Published online 17 September 2020

Nucleic Acids Research, 2020, Vol. 48, No. 18 10441-10455

doi: 10.1093narlgkaa728

elF4G-driven translation initiation of downstream

ORFs in mammalian cells

Risa Nobuta', Kodai Machida?, Misaki Sato', Satoshi Hashimoto', Yasuhito Toriumi’,
Shizuka Nakajima', Daiki Suto', Hiroaki Imataka?®" and Toshifumi Inada “"”’

'Graduate School of Pharmaceutical Sciences, Tohoku University, Sendai 980-8578, Japan and 2Department of
Applied Chemistry, Graduate School of Engineering, University of Hyogo, Himeji 671-2280, Japan

Received March 27, 2020; Revised August 18, 2020; Editorial Decision August 19, 2020; Accepted August 21, 2020

ABSTRACT

Comprehensive genome-wide analysis has revealed
the presence of translational elements in the 3’
untranslated regions (UTRs) of human transcripts.
However, the mechanisms by which translation is
initiated in 3’ UTRs and the physiological function
of their products remain unclear. This study showed
that elF4G drives the translation of various down-
stream open reading frames (dORFs) in 3’ UTRs. The
3’ UTR of GCH1, which encodes GTP cyclohydrolase
1, contains an internal ribosome entry site (IRES) that
initiates the translation of dORFs. An in vitro recon-
stituted translation system showed that the IRES in
the 3' UTR of GCH1 required elF4G and conventional
translation initiation factors, except elF4E, for AUG-
initiated translation of dORFs. The 3’ UTR of GCH1-
mediated translation was resistant to the mTOR in-
hibitor Torin 1, which inhibits cap-dependent initia-
tion by increasing elF4E-unbound elF4G. elF4G was
also required for the activity of various elements, in-
cluding polyU and poliovirus type 2, a short element
thought to recruit ribosomes by base-pairing with
18S rBNA. These findings indicate that elF4G me-
diates translation initiation of various ORFs in mam-
malian cells, suggesting that the 3 UTRs of mRNAs
may encode various products.

INTRODUCTION

Thousands of different mRNAs simultaneously access a
pool of ribosomes for protein expression in mammalian
cells. The recruitment of the ribosome to a specific mRNA
is a critical step in the production of proteins in cells. In
eukaryotes, protein-coding messenger RNAs (mRNAs) are
modified with a 5’ cap and a 3’ poly(A) tail, with both be-
ing crucial for canonical initiation of translation. The cru-
cial step in the initiation of translation is the assembly of

competent ribosomes at appropriate initiation sites at the
5 termini of open reading frames (ORFs) of mRNAs (1).
Ribosomes recognize initiation codons primarily by the 5'-
end dependent ‘scanning’ pathway, which is mediated pri-
mary by the interaction of the e[F4F complex with the cap
portion of the elF4F complex. The standard mode of the
scanning pathway in eukaryotes is initiated by the bind-
ing of the translation initiation factor eIF4F to the cap at
the 5" end of mRNA. elF4F consists of a scaffold protein
elF4G, which interacts with the cap-binding subunit eIF4E,
the helicase eIF4A, elF3 and polyadenylate-binding pro-
tein (PABP). eIF4G recruits the 43S preinitiation complex
(PIC), composed of a 40S subunit loaded with eIF1, eIF1A,
elF3, eIF5 and the ternary complex elF2-Met-tRNA;Met-
GTP. The 43S PIC machinery moves in the 3’ direction to
detect the initiation codon, with the helicase eIF4A resolv-
ing any encountered elements of secondary structure. Once
the initiation codon is located, it is bound by the anticodon
on the initiator tRNA. eIF2-bound GTP hydrolysis triggers
the removal of the elFs from the 40S subunit, with eIF5B
assisting the joining of the 60S ribosomal subunit to the 40S
subunit to form the 80S ribosome initiation complex (1).
In addition to conventional cap-dependent translation,
an alternative mode of translation initiation depends on the
specific cis-acting RNA sequence internal ribosome entry
site (IRES) (2). The IRES is usually upstream of the start
codon of each mRNA, and drives the internal initiation
pathway in a manner that is cap- and end-independent, but
is dependent on a limited subset of initiation factors. The
cap-independent translation from IRES is essential for the
synthesis of many human and viral proteins. Because their
genomes have limited coding capacity, viruses have evolved
various ways to hijack critical steps in the cellular gene ex-
pression pathway, with IRES-mediated initiation of trans-
lation being critical for viral propagation (3). Some viruses
express a protease that cleaves the initiation factor elF4G,
a component of the cap-binding complex, blocking cap-
dependent initiation of translation and resulting in a shut-
down of translation in infected cells. The translational ma-
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chinery is, thus, fully available for the viral mRNA, with
translation of viral mRNA occurring in a cap-independent
manner. Virus IRESs form complicated secondary or ter-
tiary structures assembled with stem-loops and pseudo-
knots, and act as ribosome landing pads through multiple
RNA-RNA and RNA-protein interactions (4-6).

Since IRES was first shown to be involved in the transla-
tion of picornavirus RNA, as an alternative to the eukary-
otic ‘scanning model’, IRES has been found to be the major
translation initiation pathway for several families of viruses.
IRESs are highly diverse in structure and mechanism, un-
derscored by varying requirements for canonical initiation
factors or specific stimulatory IRES trans-acting factors
(ITAFs). Importantly, viral infection by several mecha-
nisms inhibits translation initiation in host cells (7). During
virus infection, translation factors, such as elF4G, eIF4A
and PABP, are cleaved by viral proteases (8-10), whereas
others, such as eIF4E, are inactivated (11). In addition, hep-
atitis C virus (HCV) and cricket paralysis virus (CrPV) have
been shown to activate the RNA-dependent protein kinase
PKR, which inactivates elF2 by phosphorylation in a cell-
specific manner (12,13). Cellular protein synthesis is down-
regulated by the limited availability of initiation factors, en-
hancing the expression of viral proteins and viral replica-
tion while suppressing the expression of cellular proteins
(14-16). IRES are crucial for the virus to take over the eu-
karyotic translation machinery and efficiently suppress the
translation of standard mRNAs in infected cells.

A subset of cellular mRNAs, with long and highly struc-
tured 5'-UTRs, was found to have putative IRES activity
and to act as a template for protein synthesis under limited
conditions. IRES-mediated translation initiation is involved
in various biological functions, including the response of
cells to environmental stresses, such as nutrient deprivation,
endoplasmic reticulum (ER) stress and hypoxia (17-19).
Recent technological advances have allowed the identifica-
tion and quantitation of proteins produced in cells by ribo-
some profiling. RNA elements have been shown to facilitate
the 5-end-independent initiation of translation in human
transcripts and the polyprotein regions of uncapped RNA
viruses (20). Potential IRES elements have been identified
in 10% of randomly selected human 5 UTRs and even in 3’
UTRs (20). These potential IRES elements can be classified
into three cis-regulatory elements: complex global RNA
folds, polyU and poliovirus type 2 (PV2) short IRES ele-
ments, and short sequence elements that recruit ribosomes
for internal initiation by base-pairing with 18S rRNA. To
date, however, these findings have not been confirmed func-
tionally or biochemically (2,21-22), nor have these IRESs in
cellular mRNAs been shown to mediate protein synthesis.

This study was performed to identify the elements in 3’
UTRs that initiate the translation of downstream ORFs
(dORFs). Cis-elements in the 3 UTR of GCHI, the gene
encoding GTP cyclohydrolase 1, were found to function
as IRESs to initiate translation of dORFs. An in vitro re-
constituted translation system showed that the IRES in the
3" UTR of GCHI required elF4G and conventional trans-
lation initiation factors, except eIF4E, for AUG-initiated
translation of dORFs. 3" UTR-mediated translation was re-
sistant to the mTOR inhibitor Torin 1, which increases the

level of eIF4E-unbound eIF4G. These findings demonstrate
that eIF4G drives the translation of dORFs in the 3 UTRs
of mammalian cells, suggesting that the 3’ UTR of mRNAs
encode various products.

MATERIALS AND METHODS
Plasmid constructs

All recombinant DNA techniques were performed accord-
ing to standard procedures using Escherichia coli DH5a for
cloning and plasmid propagation. Site-directed mutagene-
sis was performed by overlap-extension polymerase chain
reaction (PCR). All cloned DNA fragments generated by
PCR amplification were verified by sequencing. Plasmids
and oligonucleotides used in this study are listed in Supple-
mentary Tables S1 and 2, respectively.

To construct V5-Rluc-dORF-Fluc-HA, DNA fragments
encoding firefly luciferase (Fluc) and Renilla luciferase
(Rluc) were PCR amplified from phRL-cmv and phFL-cmv
(Promega) plasmids, respectively, and inserted downstream
of the CMV promoter between the Nhel and Xhol sites in
pcDNA3.1 (+). The DNA sequences to measure translation
arrest were amplified by PCR or generated by annealing
two oligonucleotides, and inserted between the HindIII and
Notl sites in the dORF region. The inserted sequences are
listed in Supplementary Table S1 (23,24).

To construct V5-Rluc-stop-dORF-Fluc-HA, a DNA
fragment encoding the Rluc protein was amplified by
PCR from the plasmid V5-Rluc-dORF-Fluc-HA using the
primers OIT 4242 (5'- TAGATGGCTAGCATGGGTAA
GCCTATCCCTAACCCTCTCCTCGGTCTCGATTCT
ACGACTTCGAAAGTTTATGATCC-5) and OIT 4225
(5-GAATTCAAGCTTTCATTGTTCATTTTTGAGAA
CTC-3'), and was inserted into the Nhel and HindIII
sites in V5-Rluc-dORF-Fluc-HA. The DNA sequences
to measure IRES activities were amplified by PCR or
generated by annealing two oligonucleotides, and were
inserted between the HindIII and Notl sites in the dORF
region. Inserted sequences are listed in Supplementary
Table S1.

To construct SL-V5-Rluc-dORF Fluc-HA and SL-V5-
Rluc-stop-dORF-Fluc-HA, a DNA fragment encoding
a stem-loop structure was generated by annealing two
oligonucleotides and was inserted between the Kpnl sites
upstream of V5-Rluc-dORF-Fluc-HA and V5-Rluc-stop-
dORF-Fluc-HA, respectively. To construct pBluescript
II (SK*)V5-Rluc-stop-dORF-Nluc-HA, fragments encod-
ing V5-Rluc and Nano Luc (Nluc) were amplified by
PCR from V5-Rluc-stop-dORF-Fluc-HA and pNLI1.1.cmv
(Promega), respectively, and inserted between the Kpnl and
Xbal sites in pBluescript II (SK*), yielding clones con-
taining the expected 3’ ends followed by poly(A) tails. To
construct CMV(-)dORF-Fluc-HA, a fragment encoding
dORF-Fluc-HA was amplified by PCR from V5-Rluc-stop-
dORF-Fluc-HA, and was inserted between the Nlul and
Xhol sites in pcDNA3.1(+).

For in vitro transcription template DNA, V5-Rluc-stop
(TGA or TAA)-dORF-Nluc-HA was digested with Kpnl
and Xbal, and cloned into the pBluescript IT SK+ vector.



Cell culture and treatments

HEK293T and N2A cells were cultured in Dulbecco’s mod-
ified Eagle’s medium with 10% fetal bovine serum and
penicillin/streptomycin. HEK293T and N2A cells were
transfected with 2 wg plasmid DNA with PEI MAX.
Briefly, 12 pl PEI MAX was added to 150 .l Opti-mem
with DNA, mixed and pipetted into each well of a 12-well
plate containing 4 x 10° cells. The medium was replaced 4
h later, and the cells were harvested after 24 h. Cells trans-
fected with dual luciferase reporter plasmids were treated
20 h after transfection with 25, 50, 100 or 250 nM Torinl
for 4 h.

In vivo luciferase reporter assay

In vivo luciferase reporter assays were performed using
Nano-Glo and Renilla Luciferase Assay Systems (Promega,
Madison, WI, USA). Cells were harvested and lysates were
prepared with 50-100 wl Passive Lysis Buffer (Promega)
and incubated for 20 min at room temperature. Protein con-
centrations were determined using the Bradford assay (Bio-
Rad, Hercules, CA, USA).

Electrophoresis and western blotting

Protein samples were separated on 10%
polyacrylamide/sodium dodecyl sulphate gels and
transferred to nitrocellulose membranes, which were
blocked by incubation with 5% skim milk in PBST (10
mM NazHPO4/NaH2PO4, pH 75, 0.9% NaCl; 0.1%
Tween-20). The membranes were hybridized with the
primary antibodies listed in Supplementary Table S3.
The membranes were washed three times with PBST
and incubated with secondary antibodies conjugated to
horseradish peroxidase. After three additional washes with
PBST, chemiluminescence was detected by ImageQuant
LAS4000 (Chicago, Illinois, GE Healthcare).

In vitro translation with the reconstituted system

mRNAs were transcribed in vitro in the presence of ei-
ther "'mGpppG or ApppG (for V5-Rluc-stop-dORF-Nluc-
HA mRNA). To reconstitute translation, eIF1 (0.96 pM),
elF1A (0.96 wM), elF2 (0.96 M), elF2B (0.04 n.M), elF3
(0.04 uM), elF4A (2.40 nM), elF4B (0.48 wM), el F4G and
elF4E (0.16 wM), eIF5 (0.32 wM), eIF5B (0.16 uM), PABP
(3.84 uwM), DHX29 (0.08 wM), pure-tRNA (1 pg/wl),
eEF1s (50 M), 40S ribosomal subunit (0.48 nM), 60S ri-
bosomal subunit (0.48 wM), eEF2 (0.96 uM), eRF1/3 (50
ng/wl), AA mix (0.1 mM), ARS mix (150 ng/ul), PPA1
(0.1 wM) and ABCE1 (0.48 wM) were mixed with 0.5 pl
reporter mRNA (150 ng/p.l), and the mixture (2.52 pl) was
incubated for up to 2 h at 32°C. The reaction was stopped
by immersion in liquid N;, and Nano-Glo and Renilla lu-
ciferase activities were measured. The recombinant proteins
translated in vitro are listed in Supplementary Table S4.

Toeprinting of 48S initiation complex with the reconstituted
translation factors

RNA-protein complex was formed by incubating initiation
factors and reporter mRNA (100 ng) transcripts for 10 min
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at 32°C in buffer (100 mM KCI, 20 mM Hepes-KOH [pH
7.5]). Each reaction mixture contained 0.96 wM elF1, 0.96
pM elF1A, 0.96 uM elF2, 0.04 uM elF3, 2.4 wM elF4A,
0.48 wM elF4B, 0.16 pM elF4G®* 13- and 0.1 mM amino
acid mix (1 wg/pleach), in the absence/presence of 40S sub-
units. Incubation was continued for 3 min at 32°C follow-
ing the addition of 2 pmol of 5 IRDye700-labeled primer
5-AGATTCTGAAACAAACTGGACACACCT-3 (com-
plementary to Nano Luc nt 8§1-107). The reaction mixtures
were placed on ice and incubated for 45 min at 32°C in
a 20 pl reaction volume that contained RT mix (8 mM
Mg(AOc);, 0.5 mM dNTPs, 8.6 pl buffer A (2 mM DTT,
100 mM KOAc, 20 mM Tris [pH 7.5], 2.5 mM Mg(AOc),,
1 mM adenosine triphosphate (ATP), 0.1 mM GMP-PNP,
0.25 mM spermidine) and 10U of AMV reverse tran-
scriptase (Promega, 10 U/ul), followed by extraction with
phenol—chloroform and ethanol precipitation. Each cDNA
pellet was dissolved in 5 pl deionized formamide with 5
mg/ml blue dextran. The cDNA was linearized at 95°C for
5 min followed by incubation on ice for 5 min and reso-
lution on 5% polyacrylamide-TBE-urea sequencing gels by
electrophoresis at 1000 V for 120 min. The fluorescence of
IRDye700 was detected by FLA-9000 (Fujifilm). The size of
each cDNA was determined by comparison with a sequenc-
ing ladder of corresponding reporter plasmids or PCR frag-
ment DNAS prepared using the same primers and a Thermo
Sequenase Cycle Sequencing Kit (USB Cat#78500 1 KT).

Toeprinting of the 80S initiation complex with Rabbit Retic-
ulocyte Lysate (RRL)

The translation initiation complexes were assembled in
RRL (RRL; Flexi RRL system; Promega; 2.6 mM endoge-
nous Mg?") in the presence of 20 uM amino acid mixture,
70 mM KOAc, 3 w1 RRL, 4 U RNasin Plus RNase Inhibitor
(Promega) and DEPC treated water or 1 pl of a water solu-
tion of cycloheximide (10 mg/ml). The mixtures, in a final
volume of 4.32 pl, were preincubated for 5 min at 32°C, in-
cubated for an additional 10 min at 32°C after the addition
of reporter mRNA (100 ng) and incubated for 3 min further
at 32°C following the addition of 2 pmol of 5 IRDye700-
labeled primer (see above). Toeprint analysis was performed
as described above.

Primer extension to determine the 5’ end of the truncated Fluc
mRNA

A total of 7.5 pg of RNA was subjected to reverse tran-
scription (RT) by using SuperScript IIIReverse Transcrip-
tase (invitrogen Cat# 18080044) with 5'-IR Dye700-labeled
primer (IDT) complementary to FLUC nucleotide se-
quence (5-GTGATGTTCACCTCGATATGTGCAT-3).
Equal amount of chloroform was added to the reaction
and it was mixed by vortex. Water layer was collected af-
ter centrifuge, followed by ethanol precipitation with one-
tenth amount of 5 M NH4OAc, twice and half amount of
ethanol and 1 pl of glycogen. Obtained cDNA pellet was
dissolved in 5l of deionized formamide with 5 mg/ml blue
dextran (SIGMA, #D4772). cDNA Sample was linearized
at 70°C for 2 min followed by on ice for 5 min, and re-
solved on 5% polyacrylamide-TBE-7Murea sequencing gel
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by electrophoresis at 1000 V for 180 min. Fluorescence of
IRDye700 was detected by FLA-9000 (Fujifilm). The size
of the RT product was determined compared to a sequenc-
ing ladder of corresponding reporter plasmid DNA pre-
pared by using same primer and Thermo Sequenase Cycle
Sequencing Kit (USB Cat# 78500 1 KT).

Quantification and statistical analysis

All quantitative data are presented as the mean + stan-
dard deviation (S.D.) from at least three independent ex-
periments. IRES activities were quantified by measur-
ing normalizing luciferase activity to Renilla activity for
three separate experiments, with error bars representing
S.D.

RESULTS

Dual reporter system identification of elements in 3’ UTRs
that initiate translation of dORFs

Comprehensive genome-wide analysis has revealed the
presence of many translational elements in the 3’ UTRs of
human transcripts (20). The present study was performed
to semi-comprehensively analyze the initiation of transla-
tion in the 3’ UTRs of genes in which readthrough muta-
tions (stop codons mutated to sense codons) are respon-
sible for diseases (24). Initiation of translation was mon-
itored by constructing 80 reporters, in which the 3 UTR
between a stop codon of the main ORF and the next in-
frame stop codon of each gene was inserted between the
ORFs for Renilla luciferase (Rluc) and firefly luciferase
(Fluc) (Figure 1A). In these reporters, the Rluc ORF has
no termination codon, and the Fluc ORF has no AUG ini-
tiation codon. These dual reporters, V5-Rluc(noSTOP )-X-
(noAUG ) FLuc, were utilized to identify the putative IRES
activity that initiates translation of dORFs in the 3’ UTRs.
The various dual reporters were transfected into human
HEK293 cells. More than half the sequences repressed
the expression of downstream Fluc activity (Supplemen-
tary Figure S1), findings consistent with translation ar-
rest evaluated with the GFP-E2 A-X-E2 A- RFP reporter sys-
tem (23). The ratio of luciferase activities of the reporters
with 20 elements was >100% (Supplementary Figure S1),
and that of the reporters with four 3 UTRs, CRYBBI,
PEXI,SH2DI1A and GCH1,was >200% (Figure 1B). West-
ern blot analysis showed Fluc products derived from V5-
Rluc(noSTOP )-X-(noAUG ) Fluc-HA reporters, into which
four 3 UTRs and sequences encoding full-length V5-Rluc-
X-FLuc-HA fusion proteins had been inserted (Figure 1C).
Cryptic promoter activity may initiate transcription from
these elements, resulting in the production of Fluc. To vali-
date the promoter activity of these elements, the CMV pro-
moter of pcDNA3.1(+) was replaced with these elements as
well as HCV and the Fluc activity dependent on promoter
activity was measured. Insertion of these elements resulted
in little or no residual Fluc activity (Supplementary Fig-
ure S2). A comparison with the relatively high expression
of Fluc from V5-Rluc(noSTOP)-X-(noAUG)Fluc-HA re-
porters by these elements suggested that the promoter ac-
tivity of these elements did not account for the expression

of downstream Fluc from the dual reporter construct. Al-
ternatively, these Fluc products may have been produced by
the initiation of translation from these elements in the 3’
UTRs or by the cleavage of full-length Rluc-X-Fluc pro-
tein. To determine whether the Fluc products were pro-
duced by cleavage of full-length Rluc-X-Fluc protein, a ter-
mination codon was inserted just after the upstream Rluc
(Figure 1D). Western blot analysis detected the V5-Fluc
products derived from V35-Rluc(Stop)-X-(noAUG)FLuc-
HA dual reporters that contain a termination codon of
Rluc (Figure 1E, even lanes), indicating that the full-
length Rluc-X-Fluc is not a precursor of the V5-Fluc
products. Western blot analysis detected the middle bands
derived from V5-Rluc(noSTOP)-PEXI-(noAUG ) Fluc-HA
and V5-Rluc(noSTOP)-GCHI-(noAUG) Fluc-HA (Figure
1C, lanes 3 and 5). The introduction of a termination codon
(STOP) at the 3’ end of Rluc ORF eliminated middle bands
derived from V5-Rluc(noSTOP)-PEXI-(noAUG)Fluc-HA
(Figure 1E, lanes 5-6) but not V5-Rluc(noSTOP)-GCHI-
(noAUG ) Fluc-HA (Figure 1E, lanes 9-10), indicating that
the two bands derived from V5-Rluc(noSTOP)-GCHI-
(noAUG)Fluc-HA are translated from the 3 UTR of
GCHI. The luciferase assays revealed that the levels of Rluc
were reduced when Fluc was translated from three 3’ UTRs,
CRYBBI, PEXI and SH2DI1A (Figure 1F, right panel).
These results strongly suggest that these regions have both
initiation codons and activities enabling translation from
these codons. The translation of dORFs repressed the trans-
lation of upstream ORFs, suggesting that dORF products
regulate the translation of main ORFs.

Initiation codons for dORF translation in 3’ UTR elements

To identify the minimal regions of these 3’ UTRs required to
translate (no-AUG)Fluc, deletion analysis was performed
with various deletion series of the V5-Rluc(Stop)-X-
(noAUG ) FLuc-H A dual reporters containing the elements
in four 3’ UTRs (Supplementary Figure S3). CRYBBI (13—
25), PEXI(7-17), SH2DI1A(5-11) and GCHI(29-34)
were identified as minimal regions required for the expres-
sion of (no-AUG) Fluc in V5-Rluc(Stop )-X-(noAUG ) Fluc-
HA reporters (Supplementary Figure S3 and Figure 2A).
Western blot analysis detected the Fluc-HA products de-
rived from reporters V5-Rluc(Stop )-X-(noAUG) FLuc-HA
containing minimal regions of these 3’ UTR elements (Fig-
ure 2B), with Fluc activities being consistent with the lev-
els of Fluc-HA determined by western blotting (Figure 2C).
V5-Rluc was decreased when Fluc-HA was translated from
the reports containing three 3" UTRs, CRYBBI(1-25),
PEXI1(1-17), SH2D1A(1-11), but not from the minimal
regions required for the expression of downstream Fluc-
HA, CRYBBI(13-25), PEX1(7-17) and SH2DI1A(5-11)
(Figure 2D). These findings suggest that the reduced expres-
sion of upstream Rluc did not correlate with the increased
expression of downstream Fluc. The V5-Rluc derived
from reporters V5-Rluc(Stop)-GCHI-(noAUG)FLuc-HA
was not decreased even when Fluc-HA was translated from
GCHI-3 UTRs.

To determine whether translation of dORFs in the 3’
UTRs of these mRNASs is conserved in mammals, the var-
ious reporters V5-Rluc(Stop)-X-(noAUG)FLuc-HA were
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Figure 1. Dual reporter system identification of elements in 3" UTRs that initiate translation of downstream ORFs. (A) Top: Schematic drawing of an
mRNA containing a 3’ UTR of genes, in which readthrough mutations (stop codons mutated to sense codons) are responsible for diseases. TC: termination
codon; ETC: extended termination codon, defined as the next termination codon after readthrough of the original TC. Bottom: Schematic drawing of the
V5-Rluc(noSTOP)-X-(noAUG ) Fluc-HA dual reporter mRNA containing a 3’ UTR. The gray boxes indicate Rluc and Fluc ORFs, and the blue box indi-
cates an untranslated region (UTR). Rluc contains an AUG initiation codon but not a termination codon. Fluc does not contain an AUG initiation codon
at the start site of its ORF. (B) Translation of downstream Fluc was significantly enhanced by the 3’ UTRs of four genes. Cell lysates were prepared from
HEK?293T cells harboring the reporters, and the luciferase activities derived from the V35-Rluc(noSTOP)-X-(noAUG ) Fluc-HA dual luciferase reporters,
as well as the ratio of luciferase activities of the reporters with four 3 UTRs, were determined. Results reported are the mean =+ S.D. of three indepen-
dent experiments. (C) Production of full-length Rluc-X-FLuc fusion proteins and Fluc proteins from V5-Rluc(noSTOP )-X-(noAUG ) Fluc-HA reporters
following insertion of four 3" UTRs. Top: Schematic drawing of the V5-Rluc(noSTOP )-X-(noAUG ) Fluc-HA reporters. HA-tag was inserted upstream
of a termination codon to allow detection of products by western blotting. Bottom: Western blot analysis showing the Fluc products derived from V5-
Rluc(noSTOP)-X-(noAUG ) Fluc-HA reporters with the insertion of four 3/ UTRs. Lysates were prepared from HEK293T cells harboring the reporters,
and the products were detected with anti-HA antibody (Top panel). The expression levels of co-transfected /acZ-V5 were determined with anti-V5 anti-
body. (D) Schematic drawing of the V5-Rluc(noSTOP )-X-(noAUG) Fluc-HA dual reporter mRNA that contains a 3’ UTR. The gray boxes indicate Rluc
and Fluc ORFs, and the blue box indicates a UTR. V5-Rluc(STOP) contained both an initiation and a termination codon, whereas (noAUG) Fluc-HA
did not contain an AUG initiation codon at the start of the ORF. (E) Western blot analysis of full-length Rluc-X-FLuc fusion proteins and Fluc proteins
from V5-Rluc(STOP)-X-(noAUG ) Fluc-HA reporters into which four 3 UTRs had been inserted. Lysates were prepared from HEK293T cells harboring
the reporters, and the products were detected with anti-HA antibody (Top panel). The expression levels of NeoR proteins derived from the transfected
plasmids were determined with anti-neomycin phosphotransferase2 antibody (bottom panel). (F) Translation of downstream Fluc was significantly en-
hanced by the 3’ UTR of four genes. Fluc (left panel) and Rluc (right panel) luciferase activities derived from the V5-Rluc(STOP)-X-(noAUG ) Fluc-HA
reporters, as well as their ratios, were determined. Results reported are the mean £ S.D. of three independent experiments.

transfected into mouse Neuro 2A cells. Western blot anal- of dORFs in the 3" UTRs of these mRNAs is conserved in
ysis detected Fluc-HA products derived from reporters mammals.

containing CRYBBI(13-25), PEXI1(7-17), SH2DI1A(5- The mechanism underlying the translation of dORFs was
11) and GCHI(29-34) (Supplementary Figure S4), indi- assessed by determining the codons from which translation
cating that dORFs in the 3' UTR could be translated in var- was initiated. AUG codons were detected in the minimal
ious cell lines, and that the minimal regions required for the regions of 3’ UTR elements of PEX] and GCH]I required
expression of dORFs were conserved. The putative dORFs for the expression of downstream (no-AUG ) Fluc-HA. Mu-
in these four genes were also identified in the mouse genome, tation of codon 14 (AUG) of PEXI to GGG completely
leading to the construction of the reporters V5-Rluc-X- suppressed the expression of Fluc (Figure 2E, lane 2), in-
(noAUG ) FLuc-HA and V5-Rluc(Stop )-X-(noAUG) FLuc- dicating that translation of downstream (10-AUG)Fluc-
HA containing the elements in the four 3’ UTRs of mice HA requires an AUG codon. Two distinct dORF-Fluc
(Supplementary Figure S5A). Western blot analysis of products were expressed from the reporter containing the
HEK293T cells transfected with these reporters detected 3’ UTR of GCHI, with the larger and smaller products
the Fluc-HA products from the reporters containing the el- named L-dORF-Fluc-HA and M-dORF-Fluc-HA, respec-
ements in the 3’ UTRs of the mouse SH2DI1A and GCH1 tively (Figure 2E). Mutation of codon 34 (AUG) of GCH1
genes, mSH2D1A and mGCHI, respectively (Supplemen- to GGG completely suppressed the expression of M-dORF-
tary Figure S5B, lanes 7-10). These suggest that translation Fluc-HA (Figure 2E, lane 4), indicating that the transla-
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Figure 2. Initiation codons for dORF translation in 3’ UTRs. (A) Sequences of minimal regions required for the expression of (no-AUG ) Fluc from V5-
Rluc(Stop)-X-(noAUG) Fluc-HA reporters. The bold letters indicate the minimal regions of the 3 UTRs of CRYBBI(13-25), PEX1(7-17), SH2DI1A (5~
11) and GCH1(29-34) required to induce the expression of (no-AUG) Fluc-HA. The red letters indicate the initiation codons required for the expression of
(no-AUG ) Fluc-HA. Leu initiation codon mutations affected 3’ IRES-mediated translation activity. (B) Western blot analysis of the Fluc products derived
from the V3-Rluc(Stop)-X-(noAUG)Fluc-HA reporters containing the minimal regions of these four 3’ UTRs. Lysates were prepared from HEK293T
cells harboring these reporters; the Fluc-HA products were detected with anti-HA antibody (Top panel), and the V5-Rluc products were detected with
anti-V5 antibody (middle panel). The expression levels of NeoR proteins derived from the transfected plasmids were determined with anti-neomycin
phosphotransferase2 antibody (bottom panel). (C and D) Translation of downstream Fluc was significantly enhanced by the minimal regions of 3’ UTRs.
Fluc (C) and Rluc (D) luciferase activities derived from the V5-Rluc(STOP)-X-(noAUG ) Fluc-HA reporters were determined. Results reported are the
mean £ S.D. of three independent experiments. (E-G) Western blot analysis of Fluc products derived from the V5-Rluc(Stop)-X-(noAUG) Fluc-HA
reporters. Lysates were prepared from HEK293T cells harboring these reporters; the Fluc-HA products were detected with anti-HA antibody (top panel),
and the V5-Rluc products were detected with anti-V5 antibody (middle panel). The expression levels of NeoR proteins derived from the transfected
plasmids were determined with anti-neomycin phosphotransferase2 antibody (bottom panel). (E) AUG codons in the minimal regions of PEX] and
GCH1 3 UTR elements required for the expression of downstream (no-AUG ) Fluc-HA. (F) Initiation of translation of downstream (no-AUG ) Fluc-HA of
the V5-Rluc(Stop)-GCHI-(noAUG) FLuc-HA reporter from the UUG (Leu) codon. (G) Initiation of translation of the downstream (no-AUG) Fluc-HA
reporter from the CUU (Leu) codons within the minimal regions of CRYBBI and SH2DI1A. (H) Leu codon-dependent initiation of dORF translation
repressed the translation of main ORF. Their ratios derived from the indicated V5-Rluc(STOP)-X-(noAUG)FLuc-HA reporters with the four 3’ UTRs,

were determined. Results reported are the mean & S.D. of three biological replicates.

dORF. These findings strongly suggest that translation of
the downstream (no-AUG)Fluc-HA reporter starts from
the UUG Leu-encoding codon. The Leu initiation codons
UUG/UUA for the expression of L-dORF-Fluc-HA are
close to the AUG initiation codon. It was therefore surpris-
ing that the translation products of L-dORF-Fluc-HA and
M-dORF-Fluc-HA could be separated on PAGE (Figure
2E, lane 3, Figure 1C, lane 5 and Figure 1E, lane 10). The

tion of (no-AUG ) Fluc-HA is initiated from this codon. L-
dORF-Fluc-HA was still produced from V5-Rluc(Stop)-
GCHI-(noAUG)FLuc-HA, with no other AUG codon be-
ing present in the minimal region of the 3’ UTR of GCH1.
These findings suggest that translation may be initiated
from a non-AUG codon, such as two Leu codons. Mu-
tation of codons 31 (UUG) and 32 (UUA) of GCHI to
GGG almost completely suppressed the expression of M-

dORF-Fluc-HA (Figure 2F, lanes 3-4 and H), whereas mu-
tation of codon 31 (UUG) to CUA, both encoding Leu,
did not affect the expression of the upper dORF-Fluc-
HA product (Figure 2F, lane 6), suggesting that both Leu-
encoding codons, CUA and UUA, initiate translation of

reason for the difference in migration between these two
products is unclear, but it may be due to differences in their
amino acid compositions. The minimal regions of CRYBBI
and SH2DI1A, and CRYBBI(13-25) and SH2D1A(5-11),
respectively, do not contain AUG codons (Figure 2A), sug-



gesting that translation of mRNAs encoded in these min-
imal regions may be initiated from Leu codons. The re-
placement of codon 13 (CUU, encoding Leu) of CRYBBI
and codon 8 (CUU) of SH2DIA by GGG markedly re-
duced the expression of (n0-AUG)Fluc-HA (Figure 2G,
lanes 2 and 4), strongly suggesting that the translation of the
downstream (no-AUG)Fluc-HA reporter is initiated from
the CUU codons within the minimal regions of CRYBBI
and SH2DIA. Thus, translation of the dORFs in these 3’
UTRs can be initiated from AUG-encoding codons, in-
cluding codon 14 of PEXI and codon 34 of GCHI, or
from Leu-encoding codons, such as codon 13 of CRYBBI,
codon 8 of SH2DI1A and codons 31 and 32 of GCHI. The
levels of V5-Rluc derived from V5-Rluc(Stop)-CRYBBI-
(noAUG ) Fluc-HA when CRYBBI contained Leu but not
Gly at codon 13 (Figure 2G, lanes 1-2, middle panel),
and the levels of V5-Rluc derived from V5-Rluc(Stop)-
SH2DI1A-(noAUG ) Fluc-HA, were reduced when SH2D1 A
contained Leu but not Gly at codon 8 (Figure 2G, lanes
34, middle panel). Luciferase activities showed similar
patterns (Figure 2H), suggesting that translation of the
dORF repressed translation of main ORF in these con-
structs, and that the elements in 3’ UTRs initiate translation
of dORFs.

IRES in 3’ UTR drives translation of dORF

The results shown above suggest that these 3 UTR ele-
ments have the ability to reinitiate translation of dORFs
after translation is terminated at a stop codon, or to ini-
tiate IRES-mediated translation. To further investigate the
mechanism of dORF translation, a sequence that forms a
stem-loop structure was inserted into a 5 UTR, thereby
inhibiting the scanning of the 43S preinitiation complex
in cap-dependent translation (Figure 3A). The insertion of
a stem-loop structure eliminated translation of full-length
V5-Rluc(Stop)-X-(noAUG)Fluc-HA (Figure 3B, lanes 3, 7,
11, 15 and 19) and Rluc derived from V5-Rluc(Stop)-X-
(noAUG)Fluc-HA products (Figure 3B, lanes 4, 8, 12, 16
and 20), indicating that a stem-loop structure strongly re-
presses cap-dependent translation of Rluc. The insertion of
a stem-loop structure into the 5 UTR of Fluc, however,
did not affect the level of dORF-(noAUG)Fluc proteins en-
coded by V5-Rluc(Stop)-GCHI dORF-(noAUG)Fluc-HA
(Figure 3B, lanes 19-20), strongly suggesting that the 3’
UTR of GCHI possesses IRES activity that initiates the
translation of dORFs. By contrast, the sequence forming a
stem-loop structure in the 5" UTR inhibited the production
of (noAUG ) Fluc-HA proteins encoded by the other three
V5-Rluc(Stop )-X-(noAUG ) Fluc-HA reporters (Figure 3B,
lanes 7-8, 11-12 and 15-16). These findings suggest that
(noAUG ) FLuc-HA is translated by re-initiation after ter-
mination at a stop codon of Rluc.

The efficiency of re-initiation was shown to be inversely
proportional to the distance between the termination and
re-initiation codons (25). To further investigate the mech-
anism by which the elements of 3’ UTR facilitate transla-
tion of downstream Fluc, the long fragment was inserted
just downstream of the translation termination codon of
Rluc (Figure 3C). The insertion of NanoLuc ORF with-
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out AUG (noAUG-Nluc) reduced but did not eliminate
the generation of the dORF product initiated from the
3’ UTR of GCHI (Figure 3D, lanes 5 and 10), and the
insertion of a noAUG insert derived from the Nluc se-
quence eliminated the generation of the dORF product
initiated from the other three 3’ UTR elements (Figure
3D, lanes 2-4 and 7-9). The amount of NeoR was consis-
tently lower than that in the absence of the insert, probably
due to the less efficient transfection of the longer plasmid.
The luciferase activities derived from the reporters demon-
strated that the level of dORF-(noAUG)Fluc protein result-
ing from translation of the V5-Rluc(Stop)-noAUG-Nluc-
GCHI-dORF-(noAUG)Fluc-HA reporter was reduced by
the insertion of the noAUG-Nluc fragment. By contrast,
dORF-(noAUG)Fluc proteins derived from other reporters
were almost eliminated by the insertion of the noAUG-Nluc
fragment (Figure 3E). Because the efficiency of re-initiation
is inversely proportional to the distance between the termi-
nation and re-initiation codons (26), the V5-Rluc(Stop)-
noAUG-Nluc-X-dORF-(noAUG) Fluc-HA reporters con-
taining the 3’ UTR elements of CRYBBI, PEXI and
SH2DI1A were translated by re-initiation to yield dORF-
Fluc-HA products. The insertion of a stem-loop structure
into the SUTR and the long fragment just after the termi-
nation codon of the upstream ORF did not strongly repress
the production of GCHI-dORF-Fluc-HA, suggesting that
the 3-UTR of GCHI possesses IRES activity.

We also investigated mRNAs produced from the
Rluc(noSTOP)-X-(noAUG)FLuc dual reporters with
Northern blotting using FLUC probe. The full-length and
truncated mRNAs derived from the Rluc(noSTOP )-dORF-
(noAUG)FLuc reporters were detected (Supplementary
Figure S6A, lanes 4, 7, 10 and 13). The insertion of a
stem-loop structure significantly reduced the levels of both
full-length V5-Rluc(Stop)-X-(noAUG) Fluc-HA mRNAs
and the truncated mRNA derived from V5-Rluc(Stop)-
X-(noAUG ) Fluc-HA (Supplementary Figure S6A, lanes
6,9, 12 and 15). The insertion of termination codon into
the Rluc also significantly reduced the levels of full-length
and truncated mRNAs (Supplementary Figure S6A, lanes
5, 8, 11 and 14), probably due to the nonsense-mediated
mRNA decay. Importantly, the levels of the truncated
mRNAs correlated with that of the full-length mRNAs in
these constructs, suggesting that the truncated mRNAs are
derived from the full-length mRNAs. The primer extension
experiments determined the 5 ends of the truncated mR-
NAs derived from VS5-Rluc(Stop)-X-(noAUG)Fluc-HA
reporters containing the 3 UTR elements of CRYBBI,
PEXI and SH2D1A (Supplementary Figures S6B and C).
The 5’ ends were mapped within the Rluc ORF, upstream
of the dORF insertion, suggesting that the truncated
mRNAs were not produced by promoter activity of the
dORF insertion. The 5 end of the truncated mRNAs
derived from V5-Rluc(Stop)-GCHI-(noAUG)Fluc-HA
reporters were mapped within the insertion but upstream
of the cis-element required for the production of GCHI1-
dORF-Fluc-HA (Supplementary Figures S6B and C).
We propose that translation of 3’UTR inhibits 5" to 3’
decay and results in the production of the truncated
mRNAs.
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Figure 3. IRES in 3’ UTR drives translation of dORF. (A) Schematic drawing of the SL-V5-Rluc(STOP )-(noAUG ) Fluc-HA dual reporter mRNA. SL,
sequence forming a stem-loop structure. The gray boxes indicate Rluc and Fluc ORFs, and the blue box indicates a UTR. V5-Rluc(STOP ) contains both an
initiation and termination codon, whereas (n0AUG) Fluc-HA does not contain an AUG initiation codon at the start of the ORF. (B) Western blot analysis of
dORF-Fluc-HA products derived from various X-V5-Rluc(STOP)-Y-(noAUG) Fluc-HA reporter mRNAs, with X = SL indicating an element that forms
astem-loop structure and Y = TC indicating V5-Rluc with a termination codon. Lysates were prepared from HEK293T cells harboring these reporters, and
dORF-Fluc-HA and NeoR proteins were determined with anti-HA (top panel) and anti-VS5 (bottom panel) antibodies. (C) Schematic drawing of SL-V5-
Rluc(STOP)-(noAUG ) Fluc-HA reporter mRNAs without (top) and with (bottom) an inserted (noAUG)NIluc lacking an AUG codon. (D) Western blot
analysis of dORF-Fluc-HA products derived from various V5-Rluc(Stop )-X-(noAUG ) FLuc-HA reporter mRNAs. Lysates were prepared from HEK293T
cells harboring these reporters, and dORF-Fluc-HA and NeoR proteins were determined with anti-HA (top panel) and anti-neomycin phosphotransferase2
(bottom panel) antibodies. (E and F) Expression of Fluc-HA (E) and the ratio of Fluc to Rluc (F) by V5-Rluc(Stop)-GCHI-(noAUG) FLuc-HA reporters
with a stem-loop structure in the 5 UTR or an inserted long fragment just after the termination codon of Rluc. -noAUG-Nluc (gray box) and +noAUG-
Nluc (red box) luciferase activities derived from the indicated V5-Rluc(STOP)-X-(noAUG)Fluc-HA dual luciferase reporters with the four 3’ UTRs, as
well as their ratios, were determined. Results reported are the mean + S.D. of three independent experiments.

elF4G drives AUG-dependent 3’ IRES activity of GCH1 in
the reconstituted translation system

The mechanism of dORF translation from the 3' UTR
of GCHI was investigated using a reconstituted in vitro
translation system (27). The template mRNAs were m7G-
capped and A-capped V5-Ruc(STOP)-X-(noAUG)Nluc-
HA mRNAs containing Rluc ORF followed by the 3’ UTR
of GCHI and Nluc ORF lacking an AUG codon (Figure
4A). The controls included m7G-capped and A-capped V5-
Rluc-(noAUG) Nluc-HA mRNAs, which produced Rluc-
Nluc fusion proteins (Figure 4B). With m7G-capped mR-
NAs, the ratio of Nluc-to-Rluc activity was 40% that of con-
trol V5-Rluc-(noAUG)Nluc-HA mRNA (Figure 4B, gray
bars). HCV-IRES, the prototype of structurally similar type
3 viral IRESs, binds directly to the 40S rRNA subunit
and eIF3 (28) via several IRES structural domains (29-32),
along with the elF2-containing ternary complex, resulting
in the formation of a 43S preinitiation complex (PIC) and

an elongation-competent 80S ribosome (18). As expected,
HCV-IRES strongly facilitated the translation of Nluc from
both m7G-capped and A-capped reporter mRNAs (Fig-
ure 4B). With A-capped mRNAs, the ratio of Nluc-to-Rluc
activity was 50% that of control V5-Rluc-(noAUG) Nluc-
HA mRNA, indicating that the 3’ UTR of GCHI con-
tains cap-independent IRES activity (Figure 4B, GCHI
bars). The IRES activity of the 3’ UTR of GCHI with A-
capped mRNA was almost the same as that of CrPV-IRES
and 10% that of HCV-IRES (Figure 4B). The 3’ UTR of
GCH] produced Nluc protein from both m7G-capped and
A-capped V5-Rluc(STOP)-X-(noAUG) Nluc-HA mRNAs
(Figure 4C, red bars in GCHI), although the amount of
Rluc protein produced by A-capped mRNA was signifi-
cantly reduced due to the m7G-cap-dependent translation
of Rluc (Figure 4C, gray bars in GCHI).

We next investigated the function of translation initiation
factors for GCHI-IRES. elF4F is required for translation
of both luciferase reporters of A-capped V5-Rluc(STOP)-



Nucleic Acids Research, 2020, Vol. 48, No. 18 10449

Rluc Nluc(noAUG) Rluc Nluc(noAUG)
cap AAA (A)cap
V5 IRES-dORF HA V5 GCH1-dORF HA
B @) HCV(+AUG) GCH1 (%) HCcV GCH1 GCH1-M34G
1000 J- m7Gcap g > L .
(A,)% == Acap — £ ool
g : I
» 100 k3] S5
8 gf:; 150 I 23 75
%é’ 80 ST g%
ST 35 100 5o 50
B3 So 33
oS 50 s 23 0Z
22 ©Z 50l 2= 25
< 2> k]
lid B il ®
2 N &
s Cap m7G A | m7G A elF4F +
o D >
S O
£S333 Rluc Rluc
K ' Niuc == Niuc
é’ s X
O a
T S

V5-Rluc(STOP)-stop-Nluc-HA

Riuc Nluc(noAUG)
AAA
& GCH1-dORF ~ HA

a
1l

Rluc
mm Nluc

=)
LT

un
Relative luciferase activity
(Rluc or Nluc)

Relative luciferase activity
(Nluc or Rluc)

14

elF4G(84-)/4E -+ - - -+ - + = < N @D o <D o m o @
eIF4(G(1)97-) e C e + %E%ﬁ%il%%ﬁ?%
elF4E <! S - - e e o e ° oy o8 7

Ful _ -4GM4E 1 Ful -4G/4E 'Full -AG/AE o

No insert GCH1 GCH1-M34G Omitted factors

Figure 4. ¢IF4G drives AUG-dependent 3’ IRES activities in the reconstituted translation system. (A) Schematic drawing of the V'5-Rluc(STOP )-IRES-
(noAUG ) Nluc-HA dual reporter mRNA for in vitro translation assays. The gray box indicates Rluc, the red box indicates Nluc, and the black box indicates
IRESs. V5-Rluc(STOP) contains both an initiation and termination codon, whereas (n0AUG ) Nluc-HA lacks an AUG initiation codon at the start of the
ORF. (B) Expression of Nluc-HA by m7G or A-capped reporter mRNAs. The luciferase activities of Rluc and Nluc derived from the indicated mRNAs,
as well as their ratios, were determined. (C—F) In vitro translation in the reconstituted translation system. (C) 3’ UTR of GCH/ contains cap-independent
IRES activity. Determination of the Nanoluc activities of Nluc products derived from the indicated m7G-capped and A-capped reporter mRNAs with
HCV-IRES or 3’ UTR of GCH]I. (D) Dependence of cap-independent IRES activities of the 3’ UTR of GCHI on an AUG initiation codon and elF4F.
The Nanoluc activities of Nluc products derived from the indicated A-capped reporter mRNAs with HCV-IRES or 3’ UTR of GCHI were determined.
(E) Dependence of cap-independent IRES activity of the 3 UTR of GCHI on elF4G but not on elF4E. The Nanoluc activities of Nluc derived from
the V5-Rluc(STOP)-GCHI-(noAUG) Nluc-HA were determined in the reconstituted translation system in the presence or absence of eIF4G. (F) 3/-IRES
activity of GCHI depends on elF2, elF3, elF4A, elF4B and elF4G. Nanoluc activities derived from the indicated A-capped V5-Rluc(STOP)-GCHI-
(noAUG ) Nluc-HA mRNAs with 3’ IRES-GCH1 were determined in the reconstituted translation system following omission of each indicated translation
factor. Results reported are the mean + S.D. of Nluc amounts normalized to Rluc amounts from three independent experiments.

GCHI-(noAUG)Nluc-HA mRNA (Figure 4D), although
HCV-IRES significantly facilitated the translation of the
(noAUG ) Nluc-HA reporter in the absence of elF4F. These
findings indicate that the IRES in the 3’ UTR of GCHI
requires elF4F for initiation of translation. Replacement
of the AUG sequence at codon 34 with GGG eliminated
the expression of both reporters, indicating that an internal
AUG codon in the 3’ UTR of GCH1 is required for IRES-
mediated translation of Nluc and Rluc (Figure 4D). Since
the elF4F-dependent GCHI-IRES activity was observed
with A-capped mRNA, the eIF4E dependence of IRES
activity on GCHI was investigated (Figure 4E). Transla-
tion of Nluc depended on elF4F, with reduced translation
restored by the addition of eIF4G(84-1599)+¢IF4E and
elF4G(197-1599) alone, but not by elF4E alone, indicat-
ing that GCHI-IRES activity requires eIF4G but does not

require elF4E or cap structure (Figure 4E, middle panel).
These findings indicated that the 3’ UTR of GCHI contains
an elF4G-dependent IRES (3’ IRES) and dORF. Substitu-
tion of the AUG at codon 34 with GGG again eliminated
the expression of both reporters (Figure 4E, right panel),
suggesting that AUG-dependent, but not UUG-dependent,
initiation of translation could be recapitulated by the recon-
stituted in vitro translation system.

Individual omission of translation factors revealed that
GCHI-3 IRES activity was greatly dependent on elF2,
elF3, eIF4A, elF4B and elF4G, but not on elF4E, elF1,
elF1A, elF2B, elF5, eIF5B, PABP, or DHX?29 (Figure 4F).
elF4G may bind directly to the 3" IRES of GCHI and re-
cruit the 43S preinitiation complex, composed of the 40S
subunit and the translation factors elF2, elF3, eIF4A and
elF4B.
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Detection of the 80S initiation complex by toeprinting with
Rabbit Reticulocyte Lysate (RRL)

To examine whether GCHI1-3" IRES was associated with
the formation of the 48S or 80S initiation complex,
primer extension was performed, and the RNP com-
plexes that formed on A-capped RNAs containing short
uORF(MVHL) were analyzed, following HCV-IRES or
GCHI1-3' IRES and NanoLuc ORF (Supplementary Fig-
ure S7A). In vitro translation of the A-capped RNAs
containing short uUORF (MVHL) followed the elements.
NanoLuc ORF revealed that the indicated elements be-
tween short ORF and NanoLuc ORF moderately but sig-
nificantly facilitated the translation of the reporter RNAs
(Supplementary Figure S7B). Under this condition, the ac-
tivity of GCH1-3’ IRES was comparable to that of HCV.
Moreover, GCH1-3" IRES-mediated translation was di-
minished by the M34G mutation (Supplementary Figure
S7B), suggesting that GCH1-3" IRES-mediated translation
depended on the AUG initiation codon. Primer extension
analysis of RNP complexes formed on HCV-IRES and the
3’-GCHI1-element with the 5 fluorescence-labeled primer
showed that toeprinting with HCV-IRES occurred follow-
ing incubation with RRL, as previously demonstrated (Sup-
plementary Figure S7C, lanes 1-2). The position of the
toeprinting signal was shifted in the presence of the trans-
lation inhibitor cycloheximide (CHX) (Supplementary Fig-
ure S7C, lanes 2-3), indicating formation of the 80S initi-
ation complex (5,33-34). The M34G mutation eliminated
the toeprinting signal, indicating that the 80S complex was
formed with the AUG initiation codon of GCH1-3' IRES
at the P-site (Supplementary Figure S7D, lanes 3 and 6).
The toeprinting experiments with the reconstituted transla-
tion factors failed to detect the 48S initiation complex (data
not shown).

elF4G drives translation initiation by polyU and poliovirus
type 2 (PV2) in the reconstituted translation system

PolyU has been hypothesized to directly recruit elF4G,
and short element of PV2 are thought to base pair
with 18S rRNA to initiate translation (20). We investi-
gated whether polyU and PV2 facilitate translation ini-
tiation in the reconstituted translation system using A-
capped V5-Rluc(STOP)-PV2-(noAUG)Nluc-HA mRNA
(Figure 5B). Translation of Nluc depended on elF4F,
with reduced translation restored by the addition of
elF4G(197-1599) alone or elF4G(84-1599) plus elF4E,
but not by eIF4E alone, indicating that PV2 activity re-
quires elF4G but not elF4E or the cap structure (Fig-
ure 5A, left panel). Investigation of polyU activity us-
ing A-capped V5-Rluc(STOP)-polyU-(noAUG)Nluc-HA
mRNA showed that the translation-stimulation activity of
polyU was lower than that of PV2, but that polyU activ-
ity also required eIF4G but not eIF4E or the cap structure
(Figure 5A, right panel). Individual omission of translation
factors showed that IRES activity of polyU and PV2 was
highly dependent on elF2, elF3, elF4A, elF4B and elF4G,
but not on elF4E, elF1, eIF1A, elF2B, elF5, eIF5B, PABP,
or DHX29 (Figure 5B and C). The initiation factor depen-
dency of these two elements was similar to that of GCHI-
3’ IRES. Because polyU binds to eIF4G in yeast (35), we
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Figure 5. eIF4G drives the IRES activity of PV2 and polyU in the re-
constituted translation system. (A) Dependence of cap-independent IRES
activities of PV2 and polyU on eIF4G but not on eIF4E. The Nanoluc ac-
tivities derived from the V5-Rluc(STOP)-PV2/polyU-(noAUG) Nluc-HA
were determined in the reconstituted translation system in the presence or
absence of eIF4G. (B and C) Dependence of the IRES activities of PV-2
and polyU on elF2, elF3, elF4A, elF4B and eIF4G. Nanoluc activities
of the indicated A-capped V5-Rluc(STOP)-PV2-(noAUG)Nluc-HA (B)
and V5-Rluc(STOP )-polyU-(noAUG) Nluc-HA (C) mRNAs were deter-
mined in the reconstituted translation system following omission of each
indicated translation factor. Results reported are the mean £ S.D. of three
independent experiments.



hypothesized that eIF4G directly binds to GCHI-3" IRES,
and polyU and PV2 elements recruit the 43S preinitiation
complex, composed of the 40S subunit and translation fac-
tors.

3’ IRES-mediated translation is resistant to the mTOR in-
hibitor Torin 1

The results of reconstituted in vitro translation suggest that
inhibition of binding of eIF4E to the cap structure could in-
crease the 3' IRES activity of GCHI. The PI3K-Akt-mTOR
signaling pathway is a master regulator of RNA translation.
Torin 1 is a potent and selective ATP-competitive inhibitor
of mTOR (36,37). We therefore assessed the effect of Torinl
on IRES activity using the reporter V5-Rluc-HCV-IRES-
AUG-(noAUG) Fluc-HA (Figure 6A). Torin 1 effectively
blocked the phosphorylation of 4EBP1/2 by mTORCI1 and
mTORC2 (38,39), suppressing cap-dependent translation in
a manner dependent on the non-phosphorylated form of
4EBP1/2. Rluc levels were inversely correlated with Torinl
concentrations (Figure 6B, middle panel), due to the re-
duced levels of phosphorylated 4E-BP (Figure 6B, lower
panel). By contrast, HCV-IRES remained active and trans-
lated dORF-Fluc (Figure 6B, upper panel). The level of
expression of dORF-Fluc was also reduced, but less effi-
ciently than that of Rluc, increasing the Rluc-to-Fluc ratio
as a function of Torin 1 concentration (Figure 6C). Simi-
lar results were obtained with IRES of encephalomyocardi-
tis virus (EMCYV) (Figure 6D-F). Evaluation of the effects
of Torinl on GCHI 3’ IRES-mediated translation showed
that the levels of dORF-Fluc were similar, even in the pres-
ence of Torin 1, although Rluc levels were reduced (Figure
6H), and the ratio of Rluc-to-Fluc activity was increased as
a function of Torinl concentration (Figure 61). These find-
ings indicated that GCHI-3" IRES-dependent translation
of dORF occurred even when cap-dependent translation of
the main ORF was inhibited in vivo.

DISCUSSION

A reduction in the levels of releasing factors could in-
duce readthrough of termination codons, enhance specific
cis-elements that inhibit termination of translation and/or
increase the expression of suppressor tRNAs (25,40-41).
Translation of 3’ UTRs in mammalian cells may be aber-
rant, as the production of C-terminus extended abnormal
proteins is generally suppressed. Translation of 3" UTRs
in yeast cells and the synthesis of dORF products also
require re-initiation of translation after its termination, a
re-initiation resulting from the inhibition of quality con-
trol factors (42). A relatively high frequency of genes, in-
cluding highly expressed ribosomal subunit proteins, un-
dergo translational readthrough and have a higher pro-
portion of intrinsically disordered C-termini. In this study,
translational readthrough was observed, but dORF prod-
ucts derived from translation initiation sites in four 3’
UTRs were identified. Translation of dORFs from three
of these 3’ UTR elements required re-initiation from non-
AUG codons. In yeast, Tma64/elF2D, Tma20/MCT-1 and
Tma22/DENR recycle post-termination 40S subunits (41),
and 40S ribosomes appeared to rejoin with 60S subunits
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and undergo an 80S re-initiation process in 3 UTRs. In
mammals, re-initiation and other unconventional post-
termination events have been recapitulated by in vitro trans-
lation using a reconstituted mammalian translation sys-
tem (25). The presence of elF2, elF3, elF1 elF1A, and
Met-tRNAiMet was sufficient for recycled 40S subunits
to remain on mRNA, scanning bidirectionally, and reini-
tiate at upstream and downstream AUGs if mRNA regions
flanking the stop codon were unstructured. We hypothesize
that the cis-elements required to induce re-initiation in 3’
UTRs were similar in sequence and pyrimidine-rich, sug-
gesting that putative trans-factor(s) may be involved in the
re-initiation of translation and the synthesis of dORF prod-
ucts, probably inhibiting the function of those 40S riboso-
mal subunit recycling factors. The luciferase assays revealed
that the levels of Rluc were reduced when Fluc was trans-
lated from three 3’ UTRs, CRYBBI, PEXI and SH2DIA.
These results strongly suggest that these regions have both
initiation codons and activities, enabling translation from
these codons. The translation of dORF's repressed the trans-
lation of upstream ORFs, suggesting that dORF products
regulate the translation of main ORFs.

Translation of dORF from the GCHI-3" UTR element
required AUG codons and a termination codon, suggesting
that translation initiates from the element but re-initiation
does not. Promoter assays showed the absence of cryptic
promoters, as the three 3’ UTRs had no activity. GCHI-3'
UTR had residual activity, but this activity was significantly
lower than that of the CMV promoter. The expression level
of the (no-AUG)Fluc derived from the V5-Rluc(Stop)-
GCHI-(noAUG)Fluc-HA reporter was much higher, com-
parable to the level of V5-Rluc-Fluc-HA of the control
V5-Rluc-(noAUG)Fluc-HA reporter. These findings sug-
gest that cryptic promoter activity does not sufficiently ac-
count for the expression of downstream Fluc by the GCHI-
3’ UTR element. We therefore assessed whether the GCH -
3’ UTR element could initiate translation with the reconsti-
tuted translation system and performed toeprinting experi-
ments with RRL.

Biochemical approaches have shown that the mecha-
nisms responsible for internal initiation of different classes
of IRESs vary greatly, as revealed by their varying require-
ments for canonical initiation factors and/or specific stimu-
latory ITAFs. The formation of the 48S initiation complex
on type II IRESs such as EMCV-IRES, requires the 43S
complex, which is composed of elF2, elF3, the 40S riboso-
mal subunit, the RNA helicase eIF4A, and the central do-
main of elF4G (3-6). Synthesis, however, is only moderately
stimulated by eIF4B, eIF1 and eIF1A, and does not require
the cap-binding protein eIF4E or the N-terminal domain
of eIF4G, to which it binds. The potential cellular IRES el-
ements can be classified into three cis-regulatory elements,
including polyU and poliovirus type 2 (PV2) short IRES el-
ements (20). However, these IRESs in cellular mRNAs have
not been confirmed functionally or biochemically, and as-
sessments of potential cellular IRES have yielded conflict-
ing results (25,43-45). This study identified the elements in
3’ UTRs required to initiate translation of dORFs. The ele-
ment in the 3’ UTR of GCHI was found to drive translation
of the dORF in vivo and in the reconstituted translation sys-
tem, indicating that this element possesses IRES activity, al-
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V5-Rluc(STOP)-3'IRES-GCHI-(noAUG) Fluc-HA (H) reporters with the insertion of GCH1 3’ UTRs. Western blot analysis of the Fluc products derived
from V5-Rluc(STOP)-3’ IRES-GCHI-(noAUG ) Fluc-HA reporters. Lysates were prepared from HEK293T cells harboring the reporters, and their prod-
ucts were detected with anti-HA antibody (top panel). The expression levels of V5-Rluc were determined with anti-V5 antibody (middle panel), and the
expression levels of phosphorylated and non-phosphorylated 4E-BP were determined with anti-4E-BP antibody (bottom panel). (C, F and I) The 3’ IRES
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lowing it to initiate translation of dORF. The in vitro recon-
stituted translation system revealed that the IRES required
elF4G, elF2, elF3, eIF4A and elF4B, but not eIF4E, elF1,
elF1A, elF2B, elF5, eIF5B, PABP, or DHX29 (Figure 4F).
The minimal cis-element required for IRES activity was 12
nt in length, which may be too short to form the secondary
structure required to recruit these factors. Our results sug-
gest that eI[F4G binds directly to these elements and re-
cruits the 43S preinitiation complex, which is composed of
the 40S subunit and translation factors. The consensus nu-
cleotide sequence for elF4G recognition remains unclear
in mammals, but eIF4G preferentially binds to polyU se-
quences in yeast (35). One possibility is that the element
recruits eIF4G in a manner independent of cap structure
and elF4E. By rearranging the ribosomal 40S subunit head,
elF4G and eIF4A—eIlF4B tune the conformational energy
landscape of the ribosome to induce opening of the mRNA
entry channel. The 3 IRES of GCHI may therefore recruit
elF4G, which, together with the RNA helicase activity of
elF4A and elF4B, unwinds the RNA region needed to ini-
tiate translation. The toeprinting experiments with the re-
constituted translation factors demonstrated that GCHI-3'
IRES facilitates the formation of the 80S complex on the
AUG initiation codon of GCHI-3' IRES at the P-site. The
inability to detect the 48S initiation complex suggested that

the 48S ribosome formed at the initiation codon may be be-
low the limit of detection, or that its retention is less sta-
ble than that of HCV-IRES. Many of the well-characterized
IRESs require canonical initiation factors and specific stim-
ulatory ITAFs. These elements may also require potential
ITAFs, suggesting the need for further experiments, includ-
ing in silico analysis and pull-down assays.

Experiments with the reconstituted translation system
suggest that e[F4G generally drives the activity of the polyU
and poliovirus type 2 (PV2) short IRES elements, as well
as the GCHI-3' IRES. Our results also suggest that eIF4G
binds directly to the PV2 and polyU elements, and recruits
the 43S preinitiation complex, which is composed of the 40S
subunit and translation factors. The binding of pyrimidine-
rich mRNA sequences to 18S RNA may be similar to the
prokaryotic Shine-Dalgarno (SD) sequence (20). Although
the ability of PV2-IRES to form base pairs with 18S rRNA
has not been determined, our results suggest that elF4G
generally recognizes endogenous IRESs in mRNAs, initiat-
ing the translation of uORFs, main ORFsand dORFs. Type
IT IRES, which require the C-terminal region of elF4G,
contain an A-rich bulge within domain IV, which is abso-
lutely essential for elF4G binding (46-48). Further exper-
iments should confirm the direct binding of mammalian
elF4G to polyU.



Nucleic Acids Research, 2020, Vol. 48, No. 18 10453

dORF
*~—— —=s—E— AAAA
JAG)
A Cap-dependent translation elF4F (4E-4G) B 3’ IRES-mediate translation
recruitment
. Qo
—n—J— AAAA b . AAAA
43S copmplex recruitmnet 43S copmplex recruitmnet
Scanning Scanning

80S copmplex formation

/ ‘\\\‘
o%\— T — e AAAA

/)

_

80S copmplex formation

—

/ N
{

— - — AAAA
Q 7

Figure 7. Model for eIF4G-driven initiation of translation from GCHI-3" UTR. The eIF4F complex can bind to mRNA via the cap structure (A) or the
GCHI1-3' UTR element (B). The binding of eIF4F to two sites may occur simultaneously or may be competitive. Binding of the eIF4F complex to the cap
structure initiates the conventional translation pathway, with translation of upstream ORF from the first AUG codon. Binding of the eIF4F complex to
the GCHI-3' UTR element may occur via the binding of e[F4G to an element in elF4E in a cap-structure-independent manner. Conventional translation
factors and 43S ribosome complex are recruited, and 80S complex formation on the 3’UTR initiates translation of dORF.

Cap-independent translation enhancers (CITEs) are also
used for the translation of naturally uncapped mRNAs.
CITEs are most prevalent in the 3’ UTRs of plant viral mR-
NAs, where they assume various three-dimensional pseudo-
knotted structures, facilitating the recruitment of compo-
nents of the eIF4F complex or ribosomal subunits (49).
A comparison of the three mechanisms of translation ini-
tiation, cap-dependent translation, IRES, and CITE, sug-
gested a workflow for the validation of IRES activity based
on four criteria (47): 1) resistance to elF4G cleavage, ii)
resistance to mTORCI inhibition, iii) resistance to 4EBP-
mediated inhibition and m7GTP-dependent translation,
and iv) translation on bicistronic mRNA. The GCHI-3'
IRES-mediated translation is resistant to eIF4G cleavage
and to mMTORCI inhibition and 4EBP-mediated inhibition.
That GCHI-3' IRES facilitates translation is evident with
A-capped mRNA in bicistronic construction, suggesting
that the GCHI-3' UTR element has IRES activity (Fig-
ure 7). The elF4F complex may bind to mRNA via a cap
structure or the GCHI-3' UTR element. Binding of the
elF4F complex to the cap structure initiates the conven-
tional pathway of translation, with translation of upstream
OREF initiated from the first AUG codon. The elF4F com-
plex may bind to the GCHI-3 UTR element via the binding
of eIF4G to the element in a manner independent of eIF4E
and the cap structure. Conventional translation factors and
the 43S ribosome complex are recruited, and 80S complex
formation on the 3’UTR initiates translation of dORF. The
binding of eIF4F to two sites may occur simultaneously or
may be competitive.

Despite this heterogeneity of IRES elements required by
the host to recruit ribosomal subunits, conserved motifs
preserve sequences that affect RNA structure and RNA-
protein interactions, which are significant for IRES-driven
translation (43). However, RNA-binding proteins (RBPs)
composed of ribonucleoprotein complexes are recruited
by the short RNA motifs. IRES elements may consist of
combinations of short modules, providing sites of inter-

action for ribosome subunits, eIFs and RBPs, with im-
plications for the definition of criteria to identify novel
IRES-like elements throughout the genome (43). Our re-
sults strongly suggest that the GCH/-3' UTR element con-
stitutes a short motif that recruits elF4G. Translational-
enhancing elements, which facilitate translation through
interactions with elF4G positioned downstream of a re-
porter gene, can also enhance translation of the upstream
gene in a cap-independent manner. The tethering of eIF4G
on mRNA experiments demonstrated the effect of the dis-
tance between the cap structure and initiation codon on the
translation efficiency of mRNAs. These findings support
the RNA looping hypothesis that translational enhance-
ment by elF4G is recognition of the initiation codon by
the ribosome bound to the ribosome-recruiting sites (45).
The RNA looping model provides a logical explanation
for the augmentation of translation by enhancing elements
located upstream and/or downstream of a protein-coding
region.

Recent genome-wide studies explored the effect of repres-
sion of the master regulator mTOR kinase on protein syn-
thesis (50,51). mTOR inhibition led to dephosphorylation
of eIF4E-binding protein (4E-BP), and disruption of inter-
actions between elF4E and elF4G (50,51). Thus, transla-
tion of bulk mRNAs, even under harsh conditions, is not
inhibited to the extent expected from the ratio of capped-
to-uncapped mRNA translation efficiencies. The m7G cap
is still utilized for translation initiation, but whether it
uses residual amounts of active eIF4E or some other cap-
binding protein(s) has not been determined. We found that
3’ IRES-mediated translation is resistant to the mTOR in-
hibitor Torin 1, indicating that translation of dORF occurs
when inhibition of mMTOR1 reduces elF4E-mediated trans-
lation initiation. Further study will provide the fundamen-
tal mechanisms by which the cis-elements recruit eIlF4G and
function as IRES or CITE in the individual context, and the
way in which they are involved in regulating the translation
of cellular mRNA.
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