nucleotides up-
stream of an exon–exon junction ( 64 ), Gl3 and Gl4 mRNAs
are expected to carry an EJC upstream of the stop codon of
the first cistron. However, an elongating ribosome in the first
cistron would displace the EJC on Gl3 mRNAs. In the case of
Gl4 mRNA, the EJC should remain on the mRNAs because
the insertion of a strong SL structure into the 5 

′ UTR is known
to drastically inhibit cap-dependent translation by blocking
ribosome scanning ( 37 ,39 ). Indeed, Gl4 mRNAs were found 

to be enriched preferentially over other reporter mRNAs 
in the IP of endogenous eIF4A3 (Figure 3 B, Supplementary 
Figure S5A). 

We assessed the effect of SL on the translational efficiency 
(luciferase activity normalized to the mRNA level) of FLuc 
and RLuc cistrons. SL insertion strongly blocked FLuc expres- 
sion in both intronless and intron-containing mRNAs (Fig- 
ure 3 C; compare FLuc values between Gl1 and Gl2, and be- 
tween Gl3 and Gl4), indicating a strong inhibitory function 

of SL. By contrast, RLuc cistron translation in intronless mR- 
NAs was almost basal and was only marginally affected by SL 
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Figure 3. An endogenous EJC loaded onto mRNA after splicing drives the internal initiation of translation. ( A ) Schematic representation of dicistronic 
reporter mRNAs either containing or not containing the first intron of the β-globin gene in the intercistronic region. The EJCs deposited after splicing are 
depicted on the mRNAs. The EJCs that will be displaced by a translating ribosome are semitransparent. ( B ) RNA-IP of endogenous eIF4A3. Extracts of 
HEK293T cells transiently expressing one of the dicistronic reporter mRNAs were subjected to IP using the α-eIF4A3 antibody or, as a negative control, 
mouse (m) IgG. The levels of co-IPed reporter mRNAs were normalized to those of intronless HIST2H2AA3 mRNA. The normalized levels of reporter 
mRNAs obtained in the IPs with mIgG were arbitrarily set to 1.0; n = 4; * P < 0.05. ( C ) Translation efficiency of dicistronic reporter mRNAs. HEK293T 
cells were transfected with one of the dicistronic reporter plasmids. Next, the activities of proteins RLuc and FLuc and levels of reporter mRNAs were 
analyzed. FLuc and RLuc activities obtained from Gl1 and Gl3 were arbitrarily set to 1.0, respectively; n = 3; ** P < 0.01. ( D ) The effect of downregulation 
of an EJC component on dicistronic reporter mRNAs. As performed in ( C ), except that the cells were depleted of either eIF4A3 or Y14. The RLuc 
activities of Gl2 mRNA were arbitrarily set to 1.0, respectively; n = 3; ** P < 0.01. ( E ) The effect of downregulation of eIF3g, eIF3i, or eIF5 on dicistronic 
reporter mRNAs. As performed in ( D ), except that the cells were depleted of the indicated protein; n = 3; ** P < 0.01; * P < 0.05. 
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nsertion (Figure 3 C, compares RLuc values between Gl1 and
l2). Notably, in the case of the intron-containing mRNAs,

ts RLuc expression was significantly increased by SL inser-
ion (Figure 3 C, compares RLuc values between Gl3 and Gl4).
omparable expression and integrity of the reporter mRNAs
ere validated by northern blotting (Supplementary Figure

5B). To assess eIF4A3-dependent internal translation more
pecifically, we compared the RLuc expression levels between
l2 and Gl4. The results showed that the downregulation
f eIF4A3, Y14, eIF3g, eIF3i or eIF5 reversed the observed
ncrease without affecting mRNA levels or integrity (Figure
 D, E, Supplementary Figure S5C–F). Considering that the
JC preferentially remains on Gl4 mRNA due to SL (Fig-
re 3 B), these findings indicate that cellular EJCs deposited
nto mRNAs after splicing can drive the internal initiation of
ranslation. 

n vitro -synthesized linear mRNAs and circRNAs 

re translated in an eIF4A3-dependent manner 

o corroborate eIF4A3-driven internal initiation, we per-
ormed an in vitro translation assay using in vitro -synthesized
BoxB-R or SL-BoxB-R mRNAs (either capped or uncapped)
and cytoplasmic extracts of HeLa cells expressing λN-HA-
GFP, λN-HA-eIF4A3-WT or λN-HA-eIF4A3-T163D. As ex-
pected, the presence of SL decreased RLuc expression by
∼3.5–4.0-fold under our conditions, regardless of the 5 

′ -cap
(Figure 4 A). Notably, a tethering of eIF4A3-WT to in vitro -
synthesized SL-BoxB-R mRNAs promoted relative RLuc ex-
pression more strongly than a tethering of eIF4A3-T163D, re-
gardless of the presence of the 5 

′ -cap structure (Figure 4 B).
Therefore, our in vitro analyses using linear reporter mRNAs
provide strong evidence for the eIF4A3-driven internal initia-
tion of translation. 

Recent advances in RNA sequencing have enabled the
identification of numerous endogenous circRNAs ( 11 , 12 , 65 ).
Notably, some circRNAs have been shown to be translated
( 14–17 , 19–24 , 28 ). Because circRNAs lack a 5 

′ -cap structure
( 11 ,12 ), internal initiation of translation is the only way to
synthesize proteins. To clearly demonstrate eIF4A3-driven in-
ternal translation, we used circRNA reporter plasmids to ex-
press circRNAs within cells. A limitation of this approach
is that circRNA-expressing constructs can also generate lin-
ear mRNAs originating from trans -splicing by-products in the
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A

D E F

CB

Figure 4. An eIF4A3 drives internal translation in the in vitro system. ( A ) The effect of an SL on in vitro translation. In vitro -synthesized BoxB-R or 
SL-B o xB-R RNA (either capped or uncapped) and in vitro -synthesized capped FLuc RNA were mixed with the cytoplasmic extracts of HeLa cells. RLuc 
activities were normalized to FLuc activities. The normalized levels of RLuc activity obtained from B o xB-R RNA were arbitrarily set to 1; n = 3; 
** P < 0.01. ( B ) The in vitro translation assay using in vitro -synthesized linear reporter RNAs. In vitro -synthesized reporter RNA (SL-BoxB-R mRNA, either 
capped or uncapped) and in vitro -synthesized capped FLuc RNA were mixed with the cytoplasmic extracts of HeLa cells expressing the indicated 
effector protein. RLuc activity was normalized to FLuc activity. The normalized levels of RLuc activity in the extracts of the cells expressing λN-HA-GFP 
were arbitrarily set to 1; n = 3; * P < 0.05; ** P < 0.01. ( C ) A schematic diagram of in vitro transcription f ollo w ed b y in vitro circularization. ( D ) Validation of 
in vitro -synthesized circRNAs by denaturing agarose gel electrophoresis. To maximize the yield of circRNAs, we carried out the circularization reaction 
t wice. The det ails are described in the Methods section. ( E ) The in vitro translation assay using in vitro -synthesized circRNA s. A s performed in panels ( A ) 
and ( B ), e x cept that in vitro -synthesized circRNAs were mixed with the cytoplasmic extracts of HeLa cells expressing the indicated effector protein; 
n = 3; ** P < 0.01. ( F ) The effect of the tethered EJC on the translation of in vitro -synthesized circRNAs. As performed in ( E ), except that in 
vitro -synthesiz ed Circ-B o xB-R RNAs w ere mix ed with the cytoplasmic e xtracts of HeLa cells e xpressing the indicated effector protein; n = 6; ** P < 0.01. 

 

 

 

 

 

 

 

 

 

 

 

 

 
cell ( 66 ). Therefore, to overcome this limitation, we utilized
in vitro -synthesized circRNA reporters containing the RLuc
gene and either harboring (Circ-BoxB-R) or not (Circ-R) har-
boring BoxB sequences (Figure 4 C, D; ref. 44 ). The in vitro -
synthesized linear FLuc mRNA (which served as a control for
in vitro translation reactions) and either Circ-BoxB-R or Circ-
R RNA were mixed with the cytoplasmic extracts of HeLa
cells expressing λN-HA-GFP, λN-HA-eIF4A3-WT or a vari-
ant of eIF4A3. In agreement with our cell-based assay data
with linear reporter mRNAs (Figures 2 and 3 ), a tethering
of eIF4A3-WT to Circ-BoxB-R, but not to Circ-R, caused
a significant increase in RLuc activity (Figure 4 E). By con-
trast, other tested eIF4A3 mutants (T163D, D154K / Y155A,
D401K / E402R and E188Q) only marginally or weakly in- 
creased the activity of RLuc expressed from Circ-BoxB-R (Fig- 
ure 4 E). Notably, T163D caused a weak but significant in- 
crease in RLuc from Circ-BoxB-R compared to GFP, suggest- 
ing that eIF4A3 itself has the ability to drive the internal initi- 
ation of translation. Furthermore, a tethering of another EJC 

component (MAGOH or MLN51) to Circ-BoxB-R yielded a 
significant increase in RLuc activity (Figure 4 F). In the case 
of Y14, the expression of λN-HA-Y14 caused an increase in 

both RLuc and FLuc activities, in line with previous observa- 
tions that Y14 is engaged in general cap-dependent translation 
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 67 ,68 ). Because of this property, we were unable to observe
n increase in RLuc activity when Y14 was tethered to Circ-
oxB-R. Notably, the relative levels of Circ-R or Circ-BoxB-R
id not change significantly after in vitro translation reactions
nder our conditions (Supplementary Figure S6). Considering
he results obtained from the linear reporter mRNAs (Figures
 –4 ), these findings strongly suggest that eIF4A3 possesses
n inherent capacity to initiate translation internally and this
bility is further enhanced by the presence of other EJC com-
onents. 

IF4A3 promotes polysomal distribution of 
ndogenous circRNAs 

ext, we investigated whether eIF4A3 influences the trans-
atability of endogenous circRNAs. To this end, we first tested
hree endogenous circRNAs, all of which were identified by
igh-throughput sequencing of polysome-bound circRNAs
nd experimentally validated as polysome-associated circR-
As ( 16 ): cFANCA (consisting of two exons; 203 nts in total

ength), cGSE (one exon; 219 nts) and cKANSL1 (two exons;
2261 nts). In addition, previously characterized translatable
ZNF609 (1 exon; 874 nts; ( 14 ) and subpolysome-enriched
ARL67P1 (2–6 exons; 254–2264 nts; ( 16 ) were analyzed in
arallel as positive and negative control circRNAs, respec-
ively, for polysome association. 

First, in line with previous reports ( 14 ,16 ), a significant pro-
ortion of all tested endogenous circRNAs, except cARL67P1,
ere present in the polysomal fractions ( ∼24–38% of the to-

al; Figure 5 A, B). The observed polysomal distribution was
ignificantly reduced by treatment with puromycin (Puro), a
otent translation inhibitor . Moreover , linear GAPDH mR-
As, known to harbor approximately eight EJCs and be ef-
ciently translated in a cap-dependent manner, were strongly
ssociated with polysomes and their distribution significantly
hifted from polysomes to subpolysomes upon Puro treat-
ent. Second, the downregulation of either eIF4A3 or Y14

aused a significant redistribution of polysome-associated cir-
RNAs from the polysomal to the subpolysomal fractions
Figure 5 C–E, Supplementary Figure S7A, B). The observed
edistribution caused by eIF4A3 downregulation was reversed
y complementation with exogenous eIF4A3-WT (Figure 5 C–
). By contrast, the relative distributions of cARL67P1 and
ndogenous linear mRNA ( GAPDH mRNA) were not signifi-
antly affected by the downregulation of the EJC component.
inally, the efficient association of the tested endogenous cir-
RNAs (except cARL67P1) with EJC or eIF3g was validated
y RNA-IPs of an EJC component or eIF3g (Supplementary
igure S7C–J). In the case of endogenous cARL67P1, it was
ignificantly enriched in the IP of an EJC component but not
IF3g. Considering a report suggesting that cARL67P1 is not
fficiently enriched in polysomes ( 16 ), the inefficient polyso-
al association of cARL67P1 may be due to the weak inter-

ction of cARL67P1 with eIF3g for an unknown reason. Col-
ectively, these findings indicate that the polysomal association
f endogenous circRNAs depends on eIF4A3 deposited onto
ircRNAs after back-splicing. 

he eIF4A3-driven internal initiation of translation 

s resistant to cellular stresses 

arious cellular stresses such as serum starvation cause an in-
ibition of 5 

′ -cap-dependent translation via inefficient phos-
phorylation of eIF4E-binding protein 1 (4E-BP1) ( 1 ,2 ). We
next investigated the effects of cellular stress on eIF4A3-driven
internal initiation. 

Serum starvation of cells for one day resulted in a reduc-
tion in the level of phosphorylated 4E-BP1 (Figure 6 A), a de-
crease in the overall polysome peak (Figure 6 B) and a redis-
tribution of endogenous GAPDH mRNA from the polyso-
mal to subpolysomal fractions (Figure 6 C), validating the
inefficient cap-dependent translation under these conditions.
Importantly, the distribution of polysome-associated circR-
NAs did not change significantly in response to serum de-
pletion (Figure 6 C), suggesting that the internal translation
of circRNAs is relatively resistant to cellular stress com-
pared to the general cap-dependent translation. Supporting
this conclusion, we also observed that tethered eIF4A3 in-
creased RLuc activity expressed from the SL-BoxB-R reporter
mRNA and this increase was not affected by serum starva-
tion (Figure 6 D, E) or overexpression of 4E-BP1 (Figure 6 F,
G). By contrast, FLuc activity, expressed by cap-dependent
translation, was significantly reduced on serum depletion or
4E-BP1 overexpression. Collectively, our results support the
notion that eIF4A3 drives internal translation even when gen-
eral cap-dependent translation is compromised under stressful
conditions. 

Polysomal association of endogenous circRNAs 

depends on eIF4A3 at the transcriptome level 

Based on the observations mentioned previously, we per-
formed circRNA microarray analysis using a pool of
polysome- or subpolysome-associated circRNAs obtained
from cells depleted or not depleted of eIF4A3 for a
transcriptome-wide analysis of circRNA translation (Figure
7 A). We selected a circRNA microarray for this purpose be-
cause of its higher efficiency in circRNA profiling compared to
RNA-seq ( 69 ). Additionally, we found that the circRNA mi-
croarray produced more reliable results than RNA-seq. The
Pearson correlation coefficient ( r ) between two independent
circRNA microarray experiments (two biological replicates,
sets #1 and #2) was > 0.900, indicating a strong correlation
between the two replicates (Supplementary Table S4A). For
subsequent analysis, endogenous circRNAs that were not en-
riched in the subpolysomal or polysomal fractions were ex-
cluded. In addition, endogenous circRNAs with low or basal
expression levels were excluded to ensure higher stringency.
The circRNA microarray results were then validated using RT-
qPCR (Supplementary Figure S8A–C). 

Analysis of the circRNAs from the overlap between the two
sets revealed that the polysomal association of circRNAs de-
creased when eIF4A3 was downregulated (Figure 7 B, Supple-
mentary Table S4B). Moreover, circRNAs with higher enrich-
ment in polysomes manifested a greater reduction in polysome
association after eIF4A3 downregulation (Figure 7 C). By con-
trast, the polysomal distribution of circRNAs and eIF4A3 de-
pendence of the polysomal association of circRNAs were not
significantly influenced by the length (Figure 7 D, E) or type
(Figure 7 F, G) of circRNAs, the number of exons in circRNAs
(Figure 7 H, I) or the relative position of a putative translation
stop codon and back-splicing junction (BSJ) within circRNAs
(Supplementary Figure S8D, E). Collectively, these findings in-
dicate that the efficient polysomal association of endogenous
circRNAs requires eIF4A3. 
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Figure 5. Polysomal association of endogenous circRNAs depends on the eIF4A3 and is resistant to serum depletion. (A, B) The effect of Puro 
treatment on relative polysomal distributions of endogenous circRNAs. Subpolysomal fractions (containing subunits the 40S, 60S and 80S) and 
polysome fractions of HeLa cells either treated or not treated with Puro for 2 h were pooled. Next, in vitro -synthesized FLuc RNA, as a spike-in control, 
was added to the pooled fractions. ( A ) Polysome profiles of cytoplasmic extracts of HeLa cells either treated or not treated with Puro. ( B ) Quantitative 
representation of endogenous circRNAs in subpolysomal and polysomal fractions. The endogenous circRNAs in the subpolysomal and polysomal 
fractions were quantitated by RT-qPCRs using circRNA-specific divergent oligonucleotides; n = 3; ** P < 0.01; * P < 0.05; #, not significant. ( C–E ) The 
change in relative polysomal distributions of endogenous circRNAs after downregulation of eIF4A3 and complementation with siRNA-resistant 
FLAG-eIF4A3. ( C ) Western blotting validating specific downregulation of endogenous eIF4A3 and induction of FLAG-eIF4A3 up to a level comparable to 
that of endogenous eIF4A3. ( D ) Polysome profiles (upper) and relative distributions of endogenous proteins (lower). ( E ) Relative polysomal distributions 
of endogenous circRNAs. After polysome fractionation, in vitro -synthesized FLuc RNA, as a spike-in control, was added to the subpolysomal and 
polysomal fractions. The endogenous circRNAs in the subpolysomal and polysomal fractions were quantitated by RT-qPCRs using divergent 
oligonucleotides. Next, the levels were normalized to those of FLuc RNA. Relative distributions of endogenous circRNAs in the subpolysomal and 
polysomal fractions are presented as percentages; n = 3; * P < 0.05; ** P < 0.01; #, not significant. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

eIF4A3-driven internal translation of endogenous 

circRNA can generate a full-length intact protein 

Our transcriptome-wide analysis revealed that 142 out of
the 5901 endogenous circRNAs contained exons encoding
a full-length protein that was identical to the protein gen-
erated from the linear mRNA (Figure 7 , Supplementary Ta-
ble S4B). Among the 142 circRNAs, we selected and func-
tionally characterized circCTNNB1 (cCTNNB1) generated
from the CTNNB1 gene encoding β-catenin, a key protein in
Wnt / β-catenin signaling (Figure 8 A, B) ( 70 ). In our analysis,
three isoforms of cCTNNB1 (which we termed cCTNNB1a,
cCTNNB1b and cCTNNB1c) were detectable in all the tested
human cell lines at different ratios (Supplementary Figure
S9A, B). One report showed that cCTNNB1b expresses a trun-
cated form of β-catenin protein and affects liver cancer cell
growth ( 71 ). Among the three isoforms, only cCTNNB1c was
expected to contain exons encoding full-length β-catenin (Fig-
ure 8 A, B). 

Using TOPFlash and FOPFlash reporter systems ( 43 ), we
investigated whether endogenous cCTNNB1c RNA gener-
ates functionally active full-length β-catenin. TOPFlash and 

FOPFlash contained the FLuc gene under the control of a 
thymidine kinase minimal promoter with wild-type and mu- 
tated versions of T-cell factor (TCF)-binding sites, respectively 
(Figure 8 C). It is well known that β-catenin protein induction 

caused by Wnt3a treatment activates TCF-dependent tran- 
scription ( 43 ). 

Under our conditions, treatment with Wnt3a specifically 
increased the amount of β-catenin and induced FLuc ex- 
pression from TOPFlash, but not from FOPFlash (Figure 
8 D, E). Remarkably, the observed induction was signifi- 
cantly inhibited by specific downregulation of either en- 
dogenous cCTNNB1c RNA or endogenous linear β-catenin 

mRNA (Figure 8 E). Furthermore, the inhibition observed 

with siRNAs against endogenous linear β-catenin mRNA 

and endogenous cCTNNB1c RNA was almost completely 
and partially reversed, respectively, by transfection with 

pFLAG-cCTNNB1c expressing a circRNA encoding FLAG- 
cCTNNB1c (Figure 8 F, Supplementary Figure S9C–E). It 
should be noted that under our conditions, exogenously 
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Figure 6. Internal initiation of translation driven by eIF4A3 is resistant to cellular stresses. ( A–C ) Lack of significant change in relative polysomal 
distributions of endogenous circRNAs after serum depletion. As performed in Figure 5 A, B, except that HeLa cells were incubated in either a 
serum-containing or serum-free medium for 24 h before cell harvesting. ( A ) Western blotting showing 4E-BP1 dephosphorylation induced by serum 

depletion. ( B ) Polysome profiles (upper) and the relative distributions of endogenous proteins (lo w er). ( C ) R elativ e poly somal distributions of endogenous 
circRNAs; n = 3; ** P < 0.01; #, not significant. (D, E) The relative resistance of eIF4A3-mediated internal translation of linear mRNAs in response to 
serum depletion. HEK293T cells transiently e xpressing SL-B o xB-R mRNA, FLuc mRNA and either λN-HA-GFP or λN-HA-eIF4A3 were incubated in either 
a serum-containing or serum-free medium for 24 h before cell harvesting. ( D ) Western blots showing inefficient phosphorylation of 4E-BP1 on serum 

depletion. ( E ) Dual luciferase assay. RLuc and FLuc activities w ere normaliz ed to total protein amounts. T he normaliz ed le v els of RLuc and FLuc activities 
obtained from the cells expressing λN-HA-GFP in the serum-containing media were arbitrarily set to 1.0; n = 3; ** P < 0.01; #, not significant. (F, G) The 
relative resistance of eIF4A3-mediated internal translation of linear mRNAs in response to 4E-BP1 overexpression. HeLa cells were transiently 
expressed with SL-BoxB-R mRNA, FLuc mRNA, either λN-HA-GFP or λN-HA-eIF4A3, and either MYC or MYC-4E-BP1. ( F ) Western blots showing 
o v ere xpressed MYC-4E-BP1. ( G ) Dual luciferase assay. RLuc and FLuc activities w ere normaliz ed to total protein amounts. T he normaliz ed le v els of RLuc 
and FLuc activities obtained from the cells expressing λN-HA-GFP and MYC were arbitrarily set to 1.0; n = 3; ** P < 0.01; #, not significant. 
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xpressed FLAG-cCTNNB1c and endogenous cTNNB1c
ere targeted for rapid degradation by siRNA against

CTNNB1c RNA. Because of this property, it is likely that
ransfection with pFLAG-cCTNNB1c may cause a partial
estoration of Wnt3a-induced FLuc expression (Figure 8 F).
n addition, the complementary sequences in flanking introns
ithin the plasmid pFLAG-cCTNNB1c are known to trigger
ack-splicing ( 42 ), generating the circRNA encoding FLAG-
CTNNB1c (Supplementary Figure S9C–E). As a consequence
f back-splicing, the generated circRNA was expected to have
n EJC and express FLAG-cCTNNB1c via eIF4A3-dependent
nternal initiation, which was confirmed under our conditions
Supplementary Figure S9C–E). Therefore, our results from
he complementation experiments suggest that although cir-
RNAs are weakly translated compared with linear mRNA,
he level of β-catenin protein above a threshold could be
chieved by β-catenin protein expression from either circR-
As or linear β-catenin mRNA, regardless of the relative

mounts of cCTNNB1 RNA or linear β-catenin mRNA. In
ddition, several studies have shown that for efficient activa-
ion of the Wnt / β-catenin pathway, the β-catenin protein level
should reach a value above a specific threshold through either
a positive or negative feedback loop ( 72–75 ). 

We also observed that the polysomal distribution of en-
dogenous cCTNNB1c RNA, but not that of its correspond-
ing linear β-catenin mRNA, was significantly inhibited when
the cells were depleted of eIF4A3 (Figure 8 G) or eIF3g (Figure
8 H). Taken together, these findings indicate that endogenous
cCTNNB1c RNA can express functionally active full-length
β-catenin in an eIF4A3-dependent manner. 

Discussion 

In this study, we provide molecular evidence for the active
role of eIF4A3 in ribosome recruitment for the internal ini-
tiation of translation. Based on our work here and previous
findings ( 76 ), we propose a model for the eIF4A3-driven inter-
nal translation of circRNAs as follows (Figure 9 A): eIF4A3 (as
a component of the EJC) deposited onto circRNAs generated
by back-splicing recruits the eIF3 complex via a direct interac-
tion between eIF4A3 and eIF3g (in this study). The other EJC
core components help stabilize the eIF4A3-eIF3 interaction,



10964 Nucleic Acids Research , 2023, Vol. 51, No. 20 

A

D E

B C

G H IF

Figure 7. Polysomal enrichment of endogenous circRNAs is dependent on eIF4A3 at the transcriptome level. ( A ) The experimental scheme of polysome 
fractionation procedures f ollo w ed b y circRNA microarra y. Cytoplasmic e xtracts of HeLa cells, either depleted or not depleted of eIF4A3, w ere subjected 
to polysome fractionation. Next, RNA samples purified from either the pooled subpolysomal or polysomal fractions were subjected to the circRNA 

microarra y analy sis; n = 2. ( B ) Scatter plots of the relativ e change in poly somal association of circRNAs after eIF4A3 do wnregulation. T he x - and y -ax es 
represent the relative percentage distributions of circRNAs in the polysomal fraction in the undepleted cells and eIF4A3-depleted cells, respectiv ely. T he 
dots corresponding to cGSE1, cCTNNB1 and cZNF609 are depicted in cyan. Three types of cCTNNB1 were observed in our analysis. Statistical analysis 
w as perf ormed using the Wilco x on signed-rank test. ( C ) Scatter plots sho wing a correlation betw een the poly somal association of circRNAs and eIF4A3 
dependency. The x -axis represents the relative percentage distributions of circRNAs in the polysomal fraction in the undepleted cells. The y -axis denotes 
the relative ratio (on the log 2 scale) of polysomal to subpolysomal level of circRNAs (PS ratio) in eIF4A3-depleted cells to PS ratio in the undepleted cells. 
(D, E) Scatter plots showing the relative change in polysomal association of circRNAs ( D ) or the effect of eIF4A3 downregulation on the PS ratios of 
circRNAs ( E ) according to its length. (F, G) Violin plots for the relative difference in the polysomal association of circRNAs ( F ) or effect of eIF4A3 
downregulation on the PS ratios of circRNAs ( G ) according to their types. Statistical analysis was performed using one-way ANO V A with post hoc 
assessment via Tuk e y’s honestly significant difference test. ** P < 0.01, *** P < 0.001. (H, I) Violin plots for the relative difference in the polysomal 
association of circRNAs ( H ) or an effect of eIF4A3 downregulation on the PS ratios of circRNAs ( I ) according to the number of EJCs in circRNAs. 
*** P < 0.001. 
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Figure 8. A full-length intact protein can be generated from circRNAs in an eIF4A3-dependent manner. ( A ) The schematic diagram of three isoforms of 
cCTNNB1 circRNA generated from the β-catenin gene. ( B ) Validation of endogenous cCTNNB1 isoforms. The obtained RT-PCR products shown in 
Supplementary Figure S9A were subjected to Sanger sequencing. The circRNA-specific exon–exon junctions generated by back-splicing are indicated by 
vertical dashed lines. ( C ) A schematic diagram of monitoring Wnt / β-catenin signaling using TOPFlash or FOPFlash reporters. An increased amount of 
β-catenin caused by Wnt3a treatment activates FLuc expression from TOPFlash but not FOPFlash. (D, E) The effect of endogenous cCTNNB1c circRNA 

downregulation on Wnt / β-catenin signaling. HEK293T cells were treated with siRNA specific to cCTNNB1c (#1 or #2) or linear β-catenin mRNA (#1 or 
#2) that annealed to the 3 ′ UTR of β-catenin mRNA. Two days later, the cells were retransfected with a FLuc reporter [either TOPFlash (TOP) or FOPFlash 
(FOP)] and a reference plasmid expressing RLuc. The cells were either treated or not treated with 300 ng / ml Wnt3a for 24 h before harvesting. ( D ) 
Validation of specific downregulation of endogenous cCTNNB1c RNA and linear β-catenin mRNA; n = 3. ( E ) The FLuc activities were normalized to RLuc 
activities. The normalized FLuc levels obtained in the Wnt3a-treated cells transfected with FOPFlash were arbitrarily set to 1.0; n = 3; ** P < 0.01. ( F ) 
Complementation experiments with pFLAG-cCTNNB1c expressing a circular form of RNA encoding FLAG-cCTNNB1c. As performed in panels D , E , 
e x cept that the cells were transiently transfected with pFLAG-cCTNNB1c; n = 3; #, not significant; ** P < 0.01. ( G ) Relative distributions of endogenous 
cCTNNB1c RNA and its corresponding linear β-catenin mRNA in subpolysomal and polysomal fractions before or after eIF4A3 downregulation; n = 2. 
** P < 0.01. ( H ) R elativ e distributions of endogenous cCTNNB1c RNA and linear β-catenin mRNA in subpolysomal and polysomal fractions before or 
after eIF3g downregulation; n = 3. ** P < 0.01. 
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A B

Figure 9. A simplified model illustrating the eIF4A3-driven internal initiation of translation. In this study, we demonstrated that eIF4A3 alone possesses 
an intrinsic capability to initiate translation internally in an eIF3-dependent manner. Of note, this mode of translation is facilitated by other EJC core 
components. The relative translation efficiencies of 80S ribosome are indicated by the thickness of red arrows. ( A ) eIF4A3-driven internal initiation of 
translation in circRNAs. The 40S ribosome associates with circRNA with help of the eIF4A3 (or EJC)–eIF3 interaction and scans for AUG where it forms 
the 80S ribosome to translate the ORF in circRNA. On termination, the 40S either remains bound to circRNA, displaces the EJC and reinitiates (perhaps 
repeatedly) translation of the ORF in circRNA or undergoes full ribosome recycling to allow the eIF4A3 (or EJC)–eIF3 complex to mediate repeated 
internal initiation e v ents. ( B ) eIF4A3-driven internal initiation of translation in linear mRNA. Scanning or elongating ribosomes may displace all EJCs from 

mRNA s. O wing to this phenomenon, internal initiation driv en b y eIF4A3 w ould be suppressed under normal conditions. Ho w e v er, under stressful 
conditions where the general cap-dependent translation is compromised, the displacement would be inefficient and eIF4A3-mediated internal initiation 
of translation would become predominant, leading to protein synthesis from a downstream internal AUG (iAUG). See the Discussion section for more 
details. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

promoting efficient recruitment of the eIF3 complex ( 76 ). Sub-
sequently, eIF3 recruits a ribosome, consequently leading to
the internal translation of circRNAs following a scanning pro-
cess to search for a translation initiation codon in the proper
context. 

Our transcriptome-wide analysis revealed that eIF4A3
downregulation reduced the polysomal distribution of circR-
NAs regardless of the relative position of the back-splicing
junction and stop codon (Supplementary Figure S8D, E).
These observations suggest that ribosome recruitment may be
a rate-limiting step in circRNA translation. Once the 40S ri-
bosome is recruited to the circRNA through the eIF4A3–eIF3
interaction, it begins to scan downstream sequences in search
of an AUG in the proper context with help of eIF3 and several
other key eIFs. On recognition of AUG, the 60S ribosome joins
the 40S ribosome to initiate polypeptide synthesis. After a sin-
gle round of translation, the 40S ribosome on the translation
termination codon may reinitiate the scanning process and be
reused for the next round of translation, as observed in ribo-
some reinitiation on many upstream-ORF-containing mRNAs
and circularized mRNAs through a protein-mediated associ-
ation between the 5 

′ - and 3 

′ -ends ( 77 ,78 ). This way, however,
the EJC would be removed, preventing its further use as a
primary ribosome-recruitment factor. Further exploration is
necessary to fully understand to what extent translation re-
initiation on back-spliced exons contributes to translation effi-
ciency on cicrRNAs compared to complete ribosome recycling
followed by repeated ‘de-novo’ internal translation mediated
by eIF4A3 (or EJC). 

In contrast to circRNAs, for most EJC-associated newly
synthesized linear mRNAs, EJCs could be rapidly displaced
from mRNAs by elongating ribosomes during the pioneer 
round of translation (Figure 9 B). Accordingly, although the 
eIF4A3 within EJC deposited onto newly synthesized mRNAs 
has the potential to drive internal translation, eIF4A3-driven 

internal initiation is rapidly compromised immediately after 
the pioneer round of translation. Instead, most EJCs deposited 

onto newly synthesized mRNAs may participate in increasing 
the efficiency of general cap-dependent translation by helping 
eIF3 recruitment to the 5 

′ -cap structure ( 32–34 ). 
Recent studies have shown that circRNAs are translated 

via either an IRES (or an IRES-like motif) or an m 

6 A mod- 
ification ( 14–24 ). In the case of IRES-mediated translation of 
circRNAs, the insertion of a putative IRES (present within 

circRNAs) into the intercistronic region of a bicistronic re- 
porter promotes the translation of the second cistron ( 14–
16 ,18 ). Remarkably, in the specific case when an IRES is in- 
serted with an endogenous intronic sequence into the inter- 
cistronic region, the IRES manifests a strong activity in terms 
of internal translation ( 14 ). A recent study involving a high- 
throughput circRNA reporter assay system identified tens of 
thousands of RNA sequences (IRES or IRES-like sequences) 
that drive circRNA translation ( 24 ). The same research group 

demonstrated that 18S rRNA complementarity and a stem- 
loop structured RNA element (SuRE) located 40–60 nt up- 
stream of an IRES can promote IRES-dependent translation of 
circRNAs. Notably, the newly identified IRESs present within 

the endogenous circRNAs are mostly located near the BSJ.
These observations suggest that the functionality of an IRES 
within endogenous circRNAs depends on a splicing event,
supporting our conclusion that eIF4A3 deposited after splic- 
ing can drive the internal initiation of translation. 
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In the case of m 

6 A-mediated internal initiation, m 

6 A
esidues in circRNAs are directly recognized by YTHDF3 and
rigger internal translation by recruiting eIF4G2 ( 16 ). Alter-
atively, m 

6 A residues in circRNAs can be directly recognized
y eIF3 for internal initiation ( 10 ). Although m 

6 A residues in
inear mRNAs are known to recruit eIF3 and drive 5 

′ -end–
ependent (and cap-independent) translation ( 10 ), eIF3 can
lso drive internal initiation when it directly associates with a
iral IRES ( 79 ). Taken together with the results of recent stud-
es showing the direct binding of eIF3 to specific mRNAs ( 80 )
nd the inhibitory role of eIF3j (considered an eIF3-associated
actor rather than a bona fide eIF3 component) in circRNA
ranslation ( 81 ), the aforementioned observations pique our
nterest in future investigations to unravel the mechanisms of
ow the eIF4A3 (or the EJC) interplays with general eIFs,
RES and / or m 

6 A for the internal translation of circRNAs.
n particular, given that (i) the absence of detectable levels of
IF1 and eIF5 (both involved in initiation codon selection)
n the IP of eIF4A3 (Supplementary Figure S1D), consistent
ith a previous finding ( 76 ), (ii) the preferential enrichment
f eIF1 and eIF5 in the IP of eIF3g (Supplementary Figure
1E) and (iii) the inhibition of eIF4A3-driven internal initi-
tion by eIF5 downregulation (Figure 3 E), it is plausible that
he interaction between eIF4A3 and eIF3g may lead to ribo-
ome recruitment through a mechanism distinct from general
ap-dependent ribosome recruitment. Furthermore, consider-
ng that eIF4A3 alone can interact with eIF3g, it would be
ntriguing to explore the molecular and biological impact of
he EJC-independent role of eIF4A3 on internal translation. 

Although we identified endogenous circRNAs enriched in
olysomes in an eIF4A3-dependent manner at the transcrip-
ome level, information on the polypeptide products synthe-
ized from circRNAs in an eIF4A3-dependent manner is cur-
ently very limited. In addition, we showed that eIF4A3-driven
ircRNA translation is resistant to cellular stresses (Figure 6 ),
uggesting that eIF4A3-driven circRNA translation may con-
ribute to the stress response, as does IRES-dependent trans-
ation during various cellular stresses ( 2 , 9 , 82 ). However, be-
ause of the lack of information on the polypeptides generated
rom circRNAs, studies on the underlying mechanisms have
imitations. Therefore, to better understand eIF4A3-driven cir-
RNA translation, transcriptomic data should be compared
ith proteomic data in future studies. Furthermore, consid-

ring that the T163 residue of eIF4A3 is phosphorylated by
DK1 and CDK2 in a cell cycle-dependent manner, which

eads to the loss of eIF4A3’s ability to associate with mRNA
 35 ), posttranslational modifications of eIF4A3 and its helper
roteins, such as other EJC components, may contribute to the
egulation of eIF4A3-driven circRNA translation. A compre-
ensive investigation including all these aspects will result in
 list of circRNAs and their translation products, and provide
aluable insights into the biological and physiological signif-
cance of eIF4A3-driven circRNA translation, which has re-
ently been implicated in the regulation of oncogenic path-
ays through EJC-dependent, cap-independent translation of

ircSDHAF2 ( 83 ). 
In conclusion, we provide molecular evidence for a previ-

usly unappreciated mode of translation: internal initiation
f translation driven by eIF4A3 (and possibly the EJC). These
ndings elucidate the protein-coding potential of the human
ranscriptome including circRNAs. In addition, our findings
hat (i) an intact full-length protein can be generated from cir-
RNA and (ii) eIF4A3-driven internal translation is resistant
to cellular stresses (e.g. serum starvation) reveal a new level
of complexity in the control of various cellular and biological
processes via eIF4A3-driven internal translation of circRNAs
as well as linear mRNAs. 
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