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During translation initiation, elF4G1 dynamically interacts with eIF4E and elF1. While
the role of elF4E—elF4G1 is well established, the regulatory functions of elF4G1—eIF1 are
poorly understood. Here, we report the identification of the e[F4Gl—eIF1 inhibitors
114G1-10 and i14G1-12. i114G1s directly bind eIF4G1 and inhibit translation in vitro and
in the cell, and their effects on translation are dependent on elF4G1 levels. Translatome
analyses revealed that i14G1s mimic eIF1 and elF4G1 perturbations on the stringency of
start codon selection and the opposing roles of elF1-eIF4G1 in scanning-dependent and
scanning-independent short 5’ untranslated region (UTR) translation. Remarkably,
114Gls activate ER/unfolded protein response (UPR) stress-response genes via enhanced
ribosome loading, elevated 5'UTR translation at near-cognate AUGs, and unexpected con-
comitant up-regulation of coding-region translation. These effects are, at least in part,
independent of elF2a-phosphorylation. Interestingly, elF4G1—elF1 interaction itself is
negatively regulated by ER stress and mTOR inhibition. Thus, i14Gls uncover an
unknown mechanism of ER/UPR translational stress response and are valuable research
tools and potential drugs against diseases exhibiting dysregulated translation.
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Protein synthesis is the foundation of cellular functioning. The most tightly regulated
stage in this process is translation initiation, whereby the ribosomal subunits, eukaryotic
initiation factors (elFs), and other components assemble at the initiation codon of mes-
senger RNA (mRNA). In eukaryotes, the majority of the mRNAs initiate translation
through a canonical mode involving several steps: 1) recognition of the mRNA 5’end
m7G cap structure; 2) assembly of the 43S pre-initiation complex (PIC); 3) recruitment
of the PIC to the mRNA; 4) scanning of the 5'UTR; 5) start codon selection; and 6)
60S subunit joining. Flexibility in the regulation of protein synthesis allows cells to rap-
idly adapt to stress, activate survival programs, and develop drug resistance. Therefore,
aberrant control of mRINA translation is universal in cancer, and several common anti-
cancer drugs act, at least in part, by inhibiting translation (1-4). Dysregulated translation
is also involved in the pathophysiology of numerous neurodegenerative diseases and
brain-associated disorders, such as autism, and defects in learning and memory (5-10).
Thus, inhibitors of translation initiation hold promise as versatile therapeutic agents.

The key factor that mediates m7G cap recognition is elF4F, a complex consisting of
elF4E, the cap-binding protein; elF4G1, a large scaffolding protein that interacts with
elF4E and recruits the 43S; and the helicase elF4A, which unwinds cap-proximal sec-
ondary structures. The 43S PIC recruitment to the mRNA is mediated by direct inter-
action between elF4G1 and ribosome-bound elF3 (11) and eIF1 (12, 13). The critical
scanning phase is promoted by elF1 and eIF1A (14), which bind the 40S subunit near
the P and A sites, respectively, and induce the “open” scanning competent conforma-
tion of the 40S (15). Our recent study from human cells revealed that elF4G1 interac-
tion with eIF1 is dynamic and is required to promote scanning and leaky scanning
from cap-proximal AUG (16). However, the regulatory role of this interaction in the
translation of endogenous mammalian mRNAs is presently unknown.

In the past decade, substantial progress has been made in mapping the location and
interactions of the various ribosomal proteins (RPs) and elFs of the initation complex
by structural cryo-electron microscopy (cryo-EM) and biochemical studies [(15, 17-19)
and others]. A cryo-EM structure of the 48S complex captured in the scanning process
and including eIF1 and a core segment e[F4G1 was recently reported (20). However,
interactions between elF4G1 and eIF1 and with several eIF3 subunits were not visible,
raising the possibility that an alternative conformation of a scanning complex may exist
whereby elF4G1 directly interacts with eIF1. In addition, much less is known about the
functional significance and regulation of these dynamic protein—protein interactions
(PPIs) during the multistep translation initiation process, especially in the context of
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mammalian cells. As mRNA translation is critical for all cellular
activities, most of the elFs and RPs are essential for cell growth
and viability, rendering the use of genetic manipulation imprac-
tical. This poses a major challenge for elucidating the in vivo sig-
nificance of the various steps in the initiation process and the
specific roles played by each initiation factor in mammalian cells.
Presently, the investigation of elFs utilizes prolonged treatments
with small interfering RNAs (siRNAs), which impede the ability
to distinguish between direct and indirect effects and are also
expensive and labor-intensive. Likewise, overexpression studies
give rise to nonphysiological amounts of proteins, limiting our
ability to draw conclusions. Furthermore, some elFs, such as
elF4Gl1, eIF1A, and eIF2p, harbor several independent, some-
times opposing, functional domains, making the information
gleaned from their overall depletion less informative. Thus, there
is a growing interest in finding alternative avenues for addressing
the significance of elFs for translation in vivo.

While the importance of PPIs for translation initiation is
well established, their targeting by drugs is rare, primarily since
PPI involves multiple contact sites and finding small molecules
that can effectively disrupt these contacts is challenging. Our
solution, which we have successfully employed and improved,
is to increase the chances of identifying inhibitors/activators of
PPIs by performing large screens of small-molecule libraries
(21-23). Such high-throughput screens (HTSs) require large
quantities of target proteins, which is achieved by utilizing
recombinant proteins in a cell-free assay. This approach has
already led to the identification of direct PPI inhibitors of two
transcription factor complexes (21-23).

Here, we addressed the functional significance of the tempo-
ral elF1-eIF4G1 interaction during translation initiation by
searching for small molecule inhibitors using HTS. We report
the identification of two chemically distinct inhibitors, i114G1-
10 and i14G1-12. These inhibitors bind elF4G1 and inhibit
translation in an elF4G1 levels-dependent manner. i14Gls
confirm the dynamic and competitive nature of elF4G1 inter-
action with elF1 and eIF4E and precisely mirror the effect of
elF1 and elF4G1 perturbations on scanning, cap-proximal
leaky scanning, and stringency of AUG selection and estab-
lished a differential requirement of elF1-elF4G1 for scanning-
dependent and independent short 5’ untranslated region
(UTR) translation. Using these inhibitors, we uncovered the
previously unknown roles of elF1-eIF4G1 interaction in the
translation of ER/unfolded protein response (UPR) stress-
response genes. Importantly, these effects appear to be indepen-
dent of elF2a phosphorylation. Furthermore, upon imposing
ER stress or mTOR inhibition, elF1—-eIF4G1 interaction is
suppressed, leading to enhanced ribosome loading and elevated
translation from the 5’'UTR and the main open reading frames
(ORFs). Thus, i14G1-10 and i114G1-12 have expanded under-
standing of specific elF1-eIF4G1 functions in mammalian cells
and have proven to be excellent research tools.

Results

Identification of Small-Molecule Binders of the elF4G1-elF1
Complex. To address the functional significance of the tempo-
ral elF1-eIF4G1 interaction, we set out to develop pharmaco-
logical tools against this complex. To this end, we used the
split-renilla luciferase (RL) complementation assay previously
found to be an efficient readout of eIlF1 and e[F4G1 interac-
tion in mammalian cells (24) and a highly sensitive and power-
ful approach for the identification of protein—protein inhibitors
(21-23). In this assay, the RL is split into two inactive N- and
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C-terminal fragments and is fused to target proteins. Interac-
tion of the target proteins brings the N- and C-terminal frag-
ments of the RL in close proximity, resulting in the restoration
of RL activity. The elF1-eIF4G1 split-RL fusion pair consists
of the N-RL fused to the full-length eIF1 (113 amino acids)
and eI[F4G1-C-RL, consisting of amino acids 675 to 1,129, a
region that bears the elF1-binding site but lacks those of
elF4E, elF4A, and elF3 (24). This ensures that identified bind-
ers of elF4G1 primarily affect its interaction with elF1. The
elF1 and elF4G1 RL fusion proteins were expressed in bacteria
from a single plasmid to enable similar expression levels. A
major advantage of the use of recombinant protein is the
potential identification of compounds that directly bind to a
specific protein  domain. Bacterial cell lysates displaying
elF1—eIF4G1 split-RL activity were used in a 1,536-well plate
format to screen a library of ~100,000 small molecules
(15 pM) of diverse chemical natures for more than 30% inhibi-
tion of RL activity (Fig. 1A4). A total of 266 small molecules
were identified, and these were further selected for inhibition
of full-length renilla enzyme activity to eliminate RL inhibi-
tors, resulting in 54 compounds. These small molecules were
checked for overlapping hits with previous split-RL screens
to filter out false positives. The remaining 28 specific elF1-
elF4G1 split-RL inhibitors (114G1s) were checked for the con-
centration that inhibits the RL activity by 50% (IC50), and
12 compounds with an IC50 <30 uM were chosen for further
biological analysis (Fig. 1A4). As knockdown of either eIF1 or
elF4G1 and interference with elF1—-elF4G1 interaction led to
the arrest of leaky scanning from cap-proximal AUG (13, 25),
we analyzed the effect of the selected compounds for their effect
on initiation from cap-proximal AUG. We used a GFP reporter
gene whose AUG is preceded by an in-frame upstream AUG
bearing a very short (16 nt) 5’UTR (Fig. 1B, Top). The transla-
tion from the downstream AUG marks leaky scanning, which
is ~50% in HEK293T cells. The results show that of all the
identified compounds, three molecules, #10, #11, and #12, selec-
tively changed the upstream to downstream ratio by inhibiting
leaky scanning from the cap-proximal AUG (Fig. 1 B and O),
reminiscent of the effect observed upon knockdown of either
elF1 or eIlF4G1 (13, 16). Since #11 and #12 are highly similar,
we selected the chemically distinct #10 and #12, shown in Fig,
1D, for further study and named them i114G1-10 and i14G1-12
for inhibitor elF1—eIF4G1-10 or 12.

Using a pull-down experiment, we next examined whether
i14G1-10 and i14G1-12 can affect elF1-eIF4G1 interaction.
GST-elF4G1 (amino acids 675 to 725) was incubated with His-
elF1 in the presence of vehicle (dimethyl sulfoxide [DMSO]),
i14G1-10, and i14G1-12. Both compounds caused a decrease in
the association of elF1 with elF4G1 (SI Appendix, Fig. 1 Aand B).

To determine to which of the proteins in the elF1-elF4Gl
complex 114G1-10 and i14G1-12 bind, each protein was indi-
vidually expressed as His-tag fusion protein in Escherichia coli,
purified (S Appendix, Fig. 1 Cand D), and incubated with the
inhibitors, followed by the determination of their intrinsic fluo-
rescence (from the tryptophans in e[F4G1 or tyrosines in eIF1)
as a measure of direct binding. Treatment of recombinant
elF4G1 with 114G1-10 and i114G1-12 led to a progressive loss of
its intrinsic fluorescence with a calculated IC50 of 24.7 pM and
58.39 pM for i14G1-10 and i14G1-12, respectively (Fig. 1E).
With eIF1, the intrinsic fluorescence in the presence of i14G1-10
was almost unchanged, while 114G1-12 gradually decreased it,
resulting in an IC50 of 54 pM (Fig. 1E). These results suggest
that within the elF1—-eIF4G1 complex, i114G1-10 binds to e[F4G1
and 114G1-12 binds to both el[F4G1 and elF1.
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Identification and initial characterization of elF1-elF4G1 inhibitors using HTS. (A) A flowchart describing the steps of the recombinant elF1-elF4G1 split-

RL HTS. (B) Selection of drugs that inhibit leaky scanning. HEK293T cells were transfected with a short 5’UTR-bearing GFP reporter gene described on the Top,
treated with the indicated HTS hits, and then analyzed by Western blot with GFP antibody. US and DS denote upstream and downstream AUG initiation sites,
respectively. (C) A graph showing change in the upstream and downstream AUG ratio following treatment with the indicated drugs. (D) The chemical structure of
the elF1-elF4G1 inhibitors, i14G1-10 and i14G1-12. (E) His-tagged elF4G1 and His-tagged elF1 were expressed in BL21 bacteria and purified using nickel agarose
beads. Purified His-tagged elF4G1 and His-tagged elF1 were incubated with the indicated concentrations of either i14G1-10 or i14G1-12 for 5 min, followed by
fluorescence measurement. elFAG1 excitation is at 280 nm and emission at 350 nm, and elF1 excitation is at 274 nm and emission at 304 nm. The data shown
represent three independent replicates. IC50 was calculated using Graphpad Prism 9.

i14G1-10 and i14G1-12 Affect the Dynamics of elF4G1 Interac-
tion with elF1 and elF4E. eIF4E and elF1 binding sites on
elF4G1 are adjacent, and their interaction with elF4Gl1 is mutu-
ally exclusive (16). To examine the effect of the small molecule
inhibitors on the dynamics of elF1-eIF4G1 and elF4E-elF4Gl
complexes, we performed coimmunoprecipitation (co-IP) of
endogenous elF4G1 in HEK293T cells expressing HA-eIF1 or
HA-eIF4E using a monoclonal anti-HA-agarose antibody. We
previously showed that exogenously expressed HA-eIF1 dimin-
ishes the expression of the endogenous elF1 due to an autoregula-
tion mechanism, so the overall levels are retained (16). Likewise,
the expression of exogenous HA-eIF4E does not lead to overex-
pression (16). We observed that i14G1-10 (20 pM) treatment
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led to a 50% reduction in elF4G1 binding to HA-elF1 and a
concomitant dramatic enhancement of eIlF4G1 binding to
HA-eIF4E (Fig. 2A4). With i14G1-12 (10 pM) treatment, we
also observed a 25% reduction of e[F4G1 binding to HA-eIF1,
but the enhancement of e[F4G1 binding to HA-eIF4E was not
significant (Fig. 2B). These findings suggest that these compounds
act to weaken elF1—eIF4G1 interaction and that i14G1-10 also
enhances elF4E—eIF4G1 interaction.

As elF4G1—-elF4E binds the m7G-cap structure of mRNA,
we examined the effect of these drugs on their cap-binding
activity using immobilized y-aminophenyl-m’GTP-(cap-ana-
log) agarose beads. HEK293T cells were treated with DMSO,
i14G1-10 (20 pM), or i114G1-12 (10 pM) for 4 h, and then
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the cells were lysed and incubated with cap-analog or control
agarose beads followed by Western blot to monitor elF4E and
elF4G1. The results confirmed that elF4G1 is cobound with
elF4E to the cap-analog beads but not to the control beads.
Treatment with i114G1-10 further enhanced eIF4G1 binding to
the elF4E—cap complex by 1.8-fold (Fig. 20). i14G1-12 treat-
ment had no significant effect on the binding of the eIF4Gl
and elF4E-cap complex. The co-IP and the cap-binding assays
revealed that i14G1-10 shifts elF4G1 binding from eIF1 to
elF4E, increasing the elF4AE—eIF4G1 complex, which is crucial
for ribosome recruitment. Moreover, the effect of i14G1-10
provides independent evidence for the dynamic interplay
between the elF4G1—eIF4E and elF4Gl—eIF1 complexes dur-
ing translation initiation, as we previously reported (16).

i14G1-10 and i14G1-12 Inhibit Translation and Cell Growth. As
inhibition of important interactions in the translation machin-
ery may affect mRNA translation, we examined the effect of
i14G1-10 and i14G1-12 on in vitro translation using rabbit
reticulocyte lysate and firefly luciferase mRNA. Employing
increasing concentrations of the two inhibitors, we observed a
dose-dependent decrease in firefly luciferase activity, with an
IC50 of 5.44 pM and 4.14 pM for i14G1-10 and i14G1-12,
respectively (Fig. 34). These findings indicate that i14G1-10
and 114G1-12 are indeed direct translation inhibitors and that
elF4G1—elF1 interaction plays a central role during translation
initiation in vitro.

To examine the effect of i114G1-10 and i14G1-12 on in vivo
translation, we treated HEK293T cells with DMSQO (vehicle con-
trol), i14G1-10 (20 uM), and i14G1-12 (10 pM) for 3 h, followed
by cell lysis and sucrose density gradient (10 to 50%) sedimenta-
tion. The polysome profiles of i114G1-10— and i14G1-12—treated
samples revealed an increase in 80S monoribosome (Fig. 3B),
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i14G1-12

transfection, the cells were treated with DMSO
or i14G1-10 (A) or i14G1-12 (B) for 4 h, followed
by IP of HA-elF1 or HA-elF4E using anti-HA-
agarose beads. Western blot was performed to
check for the co-IP of endogenous elF4G1 with
HA-elF1 or HA-elFAE. IN denotes 5% of input
lysate and IgG are control antibodoes. The
graphs represent the co-IP of elF4G1 with
HA-elF1 (Right) or HA-elF4E (Left). Co-IP data
shown as mean + SEM of four to seven inde-
pendent experiments. The asterisks denote sta-
tistically significant differences compared to
DMSO, according to Students t tests (one-
tailed, paired). *P < 0.05. (C) HEK293T cells
were treated with DMSO, i14G1-10, or i14G1-12
for 4 h, followed by cell lysis. Respective cell
lysates were incubated with cap analog (y-Ami-
nohexyl-m7GTP) beads for 2 h to precipitate
bound elF4E. Western blot was performed to
check coprecipitation of elF4G1 along with
elF4E on the cap-analog beads. The graph rep-
resents the binding fraction of elF4G1 and
elF4E to the cap-analog beads (mean + SEM)
with DMSO (black), i14G1-10 (blue), and i14G1-
12 (red), n = 6. The asterisks denote statistically
significant differences compared to DMSO,
according to Student's t tests (one-tailed,
paired). *P < 0.05; **P < 0.01. IgG, immuno-
globulin G; ns, not significant.

N=7

HA-elF4E binding to elF4G1

DMSO  i14G1-12

indicating a defect in translation initiation. With i14G1-12, we
also observed a substantial decrease in the heavy polysomal
fractions, suggesting that it is a more potent translation inhibitor
(Fig. 3B, Righ?). We also examined the effect of i14G1-10 and
i14G1-12 on translation by applying the puromycin-incorporation
assay. Puromycin is a structural analog of aminoacylated—transfer
RNA, leading to premature translation termination, thus marking
active translation (26). We treated HEK293T cells with increasing
amounts of 114G1-10 and i14G1-12 for 3 h, followed by a pulse
of puromycin (10 pg/mL) for 5 min and Western blot using an
anti-puromycin antibody (Fig. 3C). The results revealed a pro-
gressive loss of nascent polypeptide labeling upon 114G1-10 and
i14G1-12 treatments, with an IC50 of 20.4 pM and 4.96 pM,
respectively, further confirming a defect in de novo protein
synthesis.

To validate that e[F4G1 is the target of these drugs in the cell,
we examined the effect of these compounds on translation follow-
ing elF4G1 knockdown. Cells were transfected with control or
elF4G1 siRNA. After 48 h, the cells were treated with increasing
doses of i114G1-10 and i14G1-12 for 3 h, followed by a 5-min
puromycin pulse. elF4G1 knockdown dramatically reduced the
sensitivity of translation to i14G1-12, as evidenced by a change in
the IC50 from 5.65 pM to 80 pM (Fig. 3D). In contrast, with
114G1-10, the inhibition of translation was enhanced upon deple-
tion of elF4G1 (Fig. 3D). This enhanced sensitivity is consistent
with previous studies that established that lowering the dosage of a
gene whose product is targeted by a drug can result in sensitization
to the drug (27-29). Transfection of elF4G1 siRNA together with
a siRNA-resistant elF4G1 plasmid, reversed the induced sensitiv-
ity/resistance to these drugs, providing further support that
elF4G1 is a major target of these translation inhibitors.

To determine the intracellular levels of i14G1-10 and i114G1-12,
cells treated with these drugs for 3 h were extensively washed and

pnas.org



A 120 — 5 s 5 — oo Fig. 3. 114G1-10 and i14G1-12 inhibit MRNA
z 0 4011210304 14 mM £ a5 —— 14G1-10 (20mM) 45 —— 114G1-12 (10mM) translation and sensitize cell survival of
é i N6 c E elF4G1- and elF1-depleted cells. (A) In vitro
'z 8 234‘0_ 347 translation using rabbit reticulocyte lysate,
g 60 g 35 < 35 which was preincubated with different concen-
g S 304 %30— trations of i14G1-10 or i14G1-12 for 10 min,
E 4 < 2 followed by the addition of capped firefly
3 201 2 259 §2’5' luciferase mRNA. After 90 min at 30°C, the
o < 504 < 204 luminescence signal was measured and
4 0 1 2 0oL 0oL the IC50 was calculated. The data represent
Log1q Concentration (mM) R | ——————————8 the mean + SEM of six independent repeats.
Sucrose Density Sucrose Density (B) HEK293T cells were treated with DMSO
4G40 (uM 14G142 (UM (vehicle control) and subcytotoxic concentra-
C —HEOTIM_ [ACL T2 2,0 o, tions of i114G1-10 (20 pM) and i14G1-12 (10
A s 1650 = 4.96 M uM) for 3 h. Cell lysates were then subjected
8 5 1050=2046 uM 8 ’ to sucrose gradient sedimentation to obtain
£ £ 10 polysome profiles. (€) HEK293T cells were
l Em g treated with the indicated concentrations of
Puromycin g : g i14G1-10 and i14G-12 for 3 h, followed by the
'“- .__ :'os 205 addition of puromycin (10 pg/mL) for 5 min,
5 % ’ % after which cells were lysed and analyzed by
2 00 2, o] Western blot using an anti-puromycin anti-
T 5 10 20 40 80 T 45 3 6 12 24 body and anti-GAPDH antibody that serves as
GAPDH - 114G1-10 (uM) 14G1-12 (uM) a loading control. The graph represents the
mean + SEM chemiluminescence signal inten-
. . . . sity of puromycin labeling normalized to
D pcDNA3 + siCTRL pcDNA3 + sielF4G HA-elF4G + siCTRL HA-elF4G + sielF4G . .
2,0 e 2., 2., GAPDH of three independent experiments.
E IC50 = 25.6 yM E IC50 = 15.92 yM E IC50 = 32.7 yM E IC50 = 27.1 yM The Calculated |C50 iS ShOWn. (D) HEK293T
T1s gw _'—;10 co8 cells were transfected with either control
;;. ‘E; % ;;n.s (siCTRL) or elF4G1 siRNA (sielF4G1) in the
g 2 g 2 04 absence or presence of elF4G1 expression
§'u.s §°'5 Eo's ;0_2 plasmid or control plasmid (pcDNA). As the
k] k- z k] elF4G1 siRNA pool is directed against the
0.0 0.0 0.0 0.0 B H
* 5 10 2 4 @ 5 10 2 4 w0 5 10 20 4 80 5 10 20 40 80 3'UTR, which is absent from the elF4G1
4G1-10 (uM) 14G1-10 (M) 146110 (uM) 14G1-10 (uM) expression plasmid, the exogenous elF4G1 is
_ ) _ ) resistant to the siRNA. At 48 h after transfec-
- pcDNA3 + siCTRL o pcDNAS3 + sielF4G - HA-elF4G + siCTRL - HA-elF4G + sielF4G tion, cells were treated with the indicated con-
%1'5 1C50 = 5.65 uM %1'5 1C50 = 80.34 uM %1’5 1C50 = 4.80 uM %1'5 1C50 = 5.62 uM centrations of i14G1-10 and i14G-12 for 3 h,
g ] g ] ) .
= = = = followed by a 5-min puromycin pulse as
'g"“ ';;”’ ‘%"" g"“ described in C. The graph represents the
g g g g mean + SEM chemiluminescence signal inten-
P P P P sity of puromycin labeling normalized to
g g 5 g GAPDH of three independent experiments.
e P I S S T P The calculated IC50 is shown. GAPDH, glyceral-
14G1-12 (uM) 14G1-12 (uM) 14G1-12 (uM) 14G1-12 (uM) dehyde-3-phosphate dehydrogenase.

then analyzed by liquid chromatography—mass spectrometry.
Both compounds were detected within the cells, but the amount
of 114G1-12 was substantially lower than the amount that was
applied (S/ Appendix, Table S1). These findings suggest that
114G1-12 is highly unstable within the cell.

Considering the importance of mRNA translation to cell pro-
liferation and cell survival, we examined the effect of i14G1s on
the growth of several cell lines and found that both compounds
inhibited the growth/survival of all these cell lines (S/ Appendix,
Fig. 24). To examine whether the growth defect is associated
with cell cycle progression, control and drug-treated cells were
subjected to DNA staining by propidium iodide and then a flow
cytometry analysis to determine their distribution in the sub-G1
(dead cells), G1, S, and G2/M phases of the cell cycle. The
results confirm that 114G1-10 and i14G1-12 changed the parti-
tion of cells at the different phases of the cell cycle. Specifically,
with 114G1-10 we observed a dramatic increase of cells in the
G2/M phase of the cell cycle. Both 114G1-10 and i14G1-12 led
to a reduction in S and elevation in sub-G1 dead cells (S/

Appendix, Fig. 2B).

The Translation Effects of i14G1-10 and i14G1-12 Are Linked
to Start Codon Stringencies. To obtain a genome-wide quanti-
tative view of the impact of i114G1-10 and i14G1-12 on transla-
tion, we performed Ribo-seq (deep sequencing of ribosomal
protected RNA fragments) following short-term treatment (3 h)
of HEK293T cells with the compounds (Fig. 44). For assessment

PNAS 2022 Vol.119 No.30 2120339119

of translation efficiency, we used cycloheximide (CHX), a transla-
tion elongation inhibitor that stalls all translating ribosomes. To
determine the sites and regulation of translation initiation, we
also employed, in addition to CHX, the translation inhibitor har-
ringtonine (Hrr), which affects initiating ribosomes and enables
the global mapping of translation initiation sites (T'SIs) (30-32).
The analyses of total mRNA sequencing of each sample were used
for normalization. We observed a high correlation among the rep-
licates of the treatment groups (S Appendix, Fig. S3). Metagene
profiles (CHX samples) representing the mRNAs™ average ribo-
some density revealed reduced ribosomal densities in the coding
regions (CDS) for both i14G1-10 and i14G1-12 (Fig. 44), con-
sistent with the polysome profiles and puromycin-labeling experi-
ments described above. The i14G1-10 and i14G1-12 treatments
resulted in translational down-regulation of CDS (>1.7-fold) of
320 and 874 genes, respectively, but also up-regulation of 255
genes and 547 genes, respectively (Fig. 4B, Top). Interestingly, we
also observed elevated 5'UTR ribosomal densities in both i14G1-
10 and i14G1-12 samples (Fig. 44), corresponding to 806 and
1,207 genes with up-regulated 5'UTR translation, respectively
(Fig. 4B, Bottom). As elevation in 5’'UTR translation was expected
to inhibit translation from the downstream major ORF, we deter-
mined the correlation between the fold change in CDS and the
5'UTR translation efficiencies for the 7,417 expressed genes.
Unexpectedly, we found a positive Pearson’s correlation for
5'UTR and CDS translation efficiencies for both i14G1-10 and
114G1-12 (SI Appendix, Fig. S4A) and substantial overlap between
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genes displaying 5'UTR up-regulation and CDS up-regulation.
In contrast, the overlap with CDS down-regulation was negligi-
ble (Fig. 4 Cand D). These findings raise the possibility that in a
subset of genes, inhibition of the elF1-eIF4G1 complex enhan-
ces recruitment of the PIC to the mRNA, resulting in overall
enhancement of 5UTR and CDS translation. By comparing the
extent of overlap between 114G1-10- and 114G1-12-affected
genes, we observed a considerable, albeit partial, intersection
between the treatments, suggesting a somewhat different mode
of inhibition of the elF1-eIF4G1 complex (SI Appendix,
Fig. S45).

elF1 and eIF4G1 were reported to direct stringent AUG
selection (12, 33-35). Therefore, we examined the sequence
context of the CDS start codons in i14G1-10 and i14G1-12
translationally down-regulated and up-regulated genes compared
to DMSO. Analysis of the nucleotide context of the annotated
start codons of the differentially translated mRNAs (CDS), using
the motf discovery algorithm STREME, revealed that in both

1

Expression relative to AUG (%)
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i14G1-12 (red). (B) Summary of the number of
genes whose ribosomal occupancy was
affected (fold change, >1.7 or 1.7) or unaf-
fected in CDS (Top) and 5'UTR (Bottom) in
i14G1-10 or i14G1-12 samples. (C and D) Venn
diagram presenting the overlap between the
CDS up-regulated and CDS down-regulated
genes with the 5’UTR up-regulated genes fol-
lowing i14G1-10 (C) or i14G1-12 (D) treat-
ments. () Analysis of the nucleotide context of
the annotated start codon of i14G1-10 and
i14G1-12 differentially translated mRNAs using
the STREME motif discovery algorithm. (F) The
translation efficiency of elF1 in DMSO, i14G1-
10, and i14G1-12 samples was calculated from
the Ribo-seq data. The weak AUG context of
elF1 is shown above the graph. (G) Analysis of
the nucleotide context of the 5'UTR TIS in
DMSO and the up-regulated gene sets of
i14G1-10 and i14G1-12 treatments, using
the MEME program. (H) A pie chart showing

elF1

0‘{9 O the frequency of the start codon in the ribo-
b

some footprints in the 5UTR of DMSO and the
up-regulated gene sets of i14G1-10 and i14G1-
12. (/) HEK293T cells were transfected with a
firefly luciferase reporter gene driven by either

54

AUG or near-cognate start codon (i.e., ACG,
=3 i14G1-12 CUG, GUG, and UUG). The RL reporter gene
** N=5 was also cotransfected and served as a nor-
+ malizing control. The near-cognate start codon
activities in DMSO control and i14G1-10- and
o i14G1-12-treated cells are presented as a per-
centage of AUG activity. The data are shown
as mean + SEM, n = 5. The asterisks denote
statistically significant differences compared to
DMSO, according to Student's ¢ tests (one-
tailed, paired). *P < 0.05; **P < 0.01. GTI-Seq,
global mapping of translation initiation sites;
Harr, harringtonine.

& DMSO
&3 i14G1-10

114G1-10 and i14G1-12 down-regulated genes, there was a signifi-
cant enrichment of a strong Kozak AUG context (AACCAUGGU)
along with additional flanking nucleotides (Fig. 4F). In con-
trast, the up-regulated genes were significantly enriched with a
weak AUG context (Fig. 4E), particularly the (-3) position devi-
ates from the A/G of the Kozak consensus. These findings sug-
gest that the sequences surrounding the start codons are
involved, at least in part, in their differential translation upon
elF4G1—elF1 inhibition.

The translation of eIF1 itself is controlled by an evolution-
arily conserved poor AUG context necessary for an autoregula-
tory negative feedback loop in which low levels of eIF1 enhance
its own translation and high levels of eIF1 repress it (36). Con-
sistent with this, we found that the translation efficiency of
endogenous elF1 translation is up-regulated upon inhibition of
elF4G1-elF1 by both i14G1-10 and i14G1-12 (Fig. 45).

We next determined the sequence context of the TIS in the
ribosome footprints of the 5UTR in DMSO and i14G1-10
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and 114G1-12 samples. To assign the 5'UTR TISs, we used the
Hrr + CHX reads (see Materials and Methods). The results
revealed that the 5’UTR TIS consists of mostly NUG, in which
the first position is the most variable. This finding is in line
with other reports demonstrating that translation initiation in
the 5’UTR is more flexible and can utilize both AUG and
near-cognate AUG (7). Upon both i14G1-10 and i14G1-12
treatment, the TISs became substantially more flexible, with
variations also in the second and third positions (Fig. 4G).
Analysis of the percentage of all possible combinations of AUG
single substitutions further highlighted the reduced stringency
and the appearance of ACG and AUU near-cognate codons in
the drug-treated samples, which were barely identified in
DMSO control (Fig. 4H). To validate this observation further,
we performed a reporter assay using a set of luciferase reporter
genes in which the initiating triplet was either AUG, CUG,
GUG, UUG, or ACG. HEK293T cells were transfected with
the respective luciferase reporters and treated with i14G1-10
(5 pM) or i14G1-12 (5 uM) for 16 h, followed by luminescence
measurements. Both i114G1-10 and i14G1-12 drug treatment sig-
nificantly enhanced the activities of ACG, CUG, GUG, and
UUG relative to AUG. Notably, the most affected initiation
codon with both drugs was ACG, consistent with the marked ele-
vation of this codon in the ribosome-profiling data (Fig. 41).
Taken together, these results suggest that e[F1-e[F4G1 interaction
is required to inhibit initiation from weak AUG contexts or near-
cognate start codons during 5UTR scanning in mammalian cells.
This conclusion agrees with studies from yeast in which mutations
in either elF1 or elF4G1 enhanced initiation from near-cognate

AUGs (12, 33, 34).

5'UTR Length-Dependent Effects of i14G1-10 and i14G1-12.
Since both elF1 and elF4G1 are important for scanning, we exam-

ined the relationship between the translational effects of the inhibitors
and the SUTR length. We observed that in both i14G1-10~ and
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114G1-12—treated samples, translationally down-regulated mRNAs
have significantly longer 5'UTR than DMSO (Fig. 54). To further
investigate the link between the drug’s effect and 5'UTR length,
we used two firefly luciferase reporters differing only in their
5'UTR length: a short 5UTR with 111 nudleotides and a long
5'UTR with 354 nucleotides. While the luciferase reporter expres-
sion driven by the longer 5’UTR was significantly decreased upon
both i14G1-10 and i14G1-12 treatments (Fig. 5B, Lefi), these
compounds did not affect the shorter SUTR (Fig. 5B, Righs).
These findings confirm the inhibitory effect of these compounds
on the scanning-promoting activity of the elF1-eIF4G1 complex.

As previous studies implicated an inhibitory role of elF1 and
elF4G1 on scanning-independent cap-proximal initiation (13, 16),
we wished to determine whether these inhibitors recapitulate these
effects on endogenous mRNAs. However, the Ribo-seq protocol
involves the isolation of 30 to 32 nt ribosome protected fragments,
which are largely excluded when an extremely short 5 leader pre-
cedes the start codons. Thus, this approach is limited in its ability
to report the transladon state of mRNAs bearing very short
5'UTR, such as the TISU and histone genes. We therefore per-
formed polysomal profiling following i14G1-10 and i14G1-12
treatment and checked seven randomly selected TISU genes in the
free, light, and heavy polysomal fractions by real-time PCR (Fig.
50). All the analyzed TISU genes were either unaffected or slightly
up-regulated in 114G1-10- and i14G1-12—treated polysomes frac-
tions. In contrast, both i14G1-10 and i14G1-12 decreased transla-
tion of the ACTB mRNA that was used as a control. Similarly, we
checked the translaton of eight histone genes driven by an
extremely short 5’UTR and a weak AUG context. Indeed, the ana-
lyzed histone genes displayed a general trend of up-regulation fol-
lowing both i14G1-10 and i14G1-12 treatments (Fig. 5D).
Enhanced translation of histones genes was consistent with
enhanced cap-proximal translation initiation, possibly due to the
enhanced elF4Gl—elF4E complex relative to the elF4Gl—elF1
complex, as previously reported (16).

Fig. 5. 5'UTR length-dependent translational
control by elF1-elF4G1. (A) Box plots showing
the relationship between the 5'UTR length and
the translation efficiency of genes whose transla-
tion efficiency of the CDS was unaffected, down-
N=6 regulated, and up-regulated by i14G1-10 or
i14G1-12 treatments. The asterisks denote a sta-
tistically significant difference. **P < 0.01, ****p
< 0.0001. (B) A scheme of the firefly reporter
genes driven by long (354 nt) and short (111 nt)
5'UTR length is shown on the Top. HEK293T cells
were transfected with these reporter genes.
After 4 h, transfected cells were treated with
DMSO, i14G1-10 (5 pM), or i14G1-12 (5 uM) for
16 h and analyzed for firefly luciferase activities.
The graph presents the normalized lumines-
cence activity of the long 5’UTR and the short

CDS-Firefly Luciferase

CDS-Firefly Luciferase

111 nt Short 5’'UTR

DMSO i14G1-10 i14G1-12

N=3 5'UTR reporters in the indicated treatments. The
- Free, data are shown as mean + SEM, n = 6. The aster-
=3 Heavy isks denote statistically significant differences

compared to DMSO, according to Student's
t tests (one-tailed, paired). *P < 0.05; **P < 0.01.
(C and D) HEK293T cells were treated with
DMSO, i14G1-10, and i14G1-12 for 3 h, lysed,
and subjected to sucrose gradient sedimentation
and fractionation. Fractions were pooled accord-
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ing to the polysome profile as free (black), light
(blue), and heavy (yellow) polysomal fractions.
cDNA was prepared from each fraction pool,
and real-time PCR was performed for the indi-
cated TISU genes (C) or histone genes (D). The
data are shown as mean + SEM, n = 3. The aster-
| - isks denote statistically significant differences
compared to DMSO, according to Student's
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elF4G1-elF1 Inhibitors Reveal Its Central Role in Stress
Responses. We analyzed the i14G1-10 and i14G1-12 differendally
translated genes using Ingenuity Pathway Analysis in order to iden-
tify the major biological themes and their relationships among the
affected genes (SI Appendix, Fig. S5A). The resulting networks
revealed activated genes and pathways involved in cell death and
UPR in both drug treatments, while those of the down-regulated
genes were largely different. Likewise, using Gene Set Enrichment
Analysis, we found a substantial overlap of affected pathways among
the up-regulated gene sets of both drugs, including UPR, UV
response, apoptosis, mMTORC signaling, tumor necrosis factor-ot sig-
naling, and G2/M checkpoint (Fig. 64). We analyzed the gene track
of several up-regulated UPR genes, ATF3, GADD45A, DDIT3,
and GADD?34, and noticed that in parallel to the increase in the
reads in the CDS, there was a substantial up-regulation of ribosome
footprints in their 5UTR (Fig. 6B and SI Appendix, Fig. S5B). As
these drugs elevate elF4E—elF4G1 levels and cap-binding activity
(Fig. 2), the significant increase of 5'UTR footprints in these
mRNAs was likely a consequence of enhanced ribosome recruitment
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elF2aS52A mutant MEF cells were treated with
DMSO, i14G1-10 (30 pM), or i14G1-12 (15 uM)
for 3 h, and cells were lysed in polysome
buffer and loaded onto sucrose density gradi-
ent for polysome separation followed by frac-
tionation. The graph presents the P/M ratio in
control MEFs (purple) and elF2aS52A mutant
cells (blue). (E) Fractions were pooled (from D)
according to the polysome profile as free
(black), light (blue), and heavy (yellow) polyso-
mal fractions. cDNA was prepared from each
fraction pool, and real-time PCR was per-
formed for the indicated stress-response
genes. The data are shown as mean + SEM,
n = 3. The asterisks denote statistically signifi-
cant differences compared to DMSO, accord-
ing to Student's t tests (one-tailed, paired),
*P < 0.05; **P < 0.01. (F and G) HEK293T cells
were transfected with HA-elF1 or HA-elFAE
and 48 h later treated with 1 pM thapsigargin
(F) or 250 nM Torin-1 (G) for 1 h. Cell lysates
were subjected to IP with HA-agarose beads to
precipitate HA-elF1 and HA-elF4E to check for
co-IP of elF4G1 using Western blot (left). The
graphs on the right represent the relative
chemiluminescence signal intensity of the
co-IP of elF4G1 with HA-elF1 or HA-elF4E of
four independent experiments. The asterisks
denote statistically significant difference com-
pared to DMSO. *P < 0.05; **P < 0.01. GAPDH,
glyceraldehyde-3-phosphate dehydrogenase;
1gG, immunoglobulin G; ns, not significant.

- _ .

S
RO
]

ComiEFs oz SEAERs

O S 4 oS 9 ©
& ¥

S v oS 9
&9 K

to the cap, of which a fraction eventually reached the CDS via leaky
scanning and reinitiation.

ATF4 is a major regulator of stringent translation control
during the integrated stress response. Its translational control is
distinctive from the above-described stress response gene by
exhibiting a high level of 5’UTR translation under basal condi-
tions (37, 38). Specifically, it has two highly conserved upstream
ORF (uORFs) in its 5’UTR. The first uORF is short and is pre-
sent near the 5 end (uORF1), and the second (uUORF2) starts
just upstream of the main start site and overlaps the main CDS
ORF. ATF4 uORF1 allows reinitiation at uORF2, provided
that the recycling ribosome stays on the mRNA along with
other initiation factors. Initiation from uORF2 suppresses the
expression of main ORF to maintain low basal levels of ATF4.
The induction of ATF4 occurs upon stress, when elF2a is phos-
phorylated and the ternary complex (TC) becomes limited,
leading to a reduction in uORF2 reinitiation and delayed reini-
tiation at the main ORF (37, 38). Since we found that ATF4
main ORF translation is up-regulated by both drugs (S
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Appendix, Fig. S50), we closely analyzed the ribosomal footprint
landscape at the individual TISsof ATF4. Our findings revealed
the presence of a uORF that precedes uORF1, located 20 nt
from the 5’end that we named uORF1’. Treatment of both
114G1-10 and i14G1-12 caused elevation in the cap-proximal
uROF1’ footprints as well as uORF1 and uORF2 (87 Appendix,
Fig. $50). Under ER/UPR stress, the enhancement of translation
from the main ORF is expected to be accompanied by reduced
uORF2. However, here, uUORF2 was actually up-regulated along-
side the main ORF (87 Appendix, Fig. S5B). A possible interpre-
tation of this finding is that enhanced overall 43S loading upon
elF1-elF4G1 inhibition caused a fraction of the ribosomes to
bypass uORF2 and initiate at the main ORF similar to the other
stress response genes described in Fig. 6B and SI Appendix, Fig.
S5B. Another possibility considers studies in yeast demonstrating
reduced TC availability upon €IF1 inactivation (39, 40), raising
the possibility that elF1-eIF4G1 inhibition by the drugs also
reduced TC levels, facilitating delayed reinitiation at the main
OREF. These possibilities are not mutually exclusive and may even
be additive. We validated the translation up-regulation of the
various stress-response genes by analyzing their distribution
in the free, light, and heavy fractions of polysome profiles
and by Western blot and found them all to be up-regulated
(SI Appendix, Fig. S5 D and E). Thus, elF1-IF4G1 inhibition of

5'UTR translation is specific to a subset of stress-response genes.

Activation of ISR Genes by elF4G1-elF1 Inhibitors Is elF2a
Phosphorylatin Independent. To further study the activation of
the integrated stress-response following elF1-eIF4G1 inhibition,
we set out to examine whether the effect of e]lF4G1—eIF1 inhibi-
tors is linked to elF2a phosphorylation. We used a mouse NIH
3T3 cell line in which the endogenous elF2a was deleted and
replaced with a flagged-tag nonphosphorylated version of elF2a,
of which serine 52 is substituted with alanine (S52A). This
mutant elF2a is refractory to thapsigargin-induced phosphoryla-
tion, a known inducer of the integrated stress response (Fig.
60). We subjected the parental and elF2a S52A mutant cells to
polysome profiling in the absence or presence of 114G1-10 and
i14G1-12 and determined overall translation by calculating the
polysome to monosome ratio (P/M). As expected, we observed a
significant reduction in translation efficiency with i14G1-10 and
i14G1-12 in the parental cells (Fig. 6D and SI Appendix, Fig.
S5F). With the S52A mutant cells, we found that the basal
translation level was lower than that of the parental cells, sug-
gesting that the S52 of elF2a is required for optimal translation.
Translation in these cells is further inhibited by i14G1-12 but
not significantly with i114G1-10 (Fig. 6D and SI Appendix, Fig.
S5F). We then determined the levels of several selected ISR
genes in the free, light, and heavy polysomal fractions by real-
time PCR (Fig. 6E). While the drugs reduced the translation of
the control GAPDH gene in both cell lines, all the analyzed ISR
genes were up-regulated in i14G1-10- and i14G1-12—treated
polysomes fractions in both the parental and the S52A cells, as
evident from the shifts between heavy, light, and free fractions
(Fig. 6E). However, the extent of activation was lower in the
mutant cells than in the parental cells, perhaps due to the lim-
ited basal translation potency of these cells. These findings sug-
gest that the effect of i14G1-10 and i114G1-12 on ISR genes is,
at least in part, independent of elF2a S52 phosphorylation.

elF4G1-elF1 Interaction Is Inhibited upon Stress. The transla-
tion activation of stress response upon disturbance of e[F4G1—elF1
interaction raises the possibility that interference with e[F4G1—eIF1
may be a previously unknown translation regulatory mechanism of
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stress response along with the well-known elF2a phosphorylation.
To test this possibility, we applied short-term (1-h) ER stress
using thapsigargin and then analyzed the elF4Gl-elF1 interaction
using co-IP. Remarkably, the level of coprecipitated elF4G1 with
HA-eIF1 was reduced by 50% upon ER stress (Fig. 6F). Under
these conditions, we observed no significant change in the level
of coprecipitated elF4G1 with HA-eIF4E. Thus, translation
up-regulation of a subset of ER/UPR stress-response genes may also
be the consequence of diminished eI[FAG1—€IF1 interactions. This
prompted us to examine the fate of the elF4G1—eIF1 complex fol-
lowing inhibition of mTOR, a kinase controlling eIF4E interaction
with e[F4G1 via elF4BP1 phosphorylation. Remarkably, we found
that 1-h mTOR inhibition also diminished eIF1 interaction with
elF4G1 (Fig. 6G). Collectively, these findings identify elF4-
Gl—¢IF1 complex formation as a regulatory target for the major
stress-response pathways.

Discussion

elF4G1 is present in two complexes, one as part of the m7G—cap-
binding eIF4F complex and the second with elF1 (16). The
elF4G1—eIF1 complex discriminates against m7G—cap-proximal
AUG and promotes scanning and stringent AUG selection
(12, 13). In this study, we identified and characterized inhibitors
against the elF4Gl—eIF1 complex, using a highly sensitive drug-
screening approach that is based on PPI. By applying a functional
assay that measures cap-proximal AUG selection, we identified
two small-molecule inhibitors, 114G1-10 and i14G1-12, that
faithfully reproduced the inhibitory effects exerted upon elF4G1
and €IF1 knockdown [Fig. 1 B and C and Sinvani et al. (13)]
and facilitated the discovery of a previously unknown mechanism
of translation activation of ER/UPR stress-response genes by
elF4G1—IF1 that is largely elF2a phosphorylation independent.

Both i14G1-10 and i14G1-12 bind directly to eIF4G1 (Fig.
1E), but their inhibitory mechanism is somewhat different, as
i14G1-10 interferes with el[F4G1—elF1 interaction and facili-
tates elF4Gl—elF4E complex formation, while i14G1-12
mostly inhibits eIF4G1 binding to elF1 (Fig. 2). Nevertheless,
the impact of the two compounds on translation is highly simi-
lar, with i14G1-12 being more potent in vivo. Since the
elF4G1—eIF4E complex is crucial for the recruitment of the
ribosome to the 7mG-cap and inhibition of elF4G1—elF1 can
enhance el[F4G1—eIF4E levels, these drugs possibly increase ribo-
some loading onto mRNAs, consistent with the Ribo-seq data.
Thus, these inhibitors provide independent evidence for the
dynamic interplay between elF4G1—elF1 and elF4G1—eIF4E com-
plexes during translation initiation (25).

We uncovered several subsets of elF4Gl-elF1-regulated
mRNAs by combining short-term treatment of i14G1-10 and
i14G1-12 treatments and Ribo-seq and polysome profiling,
which exhibit known molecular features previously assigned to
this complex. The first includes mRNAs whose main ORF
translation is down-regulated. The most specific features char-
acterizing this gene set are a strong AUG context and a lengthy
5'UTR. This finding is consistent with the requirement of the
elF4G1—elF1 complex for scanning and stringent AUG selec-
tion in yeast and mammalian cells (12, 16), which was further
validated by reporter assays (Fig. 5B).

The second gene class displayed enhanced translation initia-
tion in the 5UTR at near-cognate AUGs, accompanied by a
substantial relaxation of start codon stringency and a higher fre-
quency of scanning arrest (ribosomal closed conformation) at
these sites. The marked elevation in ACG triplet utilization as a
start codon in treated samples and the NUG reporter gene
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assay (Fig. 4) further confirmed heightened near-cognate AUG
initiation by these drugs. These findings support a major role
of elF4G1—elF1 in suppressing initiation from near-cognate
AUG in the 5’UTRs in mammalian genes, complementing the
previous genetic studies of elF1 mutations and elF4G1 in start
codon fidelity in yeast (12, 41).

The third affected gene set exhibited elevated translation in
the main ORF. This group displayed either poor CDS AUG
context (Fig. 4F) or was strongly correlated with the mRNAs
displaying increased 5'UTR translation (Fig. 4 Cand D and S7
Appendix, Fig. S44), implying a functional link between these
effects. This observation was unexpected, as uORF tends to
diminish translation from a downstream main ORF (42, 43). A
most likely explanation is that the absence of a functional
elF4G1-elF1 complex alongside enhanced elF4Gl-elF4E
enhanced the influx of ribosomes to the mRNA 5’ cap; some of
these ribosomes eventually reached the main ORF cither by
leaky scanning or by reinitiation. Alternatively, it is possible
that in a 5’UTR that is loaded with many ribosomes, a direct
push by a nearby ribosome facilitated downstream initiation.
This effect is likely to be boosted in longer 5'UTRs, which can
accommodate more scanning ribosomes.

The translation up-regulation of very short 5'UTR-
containing histone mRNAs by the two inhibitors nicely recapit-
ulates the previously reported specific requirement of the
elF4G1—eIF4E complex for scanning-independent translation
of mRNA with extremely short 5’UTR and their inhibition by
elF1-eIF4G1 (16). It is conceivable that the underlying basis
for the translation up-regulation of these two subsets is com-
mon, given that a substantial proportion of 5UTR translation
initiates just downstream to the cap.

The Ribo-seq data revealed specific enrichment of key ER/
UPR stress-response genes among the up-regulated mRNAs
upon elF4Gl—elF1 inhibition. Their translational enhance-
ment was linked to enhanced ribosome loading and
up-regulation of 5'UTR translation. It remains to be seen
whether regulation of leaky scanning was also involved, as pre-
viously reported for AIRAP (Arsenite Inducible RNA Associ-
ated Protein) (44). Using genetically modified elF2a cells, we
revealed that these effects are elF2a phosphorylation indepen-
dent. These findings prompted us to test whether elF4G1—elF1
interaction is modulated by stress. Indeed, we found dimin-
ished elF4G1—elF1 interactions upon ER stress and following
inhibition of the second arm of stress response mediated by
mTOR inhibition. These observations point to a central role of
the dynamic eIF4G1-elF1 interaction in response to environ-
mental cues.

The current view of the stress-induced enhancement of
ATF4 expression holds that delayed reinitiation facilitates trans-
lation from the main ORF when elF2a is phosphorylated and
the TC becomes limiting. Accordingly, translation from the
inhibitory uORF2 is expected to be suppressed. However, our
finding that ATF4 levels are up-regulated by elF4Gl-elF1
inhibitors concurrent with the enhancement of uORF2 transla-
tion suggests an additional regulatory mechanism. The detailed
analysis of the ATF4 5'UTR footprints suggests that, here too,
enhanced ribosome loading to the cap-proximal uORFs drives
the elevated translation in all the downstream initiation sites.
Nevertheless, considering previous genetic studies in yeast dem-
onstrating that inactivating mutations in elF1 leads to reduced
TC availability and elF2a phosphorylation (39, 40), the trans-
lational activation of ATF4 upon diminished eIlF4Gl—elF1
activity/interaction by the drugs might involve reduced TC as
well. Thus, the principle of enhanced ribosomal loading in
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translational control of stress-response genes might be con-
nected to the main elF2a phosphorylation.

Our experiments provide several lines of evidence for the
specificity of the el[F4G1-eIF1 inhibitors. First, the screening
approach employed here utilizes recombinant proteins that
enable the identification of compounds that directly interact
with the target proteins. Indeed, both i14G1-10 and i14G1-12
directly bind elF4G1 and disrupt elF4G1—elF1 interaction.
Second, reduced elF4G1 levels altered the sensitivity of the trans-
lational activity to i114G1-10 and i14G1-12. Third, the transla-
tional effects of 114G1-10 and i14G1-12 are rapid and comply
with the expected effects of knockdown of elF4G1 in mamma-
lian cells. Fourth, the translatome data revealed specific effects on
a fraction of mRNAs bearing specific translation regulatory fea-
tures. The use of controllable reporter assays further corroborates
these findings. Nevertheless, the potential effects of these com-
pounds on other cellular processes cannot be ruled out.

In conclusion, the elF4Gl—elF1 inhibitors described here
proved to be excellent tools for assessing the function of
elF4G1—elF1 interaction in vitro and in vivo. The insights
obtained from this study further advance our understanding of
the physiological roles of the elF1-eIF4G1 complex in mam-
malian cells and uncovered an alternative mechanism of transla-
tion activation of stress-response genes involving disruption of
elF4G1—elF1 interaction, enhanced ribosome recruitment, and
5'UTR translation. Further development of i114Gls is expected
to lead to their examination as a potential therapy in cancer
and infectious diseases, where mRNA translation is a major
vulnerability.

Materials and Methods

Plasmids and siRNAs. For bacterial expression of elF4GT-N-RL and C-RL-elF1
fusion proteins, the double expression plasmid pRSFDuet was used as the back-
bone and the previously described mammalian expression plasmids encoding
elFAG1-N-RL and C-RL-elF1 (Haimov 2018) as a template for isolating elF4G1-N-
RL and CRL-elF1 inserts by PCR. The pAC-firefly Kozak NUG plasmids are the
same as described in Tang et al. (45), 2017 and were a generous gift from Kat-
sura Asano's laboratory (Kansas State University, Manhattan, KS). The pACirefly
Kozak ACG plasmid was generated using a site-directed mutagenesis kit (NEB)
and pACHirefly Kozak AUG as the backbone. The pET-28-His-bdSumo-elF4G1
(675-1129) was generated using elF4G1 (675-1129) as insert and pET-28-14His-
bdSumo as backbone in Gibson assembly reaction. The pET-28-His-elF1 and GST-
elF4G1 (675-725) plasmids, used for the pull-down assays, were previously
described by Sinvani et al. (13). For elFAG1 expression, the pcDNA3 HA-elF4G1
(Addgene) was used. For knocking down elF4G1, HEK293T cells were seeded on
a 6-well plate and transfected with Dharmacon elFAG SMART pool siRNA (M-
019474-01, 50 nM, Thermo Fisher Scientific) using Lipofectamine RNAIMAX
transfection reagent. The Dharmacon ON-TARGETplus Nontargeting siRNA #3 was
used as a negative control.

High-Throughput Drug Screening. The HTS was done as previously described
(22). Compounds that affected fulllength RL and known RL inhibitors were
dropped off from all the identified compounds. The remaining compounds were
checked for their dose-response curve (0.55 pM, 1.6 uM, 5 pM, 15 uM, and
45 uM) in duplicates. Furthermore, we eliminated compounds identified in simi-
lar HTS done in the drug screening facility. Final selected small molecules were
then further checked in live-cell splitRL assay as described (22). The lumines-
cence data were analyzed by GeneData software.

Intrinsic Fluorescence of His-elF1 and His-elF4G1. His-elF1 and His-
elFAG1 were purified from BL21 bacterial cells transformed with the respective
plasmids. Bacteria were grown in 2YT+Kanamycin medium at 37 °C up to opti-
cal density = 0.5, followed by the addition of IPTG (100 mM) and overnight
incubation at 16 °C. The soluble fraction was purified following sonication using
His-select nickel affinity gel (Sigma-Aldrich) as described previously (46). The
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purified His-elF4G1 fragment and fulllength His-elF1 protein were incubated
with increasing doses of i14G1-10 and i14G1-12 with shaking for 5 min in tripli-
cates. After 5 min, fluorescence (280/350 nm, elFAG1; 274/304 nm, elF1) was
measured on the Cytation 5 multimode reader (Biotek). The fluorescence inten-
sity values corresponding to respective concentrations in both i14G1-10 and
i14G1-12 treatments were plotted, and IC50 was calculated using GraphPad
Prism 9.0.

Cells. HEK293T cells were grown and maintained in Dulbecco's modified Eagle's
medium supplemented with 10% fetal calf serum (Invitrogen), 1% penicillin-
streptomycin, and 1% stable glutamine. The cells were replated no more than
9 or 10 times.

Generation of CAS9-Edited NIH 3T3-elF2aAS52A Cells. A 19-nt guide
sequence (GCATCGTAGGCACCGTATCC) targeting exon 3 of the mouse elF2a
gene was ligated into a pX330 hSpCas9 plasmid (#42230, Addgene). The
resulting construct was cotransfected into NIH 3T3 cells together with a bicis-
tronic construct encoding from its first open reading frame a FLAG-tagged
elF2aS52A. This vector contains silent mutations that make it refractory to the
guide RNA and puromycin resistance from its second ORF. Foci were estab-
lished following puromycin selection and were tested by Western blot analysis
using elF2a antibodies. Foci displaying FLAG-tagged elF2a protein instead of
the endogenous protein were selected and subjected to single-cell cloning. In
parallel, total genomic DNA was purified and sequenced, ensuring that the
only coding DNA was that of the FLAG-elF2aS52A vector.
Coimmunoprecipitation. HEK293T cells were transfected with 5 ug HA-eIF1 or
HA-elF4E plasmids and 10 ng green fluorescent protein (GFP) plasmid to check
for transfection efficiency using Jetprime reagent per manufacturer's protocol.
After 48 h, HA-elF1- and HA-elF4E-expressing HEK293T cells were incubated
with DMSO, i14G1-10 (20 pM), and i14G1-20 (10 uM). Four hours later, cells
were lysed using immunoprecipitation (IP) buffer [20 mM Tris, pH 8, 125 mM
NaCl, 10% glycerol, 50 mM NaF, T mM Na2v03, 0.5% Nonidet P-40, and
0.2 mM (ethylenedinitrilo)tetraacetic acid (EDTA)] supplemented with fresh prote-
ase inhibitor mixture (1:100) and phenylmethylsulfonyl fluoride (PMSF) 200 uM
(1:100). Protein extract was taken for IP using either monoclonal anti-
HA-agarose antibody (Sigma-Aldrich) or control immunoglobulin G antibody in
IP buffer at 4 °C for 2 h. Each reaction was then washed five times with IP buffer.
After the washes, each sample was eluted using 80 pL 2X sample loading buffer,
and 5% input and 50% of each IP sample were subjected to 15% and 6%
sodium dodecyl sulfate polyacrylamide gel electrophoresis (SDS-PAGE) followed
by Western blot using an anti-HA antibody (for HA-tagged elF1 and HA-tagged
elF4E) and anti-elF4G1, respectively. The same protocol was followed for the
thapsigargin and Torin treatments, wherein HA-tagged elF1- and HA-tagged
elF4E-expressing HEK293T cells were treated with either thapsigargin (1 pM) or
Torin (250 nM) for 1 h.

Cap-binding Assay. HEK293T cells were grown in a 15-cm culture dish until 80
to 90% confluence and treated with DMSO, i14G1-10 (20 pM), and i14G1-20
(10 pM). Four hours later, cells were lysed using IP buffer (20 mM Tris, pH 8,
125 mM NaCl, 10% glycerol, 50 mM NaF, T mM Na2v03, 0.5% Nonidet P-40,
and 0.2 mM EDTA) supplemented with fresh protease inhibitor mixture (1:100)
and PMSF 200 pM (1:100). Protein extract was taken for the binding reaction
with either y-aminophenyl-m7GTP-agarose beads (Jena Biosciences) or control
empty agarose beads in IP buffer at 4 °C for 2 h. Each reaction was then washed
five times with IP buffer. Elution was done using 80 plL 2X sample loading
buffer, and 5% input and 50% of each binding reaction were subjected to 6%
and 15% SDS-PAGE followed by Western blot using anti-elF4G1antibody
(Abcam) and anti-eIF4E antibody (Abcam), respectively.

Preparation of mRNA for In Vitro Translation Assay. Firefly luciferase gene
was lifted from pAC-irefly Kozak AUG plasmid with a T7 promoter overhang con-
taining forward primer using PCR. The firefly luciferase (1,689 bp) PCR product
was used as a template for in vitro RNA transcription using RiboMAX large-scale
RNA production systems T7 (Promega) per the manufacturer's protocol. mRNA
was cleaned using the direct-zol RNA purification kit (Zymo-Research) and fol-
lowed by enzymatic capping using the vaccinia capping system (NEB). Capped
mRNA was cleaned using the Direct-zol RNA purification/cleaning kit (Zymo
Research). The synthesized mRNA concentration was determined using Nano-
drop, and the integrity was checked by agarose gel electrophoresis.
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In Vitro Translation. In vitro translation reaction was set up as follows: 4 pL rab-
bit reticulocyte lysate (Promega, Rabbit reticulocyte lysate system L4960), 0.5 pL
amino acid mix, 50 units ribonuclease (RNase) inhibitor (Sigma-Aldrich), and the
indicated concentrations of i114G1-10 and i14G1-12 and incubated 10 min at
30°C. After 10 min, 40 ng Firefly luciferase-capped RNA was added and incu-
bated at 30 °C for 90 min. Then, Firefly luciferase luminescence was measured
using Luciferase assay buffer (20 mM tricine, 0.1 mM EDTA, 1.07 mM magne-
sium carbonate hydroxide pentahydrate, 2.67 mM magnesium sulfate,
33.3 mM DTT, 270 uM Coenzyme A, 470 uM Luciferin, and 530 pM adenosine
5'-triphosphate) on a Turner Biosystems Luminometer. The luminescence signal
corresponding to each concentration of i14G1-10/12 was plotted, and 1C50 was

determined using Graphpad Prism 9.0.
Cell Cycle and Cell Viability Analyses. HEK293T cells were treated with DMSO,

i14G1-10 (20 pM), and i14G1-12 (1 uM) for 16 h and were then trypsinized,
washed twice with ice-cold phosphate-buffered saline (PBS), and fixed ovemight
in 70% ethanol. Then, cells were washed twice with ice-cold PBS and resus-
pended in staining buffer (0.1% Triton X-100, 2 mg RNase A, and 4% propidium
iodide) and incubated at 37 °C for 15 min. Cells were monitored by BC LSRII
flow cytometer, and data were analyzed using Modfit Lt Software.

The indicated cell lines in 96-well plates were treated with increasing con-
centrations of i14G1-10 and i14G1-12. After 48 h, cells were subjected to cell
viability measurement using CellTiter-Glo Luminescent Assay (Cat no. G7571,
Promega).

Global and Gene-Specific Translation Analysis.

Polysome profile and real-time PCR. HEK293T cells were cultured in a 10-cm
plate up to 80% confluence, followed by DMSO, i14G1-10 (20 pM), and
i14G1-12 (10 pM) treatment. After 3 h, the cells were incubated with 100 pg/
mL CHX for 5 min, washed with cold polysome buffer (20 mM Tris, pH 8,
140 mM KCI, 5 mM MgCl,, and 100 pg/mL CHX). Cells were collected in
500-pL polysome buffer supplemented with 0.5% Triton, 0.5% DOC, 1.5 mM
DTT, 150 units RNase inhibitor, and 5-ulL protease inhibitor mixture. Lysed
samples were centrifuged at 12,000 rpm for 5 min at 4 °C. The cleared lysate
was loaded onto a sucrose density gradient (10 to 50%) and centrifuged at
38,000 rpm for 105 min at 4 °C. Gradients were fractionated with continuous
absorbance measurement at 254 nm using the I1SCO absorbance detector
UA-6. Fractions were pooled according to their absorbance into free, light, and
heavy ribosomal fractions. RNA was isolated from each respective sample using
BioTri-Reagent and Direct-Zol RNA miniprep kit (Zymo Research). Complemen-
tary DNA (cDNA) was prepared from 1 pg RNA using a high-capacity cDNA
reverse transcription kit (Applied Biosystems). Real-time PCR was done using
gPCRBio SyGreen Blue mix (PCR Biosystems) on Quantstudio 6 Flex Real-time
PCR system.

Puromycin labeling. HEK293T cells were grown in a 6-well plate until 80% con-
fluence and incubated with DMSO, 114G1-10 (20 pM), and i14G-20 (10 uM) for
2 h/3 h, followed by the addition of puromycin (10 pg/mL) for 5 min.
The treated cells were lysed using RIPA lysis buffer and lysates and subjected to
10% SDS-PAGE followed by Western blot using anti-puromycin (Millipore).
Ribo-seq and Ti-seq. HEK293T cells were grown in a 10-cm culture dish until
80% confluence and treated with DMSO, i14G1-10 (20 pM), and i14G1-12
(10 uM). After 3 h, for Tl-seq, cells were treated with 2 pg/mL Hrr for 2 min, fol-
lowed by the addition of 100 pg/mL CHX for 5 min. For Ribo-seq, cells were
treated with 100 pg/mL CHX for 5 min. After that, cells were lysed in polysome
buffer. For both Tl-seq and Ribo-seq, ribosome fractions were isolated using
sucrose density centrifugation followed by Rnase I digestion. Total RNA was iso-
lated using the trireagent and used for high-throughput library preparation as
described (31). The libraries were sequenced on the HiSeq2500 High-Output
instrument (Illumina) for SR-60. The data analysis is described in the
Sl Appendix, Materials and Methods.

RNA sequencing(RNA-seq) libraries. Total RNA was isolated from the lysates
used for Tl-seq and Ribo-seq using Bio Tri RNA reagent. Total RNA was then
cleaned up using Oligo d(T)25 Magnetic Beads (NEB S1419S) to isolate mRNA.
RNA-seq libraries were prepared using a derivation of MARS-seq as described
(47) to produce expression libraries with two replicates of each treatment.
Approximately 25 ng RNA was taken for the first reverse transcription reaction
using lllumina bar-coded RT1 primer. Resultant bar-coded cDNA samples were
subsequently pooled according to cycle threshold values of the housekeeping
gene (GAPDH) (Quality control 1). Pooled cDNA was treated with Exonuclease
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I to remove excess primers, followed by second-strand synthesis using NEB SSS
module enzyme mix. After that, in vitro transcription was performed using NEB
T7 RNA Pol mix to generate RNA, which was fragmented and ligated to an adap-
tor consisting of RD2 using T4 RNA ligase | (NEB), followed by a second reverse
transcription reaction. The library was amplified using Kappa Hifi ready mix. The
RNA libraries were sequenced using a high-throughput 75-bp kit (Illumina
FC404-2005) on NEXTsEq. 500 sequencer.

Data Availability. RNA-seq data have been deposited in the National Center
for Biotechnology Information (NCBI) Gene Expression Omnibus (GEO) (Acces-
sion No. GSE166744) (48).
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