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ABSTRACT

elF4G2 (DAPS5 or Nat1) is a homologue of the canon-
ical translation initiation factor elF4G1 in higher eu-
karyotes but its function remains poorly understood.
Unlike elF4G1, elF4G2 does not interact with the
cap-binding protein elF4E and is believed to drive
translation under stress when elF4E activity is im-
paired. Here, we show that elF4G2 operates under
normal conditions as well and promotes scanning
downstream of the elF4G1-mediated 40S recruitment
and cap-proximal scanning. Specifically, elF4G2 fa-
cilitates leaky scanning for a subset of mRNAs. Ap-
parently, elF4G2 replaces elF4G1 during scanning
of 5* UTR and the necessity for elF4G2 only arises
when elF4G1 dissociates from the scanning com-
plex. In particular, this event can occur when the
leaky scanning complexes interfere with initiating or
elongating 80S ribosomes within a translated uORF.
This mechanism is therefore crucial for higher eu-
karyotes which are known to have long 5’ UTRs with
highly frequent uORFs. We suggest that uORFs are
not the only obstacle on the way of scanning com-
plexes towards the main start codon, because certain
elF4G2 mRNA targets lack uORF(s). Thus, higher eu-
karyotes possess two distinct scanning complexes:
the principal one that binds mRNA and initiates scan-
ning, and the accessory one that rescues scanning
when the former fails.

INTRODUCTION

As the penultimate step of gene expression, translation plays
an important role in providing the qualitative and quanti-
tative diversity of the proteome. At this stage, a cell deter-
mines the nature and amount of proteins needed at the cur-
rent moment of cell cycle based on signals from multiple
regulatory pathways, which preferentially affect the trans-
lation initiation step. In eukaryotes, all cytoplasmic mR-
NAs have the m’G-cap on their 5'-ends and use the 5'-end
dependent scanning mechanism proposed by Kozak (1-3)
to locate their start codons. According to this model, the
m’G-cap is recognized by the trimeric factor eIF4F, con-
sisting of eI F4E (cap-binding subunit), the scaffold protein
elF4G1 and the helicase elF4A. elF4Gl1, via its interac-
tion with eIF3, attracts the 43S preinitiation complex, and
thereby forms a ribosomal scanning complex. Then the 43S
complex moves along the 5 UTR of mRNA and scans for
an AUG (or near-AUG) start codon. The context of the
AUG determines if the ribosome initiates translation or by-
passes the unfavourable start codon and continues scan-
ning. Whether cellular mRNAs can also use the mecha-
nism of internal initiation is still a matter of debate: despite
the copious literature on cellular IRESs, none of them have
been appropriately validated in the way genuine IRESes of
viral origin were dissected (4,5).

While a ribosome can scan an mRNA by itself (6-8),
its intrinsic mRNA unwinding capacity is very limited.
Accordingly, numerous dedicated helicases are implicated
in translation initiation (9). The major scanning helicase
elF4A is not processive when unassisted, but its activity
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is strongly stimulated by eIF4G1 (10,11). Higher eukary-
otes contain numerous homologues of eIF4G1. The clos-
est among them is e[F4G2 (also known as DAPS, Natl
and p97), which was discovered simultaneously in four lab-
oratories back in 1997 (12-15). Unlike elF4Gl, elF4G2
binds elF2 (16-19), bears only one elF4A-binding site
(while eIF4G1 bears two), and does not interact with eIF4E
or PABP (12-15). This protein is one of the most evolu-
tionary conserved initiation factors in multicellular organ-
isms. It is apparently not crucial for bulk translation, but the
elF4G2-deficient embryonic cells fail to differentiate prop-
erly (18,20,21). Several attempts to identify eIF4G2 mRNA
targets genome-wide have been made (17,18,21). However,
none of them has given a clue to the mechanics of elF4G2.
The majority of reports claim that the protein drives in-
ternal translation initiation (16,21-29), while a few oth-
ers point to a specific cap-dependent translation initiation
mechanism when the cap-recognizing factor elF4E is dis-
pensable (17,30). However, the protein has also been sug-
gested to participate in conventional cap-dependent trans-
lation (19,31). Thus, it is still unclear whether the only
role of eIF4G2 is to functionally replace eIF4G1 un-
der specific conditions or whether it can also assist the
latter.

Here, we analysed various ribosome profiling data from
the eIF4G2-deficient cells and arbitrarily chose several mR-
NAs that exhibited decreased ribosome coverage in the
knockout cells for further analysis. All selected mRNAs
were directly validated for their elF4G2-dependencies. We
confirm that, on these particular mRNAs, it is e[F4F that
promotes initial ribosome binding and cap-proximal scan-
ning, while elF4G2 only comes into play at downstream se-
quences. It is noteworthy that many mRNAs that require
elF4G2 for their translation bear upstream open reading
frames (WORFs), which are arguably the major controller
of ribosomal scanning (32,33) and therefore, we focused on
this particular element of 5 UTRs.

The data presented here show that, on several stud-
ied mRNAs, elF4G2 is required for the 43S scanning
complexes that pass through uORFs, i.e., eIF4G2 pro-
motes leaky scanning. We demonstrate that eIlF4G2 main-
tains ribosome scanning competence by assuming the
role of elF4G1 when the latter presumably dissociates
from scanning complexes. On the studied mRNAs, this
occurs when the scanning 40S ribosomes interfere with
the initiating or elongating 80S ribosomes within an
uORF.

MATERIALS AND METHODS

Antibodies
Antibodies against eIF4G1 (A300-502A), elF4G2 (A302-
249A), elF3b/EIF3S9 (A301-761A), elF3d/EIF3S7

(A301-758A), GAPDH (A300-639A) were purchased
from Bethyl laboratories. Anti-phospho-elF2a (ab32157)
were from Abcam. Anti-eIF4E-BP1 (9452) and anti-
phospho-elF4E-BP1 (Thr37/46) (2855) were from Cell
Signaling Technology. HRP-conjugated secondary anti-
bodies were from Invitrogen (anti-rabbit 31460, anti-mouse
31431).

Plasmids

The human B-actin, CCNI, elF4G2, murine Map3k3,
Pcbp2, human TNFa, TP53 (31), APAF1 (34), ATF4,
IFRDI1, UCP2 (35), leaderless (36), rabbit B-globin, HIV1
(37), L1JK (38) reporter plasmids were described previ-
ously. The human AKT2, ARRDC4, ATF3, ATF5, BCL2,
CDK1, CES2, eIF5, EPAS1, HERCI, hnRNPK (both vari-
ants), HSPA2, c-jun, PCBP1, PKR, PPFIA4, SMADI,
TGFB1, TNRC6C, UHMKI1 5 UTRs were amplified from
cDNA obtained from 293T cells. The PCPB1, AKT2 and
SMADI1 5 UTR amplification required a partial dGTP
substitution for 7-deaza-dGTP (dGTP:7-deaza-dGTP 3:1)
(NEB, N0445). The murine Mafl and Stard7 were ampli-
fied from Hepal-6 cells-derived cDNA. The BCL2 5" UTR
variants derived from the P1 and M promotors were acci-
dentally amplified in two variants each, with or without the
alternatively spliced intron. The exact 5" boundaries of the
5" UTRs were chosen on the basis of CAGE data available
from Zenbu genome browser (39) and are provided in Sup-
plementary Table S1C, along with all other 5 UTRs used
throughout the study. The human CFTR1, MDM2 and
TUBAIB plasmids (40) were a kind gift from S. Dmitriev
and K. Lashkevich (Lomonosov Moscow State University,
Russia). The plasmid bearing the SARS-CoV2 5" UTR se-
quence was a kind gift from A. Anisenko (Lomonosov
Moscow State University, Russia). All studied 5" UTRs
were cloned upstream of firefly luciferase (Fluc) into pGL3
vector (Promega), except CCNI, PPFIA4 and UHMKI1
5" UTRs that were cloned into pNL1.1 vector (Promega)
and thus code for NanoLuc (Nluc). All plasmids were cre-
ated via conventional cloning strategies and the results have
been confirmed by sequencing (Evrogen, Moscow, Russia).
The pTE4396 plasmid (41) used for the AsCpfl-mediated
elF4G3 knockout was a gift from Ervin Welker (Addgene
plasmid # 74041). Oligonucleotides used for cloning are dis-
closed (Supplemental Table S1A).

Western blotting

Nitrocellulose membranes were blocked in 3% ECL™
Blocking Agent (GE Healthcare, RPN418) in TBST at
room temperature for 1 h, then probed with antibodies
against elF4G1 (1:5000), eIF3b (1:5000), eIF3d (1:5000),
GADPH (1:5000), eIF4E-BP1 (1:1000), phosphorylated
elF2a (1:500) and detected by chemiluminescence us-
ing corresponding anti-rabbit or anti-mouse antibodies at
1:25000 dilution. Incubation with primary and secondary
antibodies was also performed in 3% blocking reagent in
TBST under the same conditions. Antibodies bound to
elF4G2 and GADPH were visualized with an enhanced
chemiluminescence detection kit (ECL™ Prime Western
Blotting System, GE Healthcare, RPN2232). elF4Gl,
elF3b, eIF4E-BP1, phosphorylated 4E-BP1 and phoshory-
lated elF2a were detected with SuperSignal™ West Femto
Maximum Sensitivity Substrate (Thermo Fisher Scien-
tific, 34095). Note that for phospho-eIF4E-BP1 detection,
the membrane was blocked in 5% BSA in TBST at room
temperature for 1 h, incubation with primary antibodies
(1:2000) was performed overnight at 4°C in 5% BSA/TBST,
corresponding secondary antibodies (1:25 000) were also



diluted in 5% BSA/TBST and visualization was performed
with ECL™ Prime Western Blotting System (GE Health-
care). The images were captured using ChemiDoc XRS+
with Image Lab™ 3.0 software for image processing and
quantification (Bio-Rad).

In vitro transcription

The matrices for transcription were prepared by PCR us-
ing primers RV3L (forward) and FLAS0 or GL3r (re-
verse) for polyadenylated (50 nucleotide-long poly(A) tail)
or nonpolyadenylated mRNAs, respectively (see Supple-
mentary Table SIA). Amplification of the PCBP1 matrix
required supplementation with 7-deaza-dGTP (dGTP:7-
deaza-dGTP 3:1) (NEB, N0445). The PCR products were
purified using Wizard SV Gel and PCR Clean-Up System
(Promega) or Monarch® PCR & DNA Cleanup Kit (5 pg)
(NEB), additionally deproteinized via phenol-chloroform
extraction, precipitated with ethanol and sodium acetate,
washed with 70% ethanol, dried and then dissolved in
nuclease-free water (Promega, P1193). The transcription
was performed in 0.5 ml DNA LoBind tubes (Eppendorf)
using T7 RiboMAX™ Large Scale RNA Production Sys-
tem (Promega, P1300) as suggested by the manufacturer.
15 pl mixture contained homemade buffer (final concentra-
tions were 80 mM HEPES-KOH pH 7.5, 24 mM MgCl,, 2
mM spermidine, 40 mM DTT), 7.5 mM of ATP, CTP and
UTP, 0.75 mM GTP, 3 mM ARCA (NEB, S1411) or A-
cap (NEB, S1406) analogues, 1.5 pl T7 Enzyme mix and 1
g DNA template. The reactions were conducted for 2 h at
37°C. Then 35 ul nuclease-free water and 30 wl RNA pre-
cipitation solution (7.5 M lithium chloride, 50 mM EDTA)
were added and tubes were left on ice for 1-2 h. RNAs were
pelleted by centrifugation at 20 000 g for 15 min at 4°C,
washed with 70% ethanol, dried, dissolved in nuclease-free
water and stored at —80°C. Concentration was determined
by measuring absorbance at 260 and 280 nm (Eppendorf
BioSpectrometer® basic).

Transfections

All cells were cultured under standard conditions in
DMEM (PanEco) supplemented with 10% FBS (Hy-
Clone, SV30160.03). The wild type and elF4G2-/)
NIH/3T3 cells (31) were plated in 48-well plate at density
20 x 103 cells/cm? for ~20 h prior to mRNA transfection.
This quantification was necessary because the knockout
and wild type cells show slightly but noticeably different
doubling times. The ratios of translation efficiencies do
not vary with cells plated at densities from 5 x 103 to
40 x 10° cells per cm? (data not shown). The elF4Gl,
elF4G2 or elF3d knockdowns in 293T, Huh7 or RKO
elF4G3/) cells were performed as follows. On day 1,
cells were plated in a 4-, 12- or 6-well plate (depending
on the number of experimental points) at ~20% density
simultaneously with the first round of siRNA transfection.
The siRNAs were transfected using either Lipofectamine™
RNAIMAX (Invitrogen, 13778075) as suggested by the
manufacturer or homemade lipid particles (see below)
with similar results, yet the use of the latter resulted in
a noticeably more consistent data. The concentration of
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siRNAs was 10 nM in culture medium. On day 3, the
cells were replated to a 48-well plate at density ~30%
simultaneously with the second round of siRNA transfec-
tion. On day 4 (~72 h after the first siRNA application),
mRNA transfection was performed. For a well of 48-well
plate, 50 ng of reporter mRNA were mixed with 5 ng
of reference mRNA (in vitro transcribed m’G-capped
and polyadenylated B-globin-Fluc or B-globin-Nluc, as
appropriate) in 20 pl Opti-MEM™ (Gibco, 31985062). 0.4
wl Lipofectamine 3000 reagent (Invitrogen) were diluted
in 10 pl Opti-MEM™. The volumes were multiplied in
accordance with the required number of experimental
points. Then mRNA mixture was added to the transfection
reagent solution, incubated for 5 min at room temperature
and then applied to the cells. Where indicated, cells were
treated with 1 wM PP242 (Tocris Bioscience, 4257) or
40 uwM sodium arsenite (Sigma-Aldrich) 10 min prior to
transfection. Three (two in case of the PP242 or sodium
arsenite treatments) hours later, the cells were lysed using
the Luciferase Cell Culture Lysis Reagent (Promega,
E1531) according to the manufacturer’s protocol and
luciferases’ activities were measured manually using the
Dual-Luciferase® Reporter Assay System (Promega,
E1980) with Modulus luminometer (Turner Biosystems).

For the AsCpfl-mediated eIF4G3 knockout RKO cells
were transfected with pTE4396 plasmid, the cells were
grown for four days in the presence of 500 pg/ml G418,
then cloned and analysed. The frame-shift deletion was con-
firmed by sequencing (Supplementary Figure S8G). The re-
sulting protein consists of the 212 N-terminal aminoacids
of the eIF4G3 and 53 out-of-frame aminoacids.

siRNAs

The duplexes for the eIF4G2 knockdown have been de-
scribed (31), see Supplementary Table S1B (capital letters
stand for the unmodified ribonucleotides and lowercase de-
note the 2’-O-Me protected ribonucleotides). Chemically
modified siRNAs were designed as 21-nucleotide dsRNA
molecules with 3’-overhangs of two dT nucleotides. Se-
quences of siRNAs targeting human e¢lF4G1 and elF3d
mRNAs were selected as previously described (42). Briefly,
the mRNA sequence was cut into 19-mer sequences with
one-nucleotide shifts. All 19-mer candidate sequences were
evaluated by two criteria: high on-target potential (the
siRNA efficacy) and low off-target potential (the siRNA
specificity). To avoid off-target activity 19-mer candidates
were aligned against the RefSeq mRNA database and their
off-target binding capabilities were estimated based on the
number of mismatches in the seed region, in the non-
seed region and in the cleavage site position. The can-
didates with low off-target activity were further filtered
according to the potential efficacy calculated based on
several known criteria (43-45). The obtained sequences
were additionally filtered to avoid known miRNA mo-
tifs and immune stimulatory sequence motifs. Finally, the
2’-0-Me modification of pyrimidine nucleotides and sin-
gle 3/-internucleotide phosphorothioates linkage were in-
troduced into sequences of the most preferable candidates
to further reduce immune response, off-target effects and
to increase stability against nucleases (46). All synthesized
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siRNAs were then directly assayed for their efficiencies by
gPCR and western blotting and selected for further use
based on their knockdown efficiencies (not shown). The
knockdown efficiencies were estimated via western blotting
and found to be 10-20 for eIF4G1 and elF4G2, and 3—
4 for elF3d. All oligoribonucleotides were synthesized in-
house using standard protocols for MerMade-12 synthe-
sizer (BioAutomation Technologies) with 2'-TBDMS/2’-
OMe phosphoramidites, purified by ion-exchange HPLC
and verified by ESI-MS. For the formation of the siRNA
duplexes equal amounts of the complementary oligoribonu-
cleotides (5 nmol in 100 w1 of 10 mM TE buffer) were mixed
together, heated to 90°C, cooled to room temperature and
stored at 4°C. The lipid particles for RNA interference were
prepared as described (47). The solutions of siRNA duplex
in water and of lipids in ethanol (C12-200, 1,2-distearoyl-
sn-glycero-3-phosphocholine (DSPC, Avanti Polar Lipids),
cholesterol (Sigma), C14 PEG 2000 (Avanti Polar Lipids)
ata 50:10:38.5:1.5 molar ratio) were mixed in a microfluidic
chip device. Then the LNPs were dialyzed overnight against
PBS. The LNP dimensions were measured via dynamic light
scattering (ZetaSizer, Malvern Instruments). The estimated
diameter of the particles was 120150 nm.

Statistical analysis

The data are plotted as boxes with Tukey-style whiskers for
all mRNA transfection experiments except those in Sup-
plementary Figures S10A and S10B, where mean + SE is
shown for the sake of readability. All the transfections have
been replicated at least five times. The statistical significance
is determined by two-tailed Mann—Whitney U test as indi-
cated in the article. All analyses have been performed using
GraphPad Prism 7. Outliers were excluded from the plots
(but not from analyses), except Supplementary Figure S4.

Ribosome profiling

The wild type and (eIF4G2~/~) NIH/3T3 cells were grown
in DMEM (PanEco) supplemented with 10% FBS (Hy-
Clone, SV30160.03). Twelve 150 mm cell culture dishes per
experimental point were grown (i.e. 12 dishes of the wild
type cells and 12 dishes of the cells with e[F4G2 knocked
out). The medium was aspirated, the plates were put on
ice, cells were washed with ice-cold PBS supplemented with
100 pg/ml cycloheximide (PBS-C), scraped in 0.5 ml PBS-
C per plate, combined, collected by centrifugation (50 g, 5/,
4°C), resuspended in 1.5 ml lysis buffer (20 mM Tris—
HCI pH 7.5, 250 mM NacCl, 1,5 mM MgCl,, 1| mM DTT,
0,5% Triton X-100, 100 pwg/ml cycloheximide and 20 U/ml
TURBO™ DNase (Invitrogen, AM2238)), and incubated
10 min on ice. Debris was removed by centrifugation (20
000 g, 10°, 4°C). The supernatant was split as follows: 1/11
for polysomes validation, 4/11 for total RNA isolation and
6/11 for ribosome footprints generation.

100U of RNase I (Ambion, AM2294) per 3.14 AUy of
the lysates were added and the mixtures were incubated at
23°C for 50 min in a thermo shaker (400 rpm). Then, 2
wl Superaseeln (Ambion, AM2694) per 1 pl of RNase I
were added, the samples were centrifuged (3 min, 20 000g,
4°C) the supernatants were loaded onto 10-50% sucrose

gradient in SW41 tubes (contained 20 mM Tris—-HCI pH
7.5, 250 mM NaCl, 15 mM MgCl,, 1 mM DTT and 100
pg/ml cycloheximide). The centrifugations were run for
3 h at 35 000 rpm at 4°C (SW41 rotor, Beckman Coul-
ter). Then the gradients were manually fractionated and
the Ayq0 of the fractions was measured in 96-well UV-
transparent flat bottom plates (Corning, 3635) using In-
finite F200 Pro plate reader (Tecan). The four fractions
that represented 80S peak were combined, supplemented
with 10 mM EDTA, and deproteinized twice using home-
made acid phenol/chloroform/isopentanol pH 4.5 extrac-
tion. The RNA was precipitated overnight at —30°C using
1/10 v/v 3M NaOAc (pH 5.1) and 1 v/v isopropanol.

The lysates for total RNA extraction were split into two
1.5 ml tubes, 1200 wl Trizol-LS (Invitrogen, 10296028) per
tube were added, gently mixed and left on a bench for 5 min.
Then 320 pl chloroform per tube were added, shaken vig-
orously for 15 s by hand and left for 15 min on a bench.
The phases were separated via centrifugation (12 000 g, 15,
4°C). An equal volume of isopropanol was added, mixed
well, left on a bench for 15 min. The RNA pellet was col-
lected via centrifugation at 20 000 g for 15 min at room
temperature. The pellet was washed with 80% ethanol. The
dried RNA pellet was dissolved in 100 .l nuclease-free wa-
ter (Promega). 250 g total RNA were further purified us-
ing Oligotex suspension (QIAGEN, 79000) as suggested by
the manufacturer. However, to achieve a higher purity, an-
other binding-elution cycle was performed (using the same
resin that was used in the first purification cycle). Approxi-
mately 4 wg of poly(A)-containing mRNAs were obtained
at this step. The RNA was fragmented for 1 h at 95°C
using an alkaline buffer (50 mM Na,CO;/NaHCO; pH
9.2, 1 mM EDTA) then precipitated overnight with sodium
acetate and isopropanol in a freezer at —20°C. The sam-
ples were then dissolved in nuclease-free water and run
through a 15% polyacrylamide gel in TBE buffer. The 28—
34 nucleotide long RNA fragments were excised, sliced and
eluted overnight (0.1% SDS, 1 mM EDTA, 0.3 M NaOAc,
pH 5.1).

The RNA fragments were dephosphorylated with T4
PNK (NEB, M0201S), precipitated with isopropanol, lig-
ated to preadenylated Universal miRNA cloning linker
(NEB, S1315S) using truncated T4 RNA ligase 2 (NEB,
MO0242S). The ligated RNA was precipitated with iso-
propanol, purified from 15% PAGE and subjected to a re-
verse transcription using SuperScript™ III reverse transcrip-
tase (Invitrogen, 18080093). The 20 pl reactions were per-
formed for 30 min at 48°C. The remaining RNA was hy-
drolysed by addition of 2.2 pl IM NaOH and subsequent
incubation for 20 min at 98°C. The reaction mixture was
then diluted up to 300 .1 and the cDNA was precipitated us-
ing isopropanol followed by 7.5% PAGE. The excised DNA
was eluted, precipitated and dissolved in 16.5 pl nuclease-
free water (Promega). Circularisation was executed for 2
h at 60°C using CircLigase™ II (Epicentre, CL9021K) in
a 20 pl reaction that contained CircLigase™ II reaction
buffer, 2.5 mM MnCl, and 100 U CircLigase™ II. rRNA-
derived contaminations were removed using complemen-
tary biotinylated oligonucleotides (48). The resulting li-
braries were amplificated using Phusion® High-Fidelity
DNA polymerase (NEB, M0530L) and NEBNext® Multi-



plex Oligos for Ilumina® (NEB), and the sequencing pro-
cedure was accomplished on an Illumina HiSeq 2000 NGS
platform following standard Illumina protocols.

Analysis of ribosome profiling data

Basic quality control of the reads was performed with
FastQC v0.11.8 (http://www.bioinformatics.babraham.ac.
uk/projects/fastqc). Adapters and low-quality bases were
removed with cutadapt v2.1 (49) (Ribo-Seq: cutadapt -
a AGATCGGAAGAG -j 4 —minimum-length 20 -q 20 —
trimmed-only; RNA-Seq: cutadapt -a AGATCGGAAGAG -j
4 —minimum-length 20 -q 20). The trimmed sequences were
mapped to the mm38 genome assembly (50) with GEN-
CODE M22 genome annotation using STAR v2.7.1a (51)
with the default parameters, which also provided gene-level
read counts. The arrangement of the samples according to
the principal component analysis is shown in Supplemen-
tary Figure S1C using the first two principal components.
A summary of the sequencing data is presented in Supple-
mentary Table S2.

The differential gene expression and gene set enrichment
analyses were performed in the R environment. Genes pass-
ing 1 count-per-million in all samples were used for analysis
of the ribosome occupancy with DESeq?2 (52). Read counts
per gene were normalized with the default DESeq?2 relative
log expression (RLE) method.

The ribosome occupancy (RO, Ribo-Seq footprint
counts relative to the RNA-Seq read counts) for particular
cell types and the differential ribosome occupancy between
the cell types for Sugiyama et al. data (18) was estimated
using DESeq2. P-values were corrected for multiple test-
ing using the Benjamini-Hochberg procedure (FDR). As
there were no replicates in the Ribo-Seq | and 2 data sets
generated in this study, for these data we performed only
basic analysis of the ribosome occupancy and the differen-
tial ribosome occupancy by calculating the log ratios upon
RLE normalization. We did not consider the two datasets
generated in this study as replicates because they signifi-
cantly differ from each other. This probably happened be-
cause the cells were processed at different passages and the
ability of the NIH/3T3 elF4G2/") cells to adapt to the lack
of e[F4G2 is documented (31). The data are deposited in
NCBI GEO (GSE158136).

RESULTS
5’ UTRs determine the eIF4G2-dependence of translation

Elucidating the mechanisms used by elF4G2 to promote
translation on elF4G2-dependent mRNAs requires experi-
ments with individual model mRNA reporters. To this end,
we compared the ribosome profiling data of the cells where
the elF4G2 gene was knocked out as compared to the wild
type cells: mES (18) and NIH/3T3 (this study). Several
genes were arbitrarily picked for further investigation based
on the reduced ribosomal occupancy in the knocked out
cells (Supplementary Figure S1). They included Mafl (a
regulator of RNA Pol III), Stard7 (a phosphatidylserine
transporter), Pcbp2 (an abundant multifunctional RNA-
binding protein) (31), CCNI (a cyclin with unclear func-
tions) and the already reported Map3k3 (18). The 5 UTRs
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of these mRNAs vary in length, GC-content and size and
number of upstream reading frames (WORF35), i.e., share lit-
tle in common at first glance (Supplementary Table S1C).
We cloned the corresponding 5 UTRs upstream of either
Fluc or Nluc coding sequences, prepared the m’G-capped
and polyadenylated mRNAs via in vitro transcription and
transfected them into NIH/3T3 eIF4G2~/~ (Supplemen-
tal Figure S2A), in 293T (Figure 1A) and Huh7 cells (Fig-
ure 1B) where elF4G2 was depleted by means of RNAi-
mediated knockdown. Indeed, translation of the Mafl,
Map3k3, Pcbp2, Stard7 reporters markedly dropped upon
both knockout and knockdown. A dozen reporters avail-
able in the lab were also tested as control. Among them, the
PPFIA4 (a tyrosine phosphatase) 5 UTR was also found
to provide its reporter with elF4G2-dependence. Interest-
ingly, the human BCL2 (four 5 UTR variants derived from
the P1 and M promoters with or without the alternatively
spliced intron) and APAF1 mRNAs that were suggested
to be eIF4G?2 targets on the basis of artifact-prone DNA
transfection or translation in RRL (16,23,27,29) also show
the need for eIF4G2 in our mRNA-centered approach (Fig-
ure 1A, B and Supplementary Figure S2B). As the BCL2 5
UTR supposedly bears a G-quadruplex (53), which could
determine e[F4G2-dependence, we mutated it but this did
not affect the eIF4G2 knockdown response (Supplemen-
tary Figure S2B). Overall, we show that using mRNA re-
porters bearing the 5 UTRs of elF4G2-dependent mR-
NAs (i.e. APAF1, BCL2, CCNI, Mafl, Map3k3, Pcbp2,
PPFIA4 and Stard7) in combination with siRNA-mediated
elF4G2 knockdown is a feasible approach to study el F4G2.
Using knockout cells is slightly more technically difficult
and, importantly, the knockout cells may undergo adapta-
tion which could lead to confusing results (31). Then we
proceeded to analyse data to find the feature that makes
translation of the selected mRNAs dependent on el F4G2.

The eIF4G2-dependent reporter mRNAs employ a cap- and
elF4E-mediated mode of ribosome recruitment

The vast majority of previously published reports suggest
that eIF4G?2 drives cap-independent translation. To deter-
mine if this is the case for the eI[F4G2 targets described
above, we first studied the contribution of the m’G-cap
to their translation. Remarkably, in 293T cells, all the re-
porter mRNAs showed significantly high cap-dependencies
(Supplementary Table S3) that considerably exceeded their
elF4G2-dependencies (compare to Figure 1A, B and Sup-
plementary Figure S2A, B). Therefore, these particular mR-
NAs employ cap-dependent translation that is somehow
promoted by elF4G2. Likewise, eIF4G2 knockdown does
not affect the response of the eIF4G2 targets to elF4E in-
activation due to PP242-mediated mTOR inhibition (Fig-
ure 2A). In other words, eIF4E inactivation does not in-
crease elF4G2’s contribution to the translation of its tar-
gets (Figure 2B and Supplementary Figure S3). If eIF4G2
only participated in cap-independent translation initiation,
then its impact (and, therefore, the effect of knocking down
elF4G2) should have increased when cap-dependent trans-
lation was inhibited by PP242. Furthermore, the eIF4G2-
dependencies do not correlate with the sensitivities to e[F4E
inhibition. Some of the eIF4G2 targets (e.g. Map3k3,
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Figure 1. Validation of the e[F4G2 translational targets. (A) Results of in vitro transcribed m’G-capped and polyadenylated reporters’ transfection into
293T cells treated with either control or anti-eIF4G2 siRNAs. Unlike the other figures, this one incorporates data from all relevant experiments. All
reporters were co-transfected with the reference B-globin reporter mRNA coding for Fluc or Nluc, as appropriate. The data are presented as ratios of
normalized reporter expression in cells with e[F4G2 knocked down to control cells. For all eIF4G?2 targets, B-globin and CDK1 reporters the number
of replicates exceeds 20. For the non-targets n > 5. (B) Western blot analysis of the elF4G2 knockdown in 293T cells, GAPDH as a loading control. (C)
Results of mRNA transfections in Huh7 cells (similar to panel A). (D) Western blot analysis of the eIF4G2 knockdown in Huh7 cells, GAPDH as a loading

control.

Stard7) are as sensitive to the PP242 treatment as the
B-globin reporter mRNA, while some others (PPFIA4 and
Mafl) respond only slightly, similarly to the previously re-
ported cases of leaderless mRNA (36), APAF1 (34) and
the artificial CITE L1JK (38) that tolerate inactivating of
elF4E. These observations show that under normal condi-
tions eIF4G2 most likely participates in the cap- and el F4E-
dependent translation downstream of cap recognition. Why
the translation of certain mRNAs (e.g. PPFIA4 and Mafl)
responds poorly to mTOR inactivation is not known and it
can be argued that, on such mRNAs, e[F4G2 participates
in cap recognition. Data presented for these particular mR-
NAs in subsequent sections do not support this hypothesis,
nor do they totally exclude it.

Notably, cell treatment with PP242 made the trans-
lation of several elF4G2-independent reporter mRNAs
(e.g.elF4G2, HIV1, HSPA2 and TGF1) slightly but repro-
ducibly elF4G2-dependent (10-20%, P < 0.05) (Figure 2B
and Supplementary Figure S3). Reciprocally, when cells are
depleted of eIF4G2, translation of these three reporters re-
quires eI F4E a little bit stronger (Figure 2A). We cannot tell

if, under such conditions, e[F4G2 only promotes scanning
or if it also helps or replaces eIF4G1 in mRNA recognition.
Strictly speaking, the induction of eIF4G2-dependence may
not be attributed to el F4E inactivation unambiguously, be-
cause mTOR governs multiple processes, not eIF4E activ-
ity exclusively. Regardless, the data imply that in starved or
quiescent cells where mTOR activity is blunted and elF4E
is suppressed, the repertoire of eIF4G2 translational targets
may be much broader than we are currently able to estimate.

The d subunit of elF3 has also been implicated in
cap-binding (54,55) and, specifically, in promoting cap-
dependent translation of eIF4G2 targets (17). To elucidate
a role for eIF3d in the translation of the eIF4G2 targets
described here, we knocked down elF3d individually or
together with eIF4G2 in 293T cells (Supplementary Fig-
ure S4; data for a few mRNAs that were later found to
be e[F4G2-dependent are also shown here). The decline in
ATF4 reporter translation upon elF3d knockdown proba-
bly reflects eIF3 participation in reinitiation on the ATF4
5" UTR (56). Thus, elF3d is specifically required for ATF4
translation not only under stress (57) but under normal
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ing for Fluc or Nluc, as an appropriate internal reference (n > 5). The data
are presented as ratios of normalized reporter expression in cells treated
with 1 wM PP242 to that in vehicle-treated cells. The dotted line at 1,
therefore, corresponds to a behaviour identical to that of the reference
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mRNA translation is shown by the dashed line, which therefore delineates
a totally PP242-unresponsive translation. (B) Data from panel A were re-
plotted to show if the mTOR inactivation alters the response to elF4G2
knockdown (siRNA #1). The statistical significance is determined by the
Mann-Whitney U test. The exact P-values for HIV1, TGFB1 and HSPA2
are 0.009, 0.0016 and 0.0012, respectively. (C) Western blotting analysis
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conditions as well (Supplementary Figure S4A). Among
other reporter mRNAs, CCNI, PPFIA4 and SMADI1 also
showed reduced translation efficiencies upon elF3d deple-
tion. However, when elF3d and eIF4G2 were knocked
down simultaneously, the effect of the eIF4G2 knockdown
clearly dominated over that of elF3d (Supplementary Fig-
ure S4B). No changes in the eIF3d knockdown effect could
be observed upon an mTOR inhibition (Supplementary
Figure S4A), and, conversely, the elF3d knockdown did
not alter the pattern of translation inhibition upon PP242
treatment (Supplementary Figure S4C). This may be due
to the incompleteness of the elF3d knockdown or, ar-
guably, switching to eIF3d-mediated cap-binding requires
(in)activation of other signalling cascades (55), which is not
induced by the relatively short-term PP242 treatment (2 h).
Under the analysed conditions, eIF3d does not seem to be
the protein that brings eIF4G?2 into scanning complexes.

Presence of an uORF in 5 UTR is an important determinant
of eIF4G2-dependence

Upstream ORF presence is a frequent feature of elF4G2-
dependent 5 UTRs. Indeed, most of the eIF4G2 tar-
gets contain uORFs (the only validated exception among
the selected 5’ UTRs is Pcbp2). Therefore, we have
checked whether elF4G2-dependence is associated with
these uORFs, especially as they are reckoned to be the main
obstacles for scanning 40S ribosomes on the way to the CDS
start codon.

Strikingly, substitution of uAUGs from APAF1, Mafl
and Stard7 5 UTRs for the UAG stop codon (schemati-
cally shown in Figure 3C) almost completely relaxed the
need for eIF4G2 for Mafl and Stard7, and to a lesser ex-
tent for APAF1 (Figures 3A, D and 8E, and Supplemen-
tary Figures S5A, D and S8E). The choice of the targets
was dictated by a small number of uAUGs (BCL2 has up
to 9, depending on the exact 5 UTR variant, CCNI has
5 and PPFIA4 has 6 uAUGs). Additionally, the mutation
of uAUGs increased the translation of Mafl and Stard7
reporters, but not that of APAF1 (data not shown). This
surprising feature of the APAF uORF suggests that either
it is short enough (nine amino acids) to permit an efficient
translation reinitiation, or that uUORF-mediated regulation
is more sophisticated than we presume. The apparent lack
of any effect could just be a coincidence: like in the case
of human iNOS mRNA, deletion of the translated uUORF
therefrom does not affect the main ORF translation (58).

Upstream open reading frames are present roughly in
half of human or mouse mRNAs (33,59,60) and, thus, it
looks unlikely that an uORF presence per se makes the
translation dependent on eIF4G2. For example, the EPAS1
and eIF4G2 mRNAs bear a single uORF in their 5 UTRs,
but do not respond to the elF4G2 knockdown (Figure
1A and B). Even so, we assayed a number of uORF-
containing reporters bearing the AKT2, CFTRI1, elFS5,
HERCI, IFRDI, MDM2, PKR, SARS-CoV2, SMADI,
TUBAIB or UCP2 5 UTRs (35,40,61-63). Among them,
only the AKT2 (a kinase that contributes in glucose uptake
and skeletal muscle differentiation), SMADI (a receptor-
regulated SMAD) and UCP2 (mitochondrial uncoupling
protein 2) reporters were elF4G2-dependent (Figure 3F).



1118 Nucleic Acids Research, 2022, Vol. 50, No. 2

A B C
uORF deleted:
Deletion of the uORF(s) relieves Insertion of an uORF induces {APAF1 P .
the need for elF4G2 the elF4G2-dependence » :l
Maf1 :x#::.
= = ORF(s)
§ 15— == UORF(s) < 154 T Mou ————x>—%
-3 ETS Stard7
< —= no uORF(s) < === UORF(s)
74 = AKT2 :X::>:.
10 T 1 é % 1.0 % @
<g- @ é B [? I? E o é é SMAD1 I\-V .
s L ucP2 X
a 05-@ é % = & % 05 [ RN L
4 a
8 z uORF created:
r 0.0 Q oo .
L T T T T T T i T T HSPA2 =) =
APAF1 Maf1 Stard7 AKT2 SMAD1 UCP2 o HSPA2 TGFB1 TGFB1
D
Reporter mMRNA Reporter mMRNA : = .
D E F
Deletion of the uORF(s) relieves Insertion of an uORF induces An uORF presence is not sufficient to make
the need for elF4G2 the elF4G2-dependence translation elF4G2-dependent
§ 15— § 15— T~ MNOUORF(s) 1.5m —— siRNA#1 == siRNA#2
: === uORF(s) : == uORF(s)
P —— no uORF(s) < 5
4 x £ @g ...
3 10 : B 1.0== % 1.0 - it QEE g -
3 g O s |Fg = g T I
i - E = 3 B & = 0
] @ &' & ] = & é
a 05— %I % S 054 Q o5
L
o : S
g )
<
L OO T T T T 1 A T =TT T T T T T T T T 11
APAF1 Maf1 Stard7 AKT2 SMAD1 UCP2 © HSPA2  TGFp1 &> E LN S 0D
N W8 O N Q
Reporter mMRNA Reporter mMRNA WS e‘z‘(& ((@O QQ~ @‘? S
(9?“
Reporter mRNA

Figure 3. uORFs largely determine the eIF4G2-dependence in 293T cells. The reporter mRNAs were transfected to control cells and those depleted of
elF4G2 along with reference B-globin reporter mRNA coding for Nluc (rz > 5). The data are presented as ratios of normalized reporter expression in cells
with eI[F4G2 knocked down to control cells. (A) The uAUG codons of the APAF1, Mafl, Stard7, AKT2, SMAD1 and UCP2 reporters were mutated to the
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cells. Only AKT2, SMADI1 and UCP2 reporter translation was significantly affected by the eIF4G2 knockdown.

The elimination of the uAUGs relieved the AKT2 (the
AKT2 5 UTR has two uAUGs and we mutated only one of
them as the other has very poor context) and UCP2 reporter
translation of el[F4G2-dependence (Figure 3A, D and Sup-
plementary Figure S5A, D). The case of UCP2 is par-
ticularly interesting since the uORF therein provides this
mRNA with resistance to elF2a phosphorylation (35), and
is therefore discussed more closely below. Mutation of the
SMADI1 uAUG did not diminish the input from elF4G2
significantly (Figure 3A and D), thereby expanding the list
of cases where requirements for eIF4G2 are determined by
factors other than uORF.

In a complementary approach, we introduced an uAUG
codon with the Stard7 uORF context, i.e., GGCAUGA,
into the long HSPA2 and TGFB1 5 UTRs so that the length
of the introduced uORFs (terminated at stop codons natu-

rally present in these 5 UTRs) and the distance between
them and the main ORF were close to what is found in
the Stard7 5 UTR (schematically shown on Figure 3C).
This does render HSPA2 and TGFB1 mRNAs sensitive
to elF4G2 knockdown (P < 0.001), albeit not dramati-
cally (Figure 3B, E and Supplementary Figure S5B, E).
Ultimately, a single uORF may impart a necessity to use
elF4G2 in translation initiation.

Scanning through a translated uORF can make further ribo-
some movement elF4G2-dependent

On mRNAs with an uORF, ribosomes have to either leak
through the uAUG or reinitiate scanning after translation
of the uORF to reach the main AUG. However, before in-
vestigating these possibilities, we studied if eIF4G2 influ-



ences the translation of uORFs themselves. To this end, we
deleted the sequences linking the upstream and Fluc ORFs
in the APAF1, Mafl, Stard7 and UCP2 reporters. Thus, the
uORFs became fused directly to the Fluc coding sequence
that lacked its AUG start. This excluded any contribution
of leaky scanning to the readout. Clearly, the translation
initiated from the AUGs of uORFs on Mafl, Stard7 and
UCP2 5 UTRs occurs in an elF4G2-independent fashion,
while the APAF1 case is again more complex (Figure 4A, D
and Supplementary Figure S6A, D). This strongly indicates
that the demand for eIF4G2 arises during uORF scanning
or after uORF reading. It might thus seem that eIF4G?2 is
the hypothetical “dedicated rescanning factor” (64), but if
this were true, then translation of the ATF4 and ATFS5 re-
porters (which heavily relies on reinitiation), would be com-
promised upon eIF4G2 depletion. Since this is not the case
(Figure 3F and Supplementary Figure S4B), even if eIF4G2
promotes rescanning, it does not participate in each and ev-
ery reinitiation event.

It was therefore interesting to check whether eIF4G2 pro-
motes translation under conditions of limited eIF2« when
reinitiation plays a crucial role in ATF4 and ATFS5 transla-
tion. We induced elF2a phosphorylation by a sodium ar-
senite treatment and examined how elF4G2 knockdown
manifests itself in these circumstances. Along with the
elF4G2 target mRNAs (now including AKT2, SMADI1
and UCP2) we assayed mRNAs known to be resistant to
elF2 inactivation (ATF4, ATF5 and IFRD1). The eIF4G2
targets (except PPFIA4 and UCP2) did not show any re-
sistance to elF2a phosphorylation, despite the presence of
uORFs in their 5 UTRs (Figure 5A). Translation of the
CCNI, PKR and Pcbp2 reporters showed an increased sen-
sitivity to elF2 inhibition, in accordance with the ribo-
some footprint profiling data (35,65). In line with the pub-
lished data, ATF4 translation does not rely on eIF4G2 upon
elF2a phosphorylation (57). Notably, all tested eI[F4G?2 tar-
gets became slightly less dependent on eIF4G2 when forma-
tion of ternary complex was inhibited (Figure 5B and Sup-
plementary Figure S7). We conclude that eIF4G2 does not
contribute to reinitiation-based translation resistance to
elF2 inactivation.

Finally, to definitively distinguish between leaky scanning
and reinitiation, we mutated the stop codons of Stard7,
Mafl and UCP2 uORFs so that these extended uORFs
substantially overlapped out-of-frame with the firefly lu-
ciferase ORF (schematically shown on Figure 4C). On
these reporters, ribosomes can only reach the Fluc AUG
codon via leaky scanning, because “backward reinitiation”
is extremely inefficient (62,63,66-69). Strikingly, the trans-
lation of these mRNAs remained elF4G2-dependent, al-
beit to a lesser extent in the case of Mafl. This means
that, on the selected mRNAs, eIF4G2 promotes ribosomal
scanning inside and/or downstream of the uORFs, rather
than reinitiation (Figure 4B, E and Supplementary Fig-
ure S6B, E). Moreover, an improvement in the modest con-
text of the Mafl uORF (GcuAUGUc) to match a strong
Kozak sequence (AccAUGAg) inhibited Fluc translation
(1143 times, n = 7) in 293T cells (data not shown). If reiniti-
ation was the major mechanism of reaching the main AUG,
such a dramatic drop would arguably not occur. More im-
portantly, the improvement of the uAUG context did not
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alter the need for eIF4G2 (see below). This further indicates
that a significant fraction of ribosomes that reach the main
Mafl AUG do so via elF4G2-dependent leaky scanning.
The idea that eIF4G2 promotes scanning after skipping
an uAUG is reminiscent of the mechanism that was pro-
posed to explain UCP2 translation resistance to elF2 inac-
tivation. It postulates a relief of interference between the ri-
bosomes that are translating the uORF and those that have
leaked through the uORF start codon and continued scan-
ning (35,70). eIF4G2 knockdown does not alter the UCP2
reporter response to elF2a phosphorylation (Figure 5A),
but only lowers the translation yield. This corroborates the
idea that eIF4G?2 is a scanning factor that, on some mR-
NAs with uORFs, usually does not come into play until the
scanning ribosome encounters a translated uORF.

elF4G2 requirement depends on sequences both upstream and
downstream of uORF, and on uORF properties

The length of an uORF could affect eIF4G2-dependence
on its own. We thus created several variants of the reporters
where the corresponding uORFs had been changed to code
for 3,9, 18 and 37 amino acid long peptides. These included
the uORFs from Mafl (naturally codes for a 40 aa peptide),
Stard7 (18 aa) and UCP2 (36 aa) 5 UTRs. The uAUGs
were kept in their original sites. These three 5 UTRs ex-
hibited markedly different responses to variations in uUORF
size (Figure 6). In the case of Stard7, uORF length has
no impact on el[F4G2 involvement. For Mafl, the effect of
elF4G2 knockdown gradually declined with uORF trun-
cation and shortening of the UCP2 uORF from 36 to 18
aa led to complete and immediate elF4G2-independence.
The differences in the uAUG contexts (modest for Mafl
and strong in the cases of Stard7 and UCP2) do not ac-
count for the observed difference because improving the
Mafl uAUG context (GcuAUGUcg to AccAUGAgc, the
second aa is not altered) or impairing the Stard7 uAUG
context (GgcAUGAgg to GgcAUGCgg, the second aa is
not altered) failed to change the pattern. The only differ-
ence was that the Stard7 reporter became less dependent
on elF4G2, which is not unexpected because less ribosomes
initiate on its uAUG.

In order to investigate whether anything other than
uORFs can affect the need for elF4G2, we replaced the
sequence upstream of the Stard7 uORF (209 nt) with ei-
ther partial HSPA2 or the entire hnRNPK (v2) 5" UTR se-
quences, so that the overall 5 UTR length remained roughly
the same (see Supplementary Table S1C for the exact se-
quences). In all cases, the involvement of e[F4G2 declined
noticeably (Figure 7A). Similarly, substituting the linker be-
tween the Stard7 uORF and the main ORF for HSPA2
or hnRNPK sequences of the same length (~100 nt) or
the entire hnRNPK (v2) 5 UTR sequence (~200 nt) also
reduced the elF4G2 contribution (Figure 7A). Arguably,
a 5-distant uORF that provides e[F4G2-dependence may
not do so when placed more closely to the 5-end. To
test this hypothesis, we simply shortened the 5SUTRs of
Stard7, Mafl and UCP2 reporters so that 60-70 nt preceded
the corresponding uORFs. This distance is long enough
to prevent leaky scanning artificially provoked by a short
5" UTR (71,72). However, only Stard7 translation showed a
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Figure 4. eIF4G2 promotes ribosomal scanning inside and/or downstream of the uORFs in 293T cells. The reporter mRNAs were transfected to control
cells and those depleted of eIF4G2 along with reference B-globin reporter mRNA coding for Nluc (z > 5). The data are presented as ratios of normalized
reporter expression in cells with eIF4G2 knocked down to control cells. (A) The uORFs of APAF1, Mafl, Stard7 and UCP2 reporters were fused to the
Fluc sequence (see panel C) and the involvement of eIF4G2 in uORF translation was assayed in 293T cells. siRNA #1 was used for the eIF4G2 depletion.
(B) The stop codons of Mafl, Stard7 and UCP2 uORFs were mutated so that the extended uORFs became overlapped with the Fluc CDS (see panel
C) to eliminate a possibility of translation reinitiation. The eIF4G2-dependence of these reporters was assayed in 293T cells treated either with control
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CDS are depicted. Arrows indicate the wild type and extended uORFs in the 5" UTRs of assayed reporters. Panels D and E are similar to panels A and B,

respectively, except siRNA #2 was used for the eI[F4G2 depletion in 293T cells.

markedly reduced eIF4G2-dependence, indicating that the
distance from the 5'-end to uORF is not the major de-
terminant of elF4G2-dependence (Figure 7B). This clearly
demonstrates that various 5 UTRs are scanned with dif-
ferent efficiencies by the eIF4G1- and eIF4G2-based com-
plexes and that nucleotide sequences both upstream and
downstream of an uORF affect the elF4G2 impact on scan-
ning.

Taken together, these data suggest that yet undiscovered
uORF properties, but not its length, contribute to eIF4G2-
requirements.

elF4G1 and eIF4G2 can functionally replace each other dur-
ing scanning

To better understand the interplay between eIF4G1 and
elF4G2, we performed elF4G1 knockdown in 293T cells
(Figure 8). Since eIF4G1 has a poorly characterized homo-
logue named eIF4G3 (also known as eIF4GII) that could
be upregulated upon elF4G1 knockdown or could be oth-
erwise involved in translation of the eIF4G?2 targets, we
also assayed the effect of eIF4G1 knockdown in RKO cells

where the eIF4G3 gene expression was disrupted using As-
Cpfl nuclease (Supplementary Figure S8).

In 293T cells translation of the majority of tested mR-
NAs was not affected by eIF4G1 knockdown in any specific
way (i.e. relative to B-globin reference), but that of CCNI,
Map3k3 and Stard7 diminished (Figure 8D). The data were
also plotted to directly show effects of either knockdown
under conditions of the depletion of the other protein (Sup-
plementary Figure S9A, B). The responses to eIF4G1 and
elF4E inactivation do not correlate (see also Figure 2A),
therefore we tend to think that the observed decline re-
flects elevated requirements for e[F4G1 during scanning.
The effect is also noticeable but less pronounced in the RKO
(eIF4G3~/7) cells (Supplementary Figure S8). Simultane-
ous elF4G1 and elF4G2 knockdown in 293T cells markedly
inhibited translation of several other reporter mRNAg, i.e.,
EPASI, elF5, PPFIA4, SMADI1 and the uOR Fless variants
of Mafl and Stard7 in 293T cells (Figure 8B, D and E). In
other words, the limited availability of eIlF4G1 makes trans-
lation of these mRNAs elF4G2-dependent and vice versa.
Again, the effect was not so strong in the RKO (eIF4G3~/7)
cells (Supplementary Figures S8 and S9C, D).
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This particular observation suggests that ¢IF4G2 re-
places elF4G1 during scanning, cap-dependent ribosome
recruitment, or both. In an attempt to address this, we
evaluated possible eIF4G2-dependencies of A-capped mR-
NAs, which are unable to bind elF4E. The contribution
of elF4G2 to the translation of its targets remained un-
changed compared to their m’ G-capped counterparts (Sup-
plementary Figure S10C, D), which apparently means that
the protein does not assist in ribosome loading. However,
control 5 UTRs that show no need for eIF4G2 when m’G-
capped (Figure 1), exhibited a length-dependent demand
for elF4G2 in the A-capped forms (Supplementary Fig-
ure SI10A, B). This effect does not result from the dis-
ruption of the closed-loop mRNA structure, because non-
polyadenylated variants of the same m’G-capped mRNAs
did not acquire an elF4G2-dependence (Supplementary
Figure S10E). If we assume that uncapped mRNAs are
scanned from their 5’-ends (38,73,74), then we have to con-
clude that, on A-capped mRNAs, eIF4G2 operates during
scanning, because 5’ UTR length per se is not known to af-
fect modes of ribosome recruitment. This result can explain
why mRNAs with longer 5 UTRs become susceptible to
elF4G2 depletion under conditions of mTOR inhibition.

At this point, we cannot unequivocally determine if
elF4G2 participates in both scanning and initial cap-
dependent ribosome recruitment, but, in aggregate, data
presented here definitely show that scanning requires
elF4G2 when there is an undersupply of eIF4G1.

DISCUSSION

Earlier reports suggested that eIF4G2 acts in cap-
independent and, specifically, in internal translation initi-
ation. This notion was mostly based on the extensive use
of the insufficiently controlled DNA-based bicistronic as-
say (23,25-29,75), but the fallibility of this approach was
not fully recognised then (4,5,76). Also, elF4G2 knock-
down suppressed the translation of monocistronic reporters
bearing a stable stem-loop on their 5'-termini to prevent
40S binding thereto (21). However, the inability of such
mRNAs to use the conventional 5-end-dependent scan-
ning mechanism was taken for granted and not tested di-
rectly by a comparison with bicistronic mRNA reporters.
Another line of reasoning arose from the in vitro transla-
tion of A-capped monocistronic mRNAs in HeLa extract
(24) or RRL (16), but notably, all mRNAs studied this way
have relatively long 5 UTRs. Our data indicate that many
mRNAs that naturally do not require elF4G2 actually ac-
quire the need for the protein after A-capping (Supplemen-
tary Figure S1I0A, S10B). Thus, assaying A-capped mR-
NAs is inadequate for validating e[F4G?2 targets in normal
cap-dependent translation. Yet it would be totally incorrect
to dismiss all eIF4G?2 targets reported in the above-cited
papers. Indeed, we show that the translation of the m’G-
capped monocistronic APAF1 (Figure 1A, C) and various
BCL2 (Supplementary Figure S2B) reporters is elF4G2-
dependent. Altogether, the evidence that internal transla-
tion initiation is the realm of eIF4G?2 is shaky.

We show here that eI[F4G?2 participates in canonical cap-
and elF4F-dependent translation. Our data strongly sug-
gest that e[F4G2 operates downstream of cap recognition
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and mRNA accommodation by 43S ribosomal complexes.
The elF4G2-dependence seems to be frequently governed
by uORFs (Figure 3A, C and Supplementary Figure S5A,
D), but the cases of APAF1, SMADI1 and Pcbp2 5 UTRs
demonstrate that the mechanics of eIF4G2 engagement are
more complex. For the other mRNAs, the translation of
uORFs themselves and, therefore, all preceding steps of the
initiation including mRNA accommodation are elF4G2-
independent (Figure 4A, D and Supplementary Figure
S6A, D). In accordance with this, cap-sepharose does not
pull-down eIF4G2 (16,77), thus, elF4G2 is not a con-
stituent of cap-binding complexes. Our data do not exclude
that, on particular mRNAs under conditions of profound
elF4E inactivation, other protein partners bring elF4G2
to mRNA to promote cap-dependent translation (17,30)
or that el4G2 itself may bind mRNA (in a CITE mode)
to attract ribosomes (78). What the presented experiments
show is that eIF4G?2 is a dedicated scanning factor and, as
such, can arguably participate in any scanning-dependent
initiation mechanism after ribosome attachment, yet cap-

dependent translation apparently dominates in eukaryotes
and thus elF4G2 de facto promotes it.

Our data indicate that in the case of the elF4G2-
dependent mRNAs analysed here (APAF1, Mafl, Stard7,
UCP2), leaky scanning plays a principal role in the eIF4G2-
driven translation of main ORFs. There are two mutu-
ally nonexclusive possibilities as to how the presence of an
uORF may lead to the requirement for eI[F4G?2. The protein
may promote UAUG skipping and/or scanning afterwards.
The fact that elF4G2 knockdown does not enhance the
Mafl, Stard7 or UCP2 uORFs’ translation (Figure 4A, D
and Supplementary Figure S6A, D) is only compatible with
the latter explanation.

The only difference between the uORF-less and the wild
type 5 UTRs is the presence of ribosomes that translate the
uORFs. Therefore, the translating ribosomes obstruct the
scanning process. Obviously, the scanning and translating
ribosomes should interfere with each other. The presented
data suggest that eIF4G2 makes a difference when eIF4G1
is lacking. If we combine these two premises, we can hypoth-
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esize that ribosome interference leads to a loss of eIF4G1
from scanning complexes. This also suggests that scanning
ribosomes that rely on eIF4G2 are not cap-tethered, which
is indirectly supported by the apparent lack of eIF4E and
elF4G1 associated with eIF4G2 (17,18). eIF4G1 does not
dissociate completely or it is able to re-associate back, be-
cause the e[F4G2 targets are somehow translated in the ab-
sence of elF4G2, but most likely eIF4G1 is attracted back
to the m’G-cap to promote the next round of ribosome
binding. Dissociation of eIF4G1 from scanning complexes
may thus be the hallmark of eIF4G2-dependent transla-
tion. Another related scenario considers the possibility of
spontaneous elF4G1 dissociation-association on longer 5’
UTRs. In this case, there are two tangible determinants
for reassociation: eI[F4G1 availability and steric accessibil-
ity. Compared to elongating 80S complexes, which cover
around 30 nt of mRNA, scanning ribosomes provide het-
erogeneous footprints which are significantly longer (up to
80 nt) (79-81). These protrusions are most likely formed by
initiation factors. Once elF4G1 dissociates from a queue-
ing ribosome, it might not fit back subsequently (unlike the
smaller e[F4G2). The differential response to the uORF
shortening (Figure 6) indicate that elongating ribosomes
definitely can cause the interference, but can it be caused
by initiating or even terminating ribosomes, remains to be
established. Either model predicts that mRNAs with short
5" UTRs where AUG recognition occurs before e[F4G1 has
a chance to dissociate, do not require eIF4G2.

The ability of sequences upstream of the elF4G2-
summoning uORFs to modulate what occurs downstream
thereof highlights the interactive nature of uORF-mediated
translational control. The Initiation Complexes Interfer-
ence with Elongating Ribosomes (ICIER) model proposes
that ribosomes that translate an uORF impede the move-
ment of scanning ribosomes, thereby explaining how an
influx of ribosomes affects the degree of inhibition by an

uORF (35,70). Our model suggests that this should also
be the case for e[F4G2-dependent mRNAs. Likewise, 5’
UTR length should affect the influx as well. To date, the
only established functional result of a 5 UTR length in-
crease is a hindrance to the closed-loop mediated reinitia-
tion (82). This implies that the stability of interaction be-
tween elF4G1 and a scanning ribosome declines as the lat-
ter moves away from the cap and thus cap-distant scanning
ribosomes become more vulnerable to miscellaneous im-
pediments. This is especially true when both eIF4E—IF4G1
and elF4G1-elF3 interactions are weakened by mTOR in-
hibition (83,84), making the link between m’G-cap and
scanning ribosome even more labile. The increased input
from elF4G2 to the scanning of longer 5 UTRs under con-
ditions of mTOR inhibition (Figure 2B and Supplementary
Figure S3) or upon eIF4G1 knockdown (Figure 8 and Sup-
plementary Figures S8, S9) fits this hypothesis nicely.
Various obstacles may obstruct the scanning process be-
tween the cap and the uORF. If scanning complexes lose
their eIF4G1 on the way to an uORF due to some sec-
ondary structural elements or RNA-binding proteins, then
the role of elF4G2 in rescuing the scanning process in-
creases. This mechanism may play a major role in the high
elF4G2-dependence of long 5 UTRs lacking uORFs.
What can be the possible benefits of such compli-
cated machinery? First, the uUORF-eIF4G2 cooperation
we describe provides cell with another layer of post-
transcriptional control of gene expression, which may be
crucial for a fine-tuned expression of low abundant pro-
teins, which are often responsible for signaling, regulation
and certain important metabolic processes (85). Secondly,
elF4G2 makes it possible for cell to have true bicistronic
mRNAs, because the protein can augment a main ORF
expression while the uORF is also translated. Third, nu-
merous mMRNAs possess two or more functional in-frame
start codons and thus their translation results in both full-
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length and N-terminally truncated proteoforms (86,87).
The expression of the shorter isoforms should be affected
by eIF4G2. In terms of evolution, the ability of eIF4G2 to
counteract translation inhibition by uORFs can help organ-
isms to overcome the deleterious effect of UORF-creating
mutations. For example, in yeasts that lack an eIF4G2
orthologue, uUAUGs are found significantly rarer than in
higher eukaryotes that contain the eIF4G2 gene (88). No-
tably, a similar disparity between scanning of cap-proximal
and cap-distal 5 UTR regions exists in yeast cells, but it is
Dedlp that participates in cap-distal scanning in that case
(89).

In all likelihood, we have only described the tip of the
iceberg. Sufficiently long 5" UTR and an uORF presence
seem to be important but not obligatory and probably not
the only determinants of elF4G2-dependence. Participants
and modulators of translation that influence ribosome load-
ing onto mRNA, scanning efficiency and fidelity, transla-
tion elongation and termination rates will all affect the bal-
ance between scanning and translating ribosomes and thus
the exact contribution of eIF4G?2 to cell proteome may vary
significantly in different physiological conditions. In conclu-
sion, e[F4G2 is a dedicated scanning factor that overcomes
the inhibitory effect of uUORFs (and probably other obsta-



cles) to support required levels of translation via promoting
leaky scanning.
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