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Abstract

Abstract

Cis-regulatory mRNA elements are RNA-encoded features that directly regulate the
expression of the transcripts on which they are located. During my PhD, I worked on two cis-
regulatory elements that control translation efficiency through ribosomal fluxes, upstream
Open Reading Frames (uORFs) and frameshifting sites, with a main focus on uORFs which I
first introduce in this thesis manuscript.

uORFs are regulatory elements located in the 5’ untranslated region (5’ UTR) of mRNAs that
inhibit translation of the downstream protein-coding sequences (CDS) by capturing initiating
ribosomes. Protein expression of uORF-containing transcripts is made possible by leaky
scanning and re-initiation, an enigmatic process that allows the terminating ribosome to stay
on the transcript after uUORFs translation and re-scan the downstream sequence to initiate on
the next start site. Re-initiation is regulated by the non-canonical translation factors MCTS1-
DENR as well as by canonical initiation factors that have not yet been formally identified. To
investigate the function of trans-acting factors in re-initiation, I developed a cell-free re-
initiation assay based on HeLa lysates. By comparing in vivo and in vitro re-initiation assays
on two DENR-regulated reporters, Asb8 and Klhdc8a, I validated the faithful recapitulation of
leaky scanning and MCTS1-DENR-dependent re-initiation in vitro. I then investigated the
importance of active eIF2 availability for re-initiation and observed that the phosphorylation
of elF2a only mildly affected the re-initiation rate of my reporters. Using my cell-free system
and ribosome profiling data, I determined that the MCTS1-DENR homolog, elF2D, did not
regulate expression of uORF-containing transcripts but played a distinct role in cells,
displaying only a weak re-initiation activity in vitro. 1 also observed that the previously
identified MCTS1 retrocopy, MCTS2, can interact with DENR in vivo, and that the
heterodimer MCTS2-DENR exhibited re-initiation activity in vitro. These results demonstrate
that my assay could be used to examine the role of uORF features and canonical initiation
factors in re-initiation, opening many possibilities for further investigations.

In the second part of the thesis, I describe the collaborative work on characterizing the -1
programmed frameshifting event on the SARS-CoV-2 RNA. The ribosomal frameshifting is
essential for the expression of the viral proteins encoded by the out-of-frame ORF1b. By
combining the structural analysis of two different ribosomal frameshifting stages with in vivo

reporter assays and ribosome profiling, the later being where I contributed, we elucidated the



Abstract

mechanism of SARS-CoV-2 frameshifting. Additionally, the usage of an inhibitory compound
on infected cells confirmed that viral replication could be limited by targeting the
frameshifting event.

In summary, this work has significantly contributed to the understanding of two important

mechanisms of translation regulation.



Résumé

Résumeé

Les éléments cis-régulateurs des ARNm sont des séquences d’ARN qui régulent directement
I’expression des transcripts sur lesquels elles se trouvent. Lors de mon doctorat, j’ai étudié
deux éléments cis-régulateurs qui limitent I’efficacité de traduction en controllant le flux de
ribosomes : les upstream Open Reading Frames (uORFs) et les sites de changement de cadre.
Ma recherche s’est principalement portée sur les uUORFs que je vais introduire en premier
dans ce manuscript de thése.

Les uORF sont des éléments régulateurs situés dans la region 5’ non traduite (5° UTR) des
ARNm et qui inhibent la traduction de sa séquence codante (CDS) en capturant les ribosomes
initiateurs. L’expression des transcripts qui contiennent des uORFs est conditionnée par le
leaky scanning et la réinitiation, un processus énigmatique qui permet aux ribosomes en fin de
traduction des uORFs de rester sur le transcript et de rescanner la sequence en aval afin
d’initier au prochain site de démarrage de la traduction. La réinitiation est régulée par les
facteurs de traduction non-conventionnels MCTS1-DENR ainsi que par d’autres facteurs
d’initiation conventionnels qui n’ont pas encore été formellement identifiés. Afin d’étudier la
fonction de certains facteurs dans la réinitiation, j’ai dévéloppé un systeme de traduction in
vitro basé sur la production de lysats de cellules HeLa. En comparant 1’essai de réinitiation in
vitro avec celui in vivo de deux raporteurs DENR-dépendants, Asb8 et Klhdc8a, j’ai pu valider
la fidele reproduction des processus de leaky scanning et de réinitiation dans mon systeme in
vitro. En jouant avec le taux de phosphorylation d’elF2a, j’ai observé que I’effet de la
phosphorylation sur ’efficacité de réinitiation était faible, remettant ainsi en question
I’importance de la disponibilité d’elF2 sur la réinitiation. La combinaison de mon essai in
vitro avec la technique de profilage des ribosomes m’a permis de déterminer qu’elF2D, un
homologue de MCTS1-DENR, n’était pas un facteur de régulation des transcripts contenant
des uORF, mais qu’il jouait plutot un role distinct dans la cellule. Cependant, j’ai pu observer
une faible activité de réinitiation in vitro pour eIF2D, uniquement dans des cellules déplétées
de DENR. J’ai également observé que MCTS2, une rétrocopie de MCTS1, pouvait intéragir
avec DENR et ainsi promouvoir la réinitiation. Ces resultats démontrent que cet essai in vitro
pourrait étre utilisé dans des projets futurs afin d’étudier le role de certains facteurs

d’initiation de la traduction et de différentes characteristiques des uORFs dans la réinitiation.



Résumé

Dans la seconde partie de ma these, je décris le travail collaboratif mené sur le changement de
cadre de lecture programmé du ribosome qui a lieu sur le genome du SARS-CoV-2. Ce
changement de cadre de lecture est essentiel pour 1’expression des protéines virales encodées
par ’ORF1b qui se trouve dans un autre cadre de lecture que I’ORFla. En combinant
I’analyse structurale de deux états diffférents du ribosome lors du changement de cadre de
lecture avec des essais de traduction in vivo et du profilage de ribosomes, nous avons élucidé
le mécanisme de changement de cadre de lecture du SARS-CoV-2. De plus, I’usage d’une
molécule inhibitrice sur des cellules contaminées a confirmé la plausabilité de bloquer la
réplication des virus en ciblant I’évenement de changement de cadre de lecture.

En conclusion, ce travail de these a significativement contribué a I’étude de deux mécanismes

fondamentaux de la régulation de la traduction.
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Introduction

Introduction

1. Eukaryotic translation

Ribosomes are the molecular machines that decode the mRINA templates into peptides. This
essential process, called cellular translation, is highly energetically demanding for the cell.
Indeed, mammalian cells can dedicate up to an estimated 60% of their energy to synthesize
the 1 to 10 million ribosomes necessary to produce the proteins that compose 50% of their dry
mass (Neurohr and Amon 2020; Harper and Bennett 2016). The amount of proteins produced
is critical for the cell as their over-expression or reduction can have a huge impact on cellular
homeostasis. For example, the over-expression of several oncogenes due to mutations of the
uORFs within their 5’ UTRs is associated with malignancy (see section 2) (Schulz et al. 2018;
Barbosa, Peixeiro, and Romao 2013).

It was first assumed that transcription of genes to mRINA was the main regulatory process of
gene expression and that the amount of mRNA was a good proxy for protein abundance. In
the past 20 years, it has become evident that a large part of gene expression regulation takes
place during the translation step. Indeed, several studies showed that the mRNA abundance
does not consistently correlate with the amount of proteins produced (Gygi et al. 1999;
Schwanhéusser et al. 2011), while ribosomal occupancy on mRNAs correlates better with
absolute protein abundance, highlighting the importance of post-transcriptional regulation (T.-

Y. Liu et al. 2017).

11



Introduction

1.1. Translation initiation

The central importance of translation on cellular physiology and its high energetic cost have
led to the emergence of numerous regulatory mechanisms, most of which take place during
the initiation step. This makes initiation the most complicated step of translation with more
than ten initiation factors involved, some of which are multiple subunit complexes.

Briefly, the 40S ribosomal subunit first interacts with the initiation factors eIF1A, elF1, and
elF3 then secondly with eIF5 and the eIF2-GTP-Met-tRNA;™* complex (the functions of these
initiation factors are summarized in Table 1). This 43S pre-initiation complex is then recruited
to the m7G cap of the mRNAs by the elF4F complex, composed of the cap-binding protein
elF4E, the scaffold protein eI[F4G and the RNA helicase elF4A to form the 48S initiation
complex (figure 1). By interacting with polyA-binding proteins (PABPs), the eI[F4F complex
is stabilized and the mRNA has been proposed to take a special closed-loop conformation that
enhances initiation, mRNA stability and facilitates a new round of initiation on the transcript
by close proximity with the recycled 40S. The formed 48S initiation complex then scans the
so-called 5’ untranslated region (UTR) of the mRNA in an open conformation. During
scanning, the helicases elF4A, together with the factor elF4B or elF4H, unwind the mRNA
secondary structures. Scanning continues until recognition of a start codon (AUG or non-
AUG), corresponding to the Met-tRNA* present in the P-site of the small ribosomal subunit,
which triggers the hydrolysis of the elF2-bound GTP by elF2 after its activation by elF5.
(Jackson, Hellen, and Pestova 2010; Brito Querido et al. 2020; Kumar, Hellen, and Pestova
2016; Passmore et al. 2007; Algire, Maag, and Lorsch 2005).

The start codon recognition efficiency is influenced by several factors including the start
codon identity, the flanking sequences and secondary structures downstream of the AUG. The

near-cognate codons are recognized by the 48S scanning complex thanks to the increased

12
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flexibility of the base-pairing between the 3" base of the codon and the 1% of the anticodon

which allows selection of alternative codons including CUG, GUG and UUG with a reduced

efficiency (Brito Querido, Diaz-Lépez, and Ramakrishnan 2024; Andreev et al. 2022; Cao and

Slavoff 2020). The second feature that can enhance start codon recognition is the flanking

sequence of the AUG known as the Kozak sequence. The optimal context CRCCaugG (where

R is a purine) increases initiation efficiency thanks to the interaction of the nucleotides with

elF1A, elF2a and the 18S ribosomal mRNA (Kozak 1984a; 1981; 1984b). Finally, RNA

secondary structures downstream of an AUG can slow down the scanning complex

progression and enhance initiation on this particular start codon (Xiang et al. 2023; Kozak

1990; Wang et al. 2022).

Table 1: Functions of the 43S pre-initiation complex factors (reviewed in (Brito Querido,
Diaz-Lopez, and Ramakrishnan 2024).

tRNAM

Factors Function References

oIF1A - Induces and stabilizes the open conformation | Pestova and  Kolupaeva
- Participates in accurate recognition of the|2002; Passmore et al. 2007;
start codon Fekete et al. 2007
- Induces and stabilizes the open conformation | Pestova and  Kolupaeva

oIF1 - Participates in accurate recognition of the|2002; Thakur and
start codon Hinnebusch 2018; Passmore
- prevents premature elF5-induced hydrolysis | et al. 2007
of eIF2-bound GTP and Pi release
- Assembly of the 43S complex Brito Querido et al. 2020;
- Recruitment of the 43S complex to the cap|Aitken et al. 2016;
associated to eIF4F Hinnebusch 2014; D. .

elF3 - Start-site selection Young and Guydosh 2019;
- Stabilizes the binding of the ternary complex | Kumar, Hellen, and Pestova
elF2—GTP-Met-tRNA;M* 2016; She, Luo, and
- Interacts with ABCE1 to promote ribosome | Weissman 2023
recycling

elF5 - Promotes GTP hydrolysis by elF2 Das, Ghosh, and Maitra

2001; Paulin et al. 2001
oIF? - Mediates ribosomal recruitment of Met-|Jackson, Hellen, and Pestova

2010; Dorris, Erickson, and
Hannig 1995

13
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Upon start codon recognition, elF1 is displaced and the release of the Pi produced by the
hydrolysis of the elF2-bound GTP triggers the removal of elF2-GDP and elF5. The
restructuring of the initiation complex induces the closed conformation of the ribosome and
provokes the recruitment of e[F5B-GTP, a factor responsible for the binding of the 60S
ribosomal large subunit to the 40S to create the 80S. The hydrolysis of the e[F5B-bound GTP
into GDP+Pi provokes the concomitant release of eIF5B and eIF1A and the disposition of the
aminoacyled end of the Met-tRNA;™" in the peptidyl transfer center of the 60S subunit. This
last event ends the translation initiation step and initiates elongation (Shirokikh and Preiss
2018; Lapointe et al. 2022; B. Y. Huang and Fernandez 2020; Nanda et al. 2013; Hashem and

Frank 2018).

— 435

scanning of the 5° UTR

Figure 1 - Schematic of 43S pre-initiation complex and elF4F complex assembly
into the 48 initiation complex (Chu et al. 2016).

14



Introduction

1.1.1 elF2a regulation upon stress

Due to the high energy consumption of translation, translation initiation must be regulated in
order to avoid waste of energy or accumulation of unwanted or harmful proteins. Typically
amino acid deprivation, endoplasmic reticulum stress due to accumulation of unfolded
proteins, detection of heavy metals or dsRNA, a sign of viral infection, trigger activation of
specific kinases (GCN2, PERK, PKR and HRI1). These kinases will then phosphorylate the a
subunit of elF2 which leads to a global translation inhibition, but still allows expression of a
specific subset of genes involved in the cellular strategy to recover from stress. For instance,
elF2a phosphorylation is known to increase expression of ATF4 and ATF5, two transcription
factors inducing expression of a subset of genes involved in appropriate response to the stress
(Watatani et al. 2008; Lu, Harding, and Ron 2004; Vattem and Wek 2004).

To return to pre-stress conditions, Growth Arrest and DNA Damage-inducible protein 34
(GADD34) will target elF2a and recruit the Protein Phosphatase 1 (PP1) to induce
dephosphorylation of elF2a, which releases translation inhibition (Rojas, Vasconcelos, and

Dever 2015; Hicks et al. 2023).

1.2. Translation elongation

At the beginning of the elongation phase, most of the initiation factors are already released
from the ribosome as a result of the start codon recognition. However, it has been observed
that elF3, elF4E and elF4G remain associated with early elongating ribosomes before being
detached (J. Bohlen, Fenzl, et al. 2020; Mohammad et al. 2017).

During elongation, eEF1A-GTP interacts with aminoacyl-tRNAs to bring them into the
ribosomal A-site. If the anticodon of the charged tRNA corresponds to the codon of the

mRNA, the GTP is hydrolyzed and the eEF1A-GDP complex is released. The factor eEF1B

15
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participates to the recycling of eEF1A-GDP by promoting the exchange of GDP to a GTP. The
catalysis of the peptide bond formation by the ribosome and eIF5A creates a hybrid state
where the acceptor arm of the aminoacyl-tRNA shifts from the A-site to the P-site while the
acceptor arm of the tRNA attached to the nascent chain is pushed from the P-site to the E-site.
On top of its role in the peptide bond formation, el[F5a promotes translation efficiency of
polyproline residues and is involved in initiation by regulating start codon selection (Dever,
Dinman, and Green 2018; Xu, Liu, and Song 2022; Gutierrez et al. 2013).
eEF2-GTP binds to the ribosomal A-site to promote faithful translocation of the full tRNAs to
the P-site and the E-site thanks to a post-translationally modified histidine called diphthamide.
Indeed, removal of the diphthamide amino acid reveales its essential role to prevent
programmed -1 ribosomal frameshifting in mammalian cells (S. Liu et al. 2012). The

elongation cycle ends with the eviction of the deacylated tRNA from the E-site.

1.3. Translation termination and recycling

Translation termination is triggered by the entry of a stop codon (UAG, UAA or UGA) into
the A-site of the ribosome. Stop codons do not have matching aminoacylated-tRNAs and are
instead recognized by the release factor eRF1. eRF1 together with ABCE1 induces the release
of the synthesized peptide from the P-site through a GTP hydrolysis stimulated by the GTPase
eRF3. The two ribosomal subunits are then split and recycled by ABCE1 while the mRNA
and deacylated tRNA are released from the 40S subunit (Hellen 2018; Brito Querido, Diaz-
Lépez, and Ramakrishnan 2024). It has been shown in in vivo studies in yeast and mostly in
vitro assays in mammals that the removal of the tRNA from the P-site is promoted by the
heterodimer MCTS1-DENR and its homolog elF2D (D. J. Young et al. 2018; J. Bohlen,

Harbrecht, et al. 2020; Skabkin et al. 2010).
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1.4. Contribution of my PhD research to understanding the role of RNA

regulatory elements and translation factors in translation

During my PhD, I worked on two particular RNA features that regulate translation of
downstream ORFs: uORFs and frameshifting sites. My main project focused on
understanding the mysterious mechanism of re-initiation that allows the ribosome to reach the
CDS after uORFs translation and how MCTS1-DENR promotes this process. A preprint
version of the article has been prepared and will soon be submitted to a journal and to the
server bioRxiv. Few months after the beginning of my thesis, the global pandemic disrupted
the course of my doctorate and gave me the opportunity to participate in a project on the
programmed frameshifting event that takes place on the SARS-CoV-2 RNA genome. That
successful collaborative project concluded with the publication of the results in 2021 (Bhatt et
al. 2021).

In this introduction, I will first talk about uORFs and the re-initiation process that occupied
most of my thesis work. I will then present the main outcomes of this project that I was in the
process of publishing at the time of the submission of the thesis manuscript. In the second
part, I will briefly introduce the usage of the cell translation machinery by SARS-CoV-2 to
express its genome and focus on the ribosomal frameshifting event. Finally, I will summarize

the results of the published collaborative work.
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2. uORFs

Upstream open reading frames (uUORFs) are short mRINA elements (typically shorter than 30
codons in mammals) found within the 5’ ‘untranslated’ regions (5° UTRs) of eukaryotic
transcripts. They are characterized by a start codon and an in frame stop codon but do not
generally code for functional peptides (Wethmar 2014; GuniSova et al. 2017). Overlapping
uORFs represent a specific category of uORFs that run into the CDS region but in a different
frame. Almost 50% of the human transcriptome contains one or multiple uORFs within their
5" UTR whereas only ~13% of transcripts have uORFs in yeast (Calvo, Pagliarini, and
Mootha 2009; Wethmar 2014). The regulatory mechanisms of uORF-containing transcripts
appear to differ partially between human and yeast, and I will focus on mammalian uORFs in
this introduction.

Establishment of ribosome profiling experiments, consisting in sequencing of the ribosomal
footprints to monitor ribosomal occupancy, revealed that many uORFs were translated and
conserved in mouse and human (Ingolia, Lareau, and Weissman 2011; Bazzini et al. 2014; S.
Lee et al. 2012). Translated uORFs inhibit expression of the CDS as most of the ribosomes
are recycled at the uORF stop codon and do not reach the start codon of the CDS. Several
studies showed that the amino acid sequences of most uORF-encoded peptides are not
conserved and that most synthesized peptides are quickly degraded in the cell, indicating that
uORF-dependent regulation is driven by their translation rather than by the produced peptide
(Johnstone, Bazzini, and Giraldez 2016; Iacono, Mignone, and Pesole 2005; Plaza,
Menschaert, and Payre 2017; H. Zhang et al. 2021), with some exceptions of active
microproteins (Chen et al. 2020; Wright et al. 2022).

By inhibiting the translation of downstream ORFs, uORFs participate in tuning the translation

efficiency of CDS under physiological and stress conditions. Indeed, it has been observed that
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deregulation of uORF-dependent translation is responsible for several disease phenotypes
such as cancer and diabetes (Schulz et al. 2018; Occhi et al. 2013; A. E. von Bohlen et al.
2017; Hornig et al. 2016; Barbosa, Peixeiro, and Romao 2013; D. S. M. Lee et al. 2021).

CDS expression of uORF-containing transcripts results from the combination of two
translational and one translation-coupled mechanism: leaky scanning, re-initiation and

nonsense-mediated decay.
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Figure 2 - Schematics of ribosomal fluxes on the 5° UTR of uORF-containing transcripts.
The ribosome can be fully recycled once it reaches the uORF stop codon, inhibiting
completely translation of the CDS. The terminating ribosome and the EJCs found on the
CDS can also be recognized by the NMD factors which will trigger mRNA decay. The pre-
initiation scanning complex can also bypass the uORF start codon by leaky scanning and
initiate at the CDS start codon. Finally, if the uORF is translated, the terminating ribosome
can also only be partially recycled at the uORF stop codon, letting the 40S reach the CDS
start codon through re-initiation.
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2.1. Nonsense-mediated decay

On top of inhibiting CDS expression by deviating initiation ribosomes, uORFs can also
influence the stability of the transcripts through activation of nonsense-mediated decay
(NMD). Brieflyy NMD is a surveillance mechanism that recognizes and destabilizes
transcripts with premature termination codon (PTC) within their coding sequence. The
canonical trigger of NMD in mammals are exon-junction complexes (EJCs) that are deposited
during splicing and are removed by the ribosomes during elongation. If a ribosome terminates
on a PTC, the NMD complex will recognize a downstream EJC and interact with it, leading to
the induction of a cleavage and further decay of the transcript (Hug, Longman, and Caceres
2016).

If a uOREF is translated by the first loaded ribosome, downstream EJCs on the CDS are not
removed by elongating ribosomes and still interact with the transcript when the ribosome
terminates on the uORF stop codon. This situation is similar to the presence of a PTC and
should trigger NMD and destabilize the transcript. Interestingly, not all uORF-containing
transcripts are sensitive to NMD to the same extent. First, weak start site uUORFs should be
less affected by NMD than strong start site uUORFs as the first loaded ribosome can bypass the
weak uOREF start site to translate the CDS and remove the EJCs. It has been observed that
only AUG uORFs indeed destabilize the transcripts, enhanced by the stalling of ribosomes
upstream of the terminating ribosome (Arribere and Gilbert 2013; Gaba, Jacobson, and Sachs
2005; Colombo et al. 2017). Some papers showed that PABP can interact with eRF3, which
enhances termination and decreases NMD rate for PTCs close to an AUG, a criteria met by
shorter uORFs (Peixeiro et al. 2012; P. V. Ivanov et al. 2008). It has also been proposed that
re-initiation could protect the transcript from NMD, but the published results are inconsistent

(Russell et al. 2023; J Zhang and Maquat 1997; Romao et al. 2000).
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2.2. Leaky scanning

During scanning of the 5’ UTR, some 48S ribosomal complexes bypass the uORF start codon
and directly initiate at the next start site in a process called leaky scanning. The leaky
scanning rate depends on the strength of the uORF start site context and on the abundance of
canonical initiation factors implicated in start codon selection such as elF1 and elF5 (J.
Bohlen, Roiuk, et al. 2023; Shestakova et al. 2023; Kozak 2002).

EIF4G2 is a non-canonical initiation factor, homolog to the scaffold factor eIF4G1. Unlike
elF4G1, it lacks the ability to interact with eIF4E and PABP but binds to elF4A, elF3 and
elF2 (Sugiyama et al. 2017; Bryant et al. 2018). Thus, eI[F4G2 can be directly recruited to the
pre-initiation scanning complex, independently of the cap-binding factor eIF4E. It was
recently discovered that e[F4G2 interacts with the PRRC2 proteins (PRRC2A, PRRC2B and
PRRC2C) to contribute to efficient translation of uORF-containing transcripts by promoting
leaky-scanning (Weber et al. 2022; Shestakova et al. 2023; Sugiyama et al. 2017; J. Bohlen,
Roiuk, et al. 2023; Smirnova et al. 2022).

In the case of overlapping uORFs, the ribosome cannot re-initiate as backward movements of
ribosomes (3' to 5) during scanning are rare and short-lived (Wang et al. 2022; Kozak 2001).
As a consequence, transcripts with overlapping uORFs are fully reliant on leaky scanning for

expression of their CDS.
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2.3. Re-initiation

Classically, ribosomes that translate uORFs are recycled at the uORF stop codon following
the procedure described in 1.3. However, it appears that some ribosomes are only partially
recycled, allowing a re-scanning complex to form and scan the downstream sequence. This
process, called re-initiation, leads to the recognition of a downstream start site and expression
of the CDS (GuniSova et al. 2017; Wethmar 2014).

The translation factors involved in the re-scanning and re-initiation processes are still
uncertain. The recruitment of a new Met-tRNAM* by elF2 (or possibly by alternative non-
canonical factors) is necessary for re-initiation on the CDS. When elF2 is inactivated by
phosphorylation, the elevated ratio of elF2a-p/elF2a reduces the amount of available elF2a-
Met-tRNAM* and increases its recruitment time to the re-initiation complex. The
intercistronic distance between the uORF stop codon and the CDS start codon then becomes a
limiting feature for expression of the CDS. This effect is well-documented for Atf4 and Atf5
transcripts, containing of a short uORF upstream to an overlapping uORF that strongly
inhibits expression of the CDS under physiological conditions. Upon stress, the re-scanning
ribosomes bypass the overlapping uORF start codon and initiate at the CDS start site, which
leads to high translation of ATF4 and ATF5 (Vattem and Wek 2004; Watatani et al. 2008, 5;
GuniSova et al. 2017). Logically, this mechanism should also apply to other uUORF-containing
transcripts and positively or negatively regulate their expression in stressed cells.

Beside elF2, elF1, eIlF1A and elF5 could be part of the re-scanning complex as absence of
these factors would reduce the fidelity of start codon selection (I. P. Ivanov et al. 2017; Fekete
et al. 2007; Passmore et al. 2007). But one can imagine that the relatively short distance

between the uORF and the CDS would decrease the chances of finding a non-CDS weak start
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site. Interestingly, an elFl-independent re-initiation event would promote re-initiation on
suboptimal CDS start site (GuniSova et al. 2017).

While it was first assumed that the re-initiation factors are recruited directly to the re-scanning
complex, another hypothesis proposes that some initiation factors could remain attached to the
elongation complex during translation of the short uORFs. Indeed, it was recently observed
that e[F4G1, eIF4E and elF3 (or at least the elF3e and elF3b subunits) remain associated with
elongating ribosomes for a short period (with a decay of < 60 codons) before being released
(J. Bohlen, Fenzl, et al. 2020; Mohammad et al. 2017; Lin et al. 2020). In this regard, uORFs
encoding laa long peptides (also called start-stop uORFs) should have an advantage and
undergo more efficient re-initiation.

Concerning the recycling step at the uORF stop codon, it has been proposed that two non-
canonical translation factors, MCTS1-DENR and its homolog elF2D, are necessary for the
removal of tRNAs from the 40S P-site to promote re-initiation (see sections 2.3.1 and 2.3.3).
Beside the regulatory effects of translation factors, some uORF-containing transcript features
have been associated with higher or lower re-initiation efficiency. First, uORF secondary
structures as well as uORF length decrease re-initiation, probably because a longer elongation
duration increases the risk of loosing the initiation factors that are still interacting with the
elongating ribosomes (Kozak 2001; Russell et al. 2023). Intercistronic distance between the
uORF stop codon and the CDS start codon may also influence the time for recruitment of
initiation factors to the re-scanning complex and therefore the chances of re-initiation (Kozak

1987).
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2.3.1 MCTS1-DENR-dependent re-initiation

MCTS1 (Malignant T-Cell Amplified Sequence 1, previously referred to as MCT-1) and
DENR (Density-regulated protein, previously named DRP) are two non-canonical translation
factors that interact together to form a heterodimer. They are co-dependent on each other for
stability as depletion of one of the two factors destabilizes the other one at the protein level
(Schleich et al. 2017; 2014).

MCTS1 is composed of a DUF1947 domain that binds to the 40S and a PUA domain, a
widespread domain that typically binds dsRNA, that interacts with the CCA tail of tRNAs.
DENR contains a SWIB/MDM2 to interact with the acceptor arm of tRNAs and a SUI1
domain analogous to elF1 that binds to the small ribosomal subunit (figure 3) (Weisser et al.
2017; Skabkin et al. 2010; Lomakin, Dmitriev, and Steitz 2018). Together, MCTS1 and
DENR can promote recruitment of aminoacylated-tRNAs to the P-site of the small ribosomal
subunit as well as release of deacylated-tRNAs after ABCE1-mediated dissociation of post-
termination ribosomes in vitro (Skabkin et al. 2010). In vivo, TMA20-TMA22, the yeast
orthologs of MCTS1-DENR, is involved in the 40S subunit recycling step and inhibits re-
initiation (D. J. Young et al. 2018) while the heterodimer promotes re-initiation in Drosophila
and mammals (Schleich et al. 2014; 2017). MCTS1-DENR was also shown to promote
Repeat-associated non-AUG (RAN) translation (Green et al. 2022).

It appears that only a small portion of uUORF-containing transcripts undergo MCTS1-DENR-
dependent re-initiation (J. Bohlen, Harbrecht, et al. 2020; Castelo-Szekely et al. 2019). At
first, short start-stop uORFs were identified as specific MCTS1-DENR targets (Schleich et al.
2017). However, it was shown by a former PhD student in the lab that DENR was also
required for the CDS translation of transcripts containing longer uORFs (Castelo-Szekely et

al. 2019). She determined that DENR-dependent transcripts are enriched for AUG uORFs
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with strong Kozak contexts, have a rather low GC content and are enriched for high number
of uORFs. Longer intercistronic distance between the uORF and the CDS was also associated
with MCTS1-DENR-dependent re-initiation. This last result may be explained by the time
needed to recruit the new translation factors involved in start site recognition (Castelo-
Szekely et al. 2019). To uncover specificity of MCTS1-DENR regulated transcripts, Bohlen et
al. investigated the influence of uORF stop codon context with the intent to reconcile both
MCTS1-DENR re-initiation and recycling functions. They found that certain uORF
penultimate codons are overrepresented in DENR-regulated transcripts and proposed that
MCTS1-DENR participate in recycling of some deacylated-tRNA that are more strongly
binding to the P-site of the 40S thus promoting downstream re-initiation (J. Bohlen,
Harbrecht, et al. 2020). This interesting hypothesis deserves further investigation.

MCTS1 was first described as an oncogene that promotes cell cycle progression (Prosniak et
al. 1998). Expression of its partner, DENR, was initially shown to increase with cell density
(Deyo, Chiao, and Tainsky 1998). A direct link has been recently made between MCTS1-
DENR and the cell cycle. Transient phosphorylation of DENR by Cyclin B/CDK1 and Cyclin
A/CDK2 during early mitosis increases its stability and therefore promotes translation of
uORF-containing transcripts, some of which are involved in the cell cycle (Clemm von
Hohenberg et al. 2022).

While MCTS1-DENR has long been presented has an obligate heterodimer, it was recently
observed that Mcts2 (chromosome2 in mouse and chromosome 20 in human), an intronless
retrogene copy of Mctsl (X chromosome), was expressed in mouse cell lines and tissues
(McCole et al. 2011; Zhijun et al. 2014; Wood et al. 2007). However, MCTS2 can only

partially rescue Mcts1 knock-out re-initiation defect in HeLa cells and it does not seem to be
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expressed in several human cell types, suggesting that MCTS2 may not be non-functional (J.

Bohlen, Zhou, et al. 2023).

2.3.2 Clinical relevance of MCTS1-DENR-dependent translation

MCTS1-DENR controls expression of important proteins involved in key cellular processes.
Among others, MCTS1-DENR regulates translation efficiency of oncogenes such as a-Rdf, c-
Raf, Atf4 and Cdk4 through their re-initiation activity (J. Bohlen, Harbrecht, et al. 2020;
Vasudevan et al. 2020). MCTS1 itself is an oncogene that contributes to malignancy and
tumor development (Hsu, Shi, and Gartenhaus 2005; Shi et al. 2003; Levenson et al. 2005;
Dierov et al. 1999; Mazan-Mamczarz et al. 2009; Z. Huang et al. 2021; Gao et al. 2021).
DENR also participates in neuronal development as misregulation of DENR is associated
with neuronal diseases. Two reported missense mutations in the Denr sequence disrupt its
translation function, which is detrimental to the development of cortical neurons and causes
autism spectrum disorders (Haas 2016; D. J. Young, Meydan, and Guydosh 2021).
Furthermore, Parkinson’s disease in several patients was associated with low expression of
DENR (Wu et al. 2024).

Another syndrome, the Mendelian susceptibility to mycobacterial disease (MSMD), has
recently been linked to mutations in the Mcts1 gene in several independent patients. All these
mutations were shutting down expression of MCTS1 and, hence, protein biosynthesis from
MCTS1-DENR-regulated transcripts (J. Bohlen, Zhou, et al. 2023). Interestingly, full knock-
out of DENR but not of MCTS1 is embryonically lethal in mice as shown by the International
Mouse Phenotyping Consortium (IMPC), suggesting that DENR could have an alternative
partner, MCTS?2 for instance, that could compensate for the lack of MCTS1 or that DENR

could play an additional role in cells.
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Figure 3 - Schematics of the domains of MTCS1, DENR and elF2D and of MCTS1-DENR-
dependent re-initiation. MCTS1-DENR would promote re-initiation by recycling the
deacylated tRNA of more strongly binding tRNAs from the P-site of the 40S. The role of
elF2D in re-initiation requires further investigations.

2.3.3 elF2D

elF2D is a homolog of the heterodimer MCTS1-DENR encoded by a single peptide (figure 3).
It was first named Ligatin (LGTN), which led to a confusion between elF2D and the actual
Ligatin, a membrane trafficking receptor for phosphoglycoproteins (Jakoi and Marchase
1979; Marchase et al. 1982; Aravind and Koonin 1999).

In parallel to MCTS1-DENR, Skabkin et al. and Dmitriev et al. identified eIF2D as a non-
canonical translation factor capable of promoting the recruitment, including at near-cognate
codons, and release of charged and uncharged tRNAs from the P-site of the 40S in vitro,
suggesting that eIF2D could act as a recycling factor or alternative tRNA recruiter (Skabkin et
al. 2010; Dmitriev et al. 2010). Structures of eIF2D revealed that it interacts with the

ribosome in a similar fashion as MCTS1-DENR. They also uncovered that eIF2D does not
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directly recruit the tRNA to the P-site but instead affects ribosomal conformation, allowing
tRNA-small subunit interactions. Furthermore, they observed that the position of elF2D on
the 40S subunit prevents the recruitment of a 60S subunit, in line with an initiation or 40S
recycling function (Weisser et al. 2017; Vaidya 2017). In yeast, its ortholog TMA64 was first
described as a recycling factor, like the heterodimer TMA20-TMA22 (D. J. Young et al.
2018). However, it was then observed, using a single Tma64 KO strain, that it plays at best a
minor role in recycling (D. J. Young, Meydan, and Guydosh 2021). In Drosophila and human
cells, elF2D is considered as a re-initiation factor, similarly to MCTS1-DENR, mostly due to
their structural resemblance (Weisser et al. 2017). Indeed, elF2D also regulates ATF4
expression in these two model organisms (J. Bohlen, Harbrecht, et al. 2020; Vasudevan et al.
2020), but it does not promote translation of an MCTS1-DENR-dependent start-stop uORF
reporter, suggesting that it could regulate other uORF-containing transcripts (Schleich et al.
2017). Moreover, a case of elF2D-dependent re-initiation on a subgenomic bicistronic
calcivirus mRINA constructs has been studied by Zinoviev et al. in vitro (Zinoviev, Hellen, and
Pestova 2015).

Based on the in vitro assays of Skabkin et al. and Dmitriev et al., it was suggested that eIF2D
could act as a GTP-Met-tRNA;"* recruitment factor for near-cognate start codons. Supporting
this hypothesis, e[F2D has been shown to be also involved in RAN translation of toxic poly-
GA dipeptide repeats in C. elegans and mammalian cells, but this result could not be
reproduced in Drosophila (Sonobe 2021; Green et al. 2022). However, elF2D depletion does
not affect recognition of near-cognate codons in a human cell line (Ichihara et al. 2021).
Instead, the canonical initiation factor elF2 seems to be the main regulatory factor of these
non-canonical initiation events. Following this idea, other laboratories have been interested in

the function of elF2D in the translation of viruses transcripts. Indeed, expression of viral
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proteins often depends on non-canonical initiation event when elF2 is inactivated, such as
IRES-dependent initiation or non-AUG initiation. While one group concluded on an elF2D-
dependent expression of the enteroviral genome (H. Kim et al. 2023), others observed that
elF2D was not able to replace elF2 for initition at non-AUG codons or IRES on different viral
genomes (Sanz, Gonzalez Almela, and Carrasco 2017; Sanz et al. 2019; Gonzalez-Almela et
al. 2018).

Finally, e[F2D was shown to inhibit Hoxa3 initiation via its 5° UTR translation inhibitory
element (TIE) in mammalian cells, proposing a novel translation inhibitory function for
elF2D (Alghoul et al. 2021).

In short, the currently available data are inconsistent and do not allow us to conclude on a
defined role for elF2D, suggesting that further investigations should be conducted to uncover

its function.

29



Introduction

2.4. Context of my doctoral project

When I started my PhD, the article of the former PhD student Violeta Castelo-Szekely about
DENR-dependent re-initiation was just published. Based on her ribosome profiling results and
on the modest literature at the time about elF2D, I was interested in understanding whether
elF2D and MCTS1-DENR have the same functions and regulate translation of the same
transcripts. The strategy used was based on the ribosome profiling of Eif2d knock-down vs.
Denr knock-down cells to identify and compare eIF2D and DENR target transcripts. Analysis
of the ribosome profiling data revealed that e[F2D and DENR depletion had differential
effects on translation. Interestingly, elF2D-depletion modified abundance of thousands of
transcripts while only influencing translation efficiency of less than a hundred mostly uORF-
free transcripts. I therefore attempted to investigate eI[F2D function by exploring the identified
presumed targets and the phenotype of Eif2d-depleted cells but was unsuccessful. One
strategy consisted in performing RNA-seq of Eif2d knock-down cells vs. WT to understand if
elF2D was regulating transcription or RNA stability of the target mRNAs and concluded that
the stability was most affected (data not shown).

In parallel to this first project, I initiated a side project to set up an in vitro translation assay in
order to understand ribosome fluxes on the 5’ UTR of selected uORF-containing reporters by
measuring leaky scanning rate, re-initiation rate, DENR-dependent re-initiation rate and
uORF inhibition. The first attempts were achieved using commercial rabbit reticulocyte
lysates and gave promising results but the main limitation of this set-up was that initiation is
mainly cap-independent in this cell-free system. The next strategy consisted in producing
translation-competent HeLa lysates from WT and Denr knock-out cells (cells kindly provided
by my committee expert Aurelio Teleman after the mid-thesis discussion). The in vitro lysates

were produced in-house using a protocol newly developed by Lukas-Adrian Gurzeler and
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Evangelos Karousis from Oliver Miihlemann’s lab and shared with me before publication.
After some adjustments, the assay gave promising results and this second project became my

main project for the last two years of my PhD.
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2.5.  Anin vitro assay of MCTS1-DENR-dependent re-initiation and ribosome
profiling uncover the activity of MCTS2 and distinct function of el[F2D. (Meurs

et al, 2024): main results

In order to investigate the role of different mRINA features and factors on re-initiation, we
attempted to set-up an in vitro translation assay to measure leaky scanning and re-initiation
rate on uORF-containing transcripts. To design reporters whose expression was re-initiation-
susceptible, we selected two DENR-dependent transcripts from a ribosome profiling
experiment, Asb8 (start-stop uORF) and Klhdc8a (13aa long uORF), which both contain a
translated and conserved AUG uORF in mouse and human cells (Meurs et al., figure 1.F and
supplementary figure 1.B). In vivo reporter assays using the Klhdc8a 5’ UTR revealed that its
expression was mostly re-initiation-dependent (with 19% of ribosomes that reached the CDS
thanks to re-initiation) with very low leaky scanning rate (2%). By using Denr KO HeLa
cells, we could also evaluate the part of re-initiation that was DENR-dependent, which was of
~85% in this set-up (Meurs et al., figure 1.I and 1.K).

Using homemade HeLa cell-free extracts, we reproduced these results in vitro with very
similar outcomes, with slightly reduced re-initiation rate (11%; Meurs et al., figure 2.E and
2.F). To check if mutations of the uORF penultimate codon would influence the re-initiation
rate or/and the DENR-dependence, I substituted the uORF penultimate codon of Klhdc8a for
an enriched or a depleted codon of DENR-regulated transcripts according to Bohlen at al.
While there was no difference in the case of the enriched codon, the depleted codon construct
displayed a reduced DENR-dependence but an unaffected re-initiation rate (Meurs et al.,
figure 2.1).

In vitro, the Asb8 reporter displayed a high leaky scanning rate (58%) due to the rather weak

Kozak context of start-stop uORFs and a high translation rate (29%, figure 2.G and 2.H).
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Insertion of a 2" codon to the Asb8 1aa uORF did not reduce the re-initiation rate but  the
TGT penultimate codon (slightly enriched in DENR-targets) reduced DENR-dependence
(Meurs et al., figure2.J).
In order to investigate the effect of e[F2a phosphorylation on re-initiation, we carried out the
in vitro assay in the absence of GADD34, an elF2a dephosphorylation factor that we use in all
the in vitro reactions to prevent global inhibition of translation. We observed non significant
increase of leaky scanning and reduction of re-initiation for both Klhdc8a (figure 3.A and 3.B)
and Asb8 reporters (Meurs et al., figure 3.C and 3.D), suggesting that the strong
phosphorylation of elF2a only mildly affected the recruitment of a new GTP-Met-tRNA;M,
We repeated the experiment in HeLa WT and Denr KO cells treated with tunicamycin and
transduced with the Klhdc8a reporters. In vivo, Klhdc8a reporters displayed a weak but
significant reduction of re-initiation rate (Meurs et al., supplementary figure 3.B). Of note,
DENR depletion did not decrease translation of the endogenous transcripts and Atf4 and Atf5
in vivo reporters under physiological or stress conditions but provoked an accumulation of
footprints on the stop codon of uORF1, consistent with the accumulation of ribosomes due to

a recycling defect (Meurs et al., supplementary figure 5 and figure 4).
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Figure 4 - An in vivo dual glo luciferase reporter assay of Atf4 and Atf5 5’ UTR reporters
in WT and Denr KO HeLa cells treated for 14 h with 1ug/ml tunicamycin or untreated
confirmed the induction of the two reporters and revealed that their expression was not
reduced upon DENR depletion.

Due to its resemblance with MCTS1-DENR, the non-canonical translation factor eIF2D is
considered as a re-initiation factor. However, as described in the introduction, its function
remains uncertain as current studies reached different conclusions. To identify eIF2D targets
and define if eIF2D depletion had the same effect as DENR depletion on translation, I
performed a ribosome profiling experiment on Eif2d vs. Denr knock-down NIH/3T3 cells. 73
transcripts displayed reduced CDS translation efficiency upon elF2D depletion while 223
where affected by DENR depletion (Meurs et al., figure 4.C and 1.B). el[F2D-dependent
transcripts were distinct from the ones regulated by DENR (supplementary figure 4.A) and
were not enriched for translated uORFs (Meurs et al., figure 4.D).

Using our in vitro re-initiation assay, we observed a reduction in the re-initiation rate only on
Klhdc8a 5’ UTR in Eif2d knock-out HeLa extracts but could not rescue it with recombinant
elF2D (Meurs et al., figure 4.H). Surprisingly, addition of recombinant eIF2D could partially

rescue re-initiation in Denr knock-out (Meurs et al., figure 4.I) and in double Denr/Eif2d
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knock-out extracts (figure 4.J). These results suggest that eIF2D is not per se an efficient re-
initiation factor in vivo but it can promote re-initiation in vitro when DENR is absent.

I used again the in vitro system to investigate if eIF2D could replace the canonical factor elF2
to recruit a new GTP-Met-tRNA;Y* during re-scanning, The concomitant depletion of e[F2D
and phosphorylation of elF2a did not further affect expression of Klhdc8a reporters while
addition of recombinant eIF2D did not rescue the re-initiation signal, suggesting that eIF2D is
not acting as an alternative GTP-Met-tRNAM* recruiting factor during re-initiation (Meurs et
al., figure 4.K).

To test the hypothesis that MCTS2, the paralog of MCTS], is expressed and can interact with
DENR to fulfill MCTS1-DENR re-initiation function, we preformed a co-
immunoprecipitation mass spectrometry experiment using an endogenously tagged version of
DENR and identified MCTS2 as an in vivo partner of DENR (Meurs et al., figure 5.D). We
used our in vitro re-initiation assay to check if recombinant MCTS2-DENR promoted
expression of the uORF reporters in DENR-MCTS1-depleted extracts and observed that
MCTS2-DENR had a similar re-initiation activity to MCTS1-DENR (Meurs et al., figure 5.H

and 5.1).
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3. Translation of the SARS-CoV-2 genome

3.1.  Use of cellular translation machinery by viruses

Viruses are small infectious particles that are fully dependent on a host cell for their
reproduction. As a consequence, viruses rely on the translation machinery of the host cell in
order to produce the viral proteins. To do so, they developed various strategies to inhibit the
expression of host cell proteins, with the dual benefit of preventing the cell’s antiviral
responses to the viral infection and increasing the translation efficiency of its own ORFs.
Furthermore, the viral genome length being limited by the capsid size, viruses use a wide
range of methods, some of which are specific to viruses, to optimize the quantity of proteins
produced from a minimum number of nucleotides. Two examples of such methods are the use
of polyproteins and ribosomal frameshifting in order to translate out of frame ORFs (Rozman,

Fisher, and Stern-Ginossar 2023; Karousis, Schubert, and Ban 2024).

3.2.  The coronavirus family

Coronaviruses are enveloped single plus-strand RNA genome viruses (+ssRNA) that cause
respiratory and digestive tract infections in mammals and birds (Karousis, Schubert, and Ban
2024; V’kovski et al. 2021). The prefix corona comes from the latin word which means
crown. The name coronavirus was given by June Almeida and David Tyrrell who were the
first to observe these crown-shape human viruses under an electron microscope in 1968
(figure 5, Tyrrell and Fielder 2002).

Three deadly coronaviruses for humans, the SARS-CoV-1, the MERS, and the SARS-CoV-2,

were responsible for outbreaks in the past 25 years. Among them, the novel SARS-CoV-2
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virus was responsible for the global COVID-19 pandemic that started in 2019 (V’kovski et al.
2021). The lack of antiviral treatment against coronaviruses has had a substantial impact on
the management of the health crisis and revealed the need for an increased comprehension of
the coronaviruses in order to develop effective drugs against them. For this reason, the SARS-
CoV-2 has been extensively studied in the past 4 years by molecular biologists and

biochemists.

:

2 2 B g
Figure 5 - Electron microscopy image of SARS-CoV-2 particles acquired and color-
enhanced by the National Institute of Allergy and Infectious Diseases (NIAID)
Integrated Research Facility in Fort Detrick, Md (NIAID Integrated Research Facility
2020). The spike proteins on the surface of the viral envelope are responsible for the
crown shape that gave the name idea of coronaviruses to the researchers.

3.3. Translation of the coronavirus SARS-CoV-2 RNA genome

The SARS-CoV-2 genome is composed of a capped and polyadenylated single stranded RNA.
Shortly after injection of the SARS-CoV-2 genome into the host cell, the first viral proteins,
encoded by ORF1, are produced by cellular ribosomes from the sense RNA strand thanks to
its resemblance with cellular mRNAs. ORF1 is composed of two sub-ORFs, ORFla and
ORF1b, that encode for a long polyprotein that will be further processed by a viral protease
(NSP3) into 16 different proteins (NSP1 to 16). The NSP proteins are involved in different
processes including replication of the coronavirus genome and inhibition of host mRNAs

translation (Karousis, Schubert, and Ban 2024; D. Kim et al. 2020).
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Figure 6 - Schematic of the ORFs encoded by the SARS-CoV-2 genome. A frameshifting
event is taking place between the ORFla and ORF1b, which allow translation of the
RNA-dependent RNA polymerase. The other ORFs are sub-products of the genomic
RNA. (D. Kim et al. 2020)

Among the NSP proteins encoded by ORF1a, NSP1 binds to the mRNA channel of the 40S
ribosomal subunit to inhibit translation of the host mRNAs. Concomitantly, it promotes
translation of its own genomic mRNAs in a 5° UTR-dependent manner by interfering with
accommodation of NSP1 into the decoding center (Schubert et al. 2020; Thoms et al. 2020).

The structural proteins, including the nucleocapsid (N), membrane (M), envelope (E) and
spike (S) proteins, are secondarily produced from positive-strand subgenomic RNAs
(sgRNAs), themselves generated from an intermediate negative-strand RNA synthesized by
the viral RNA replicative machinery (V’kovski et al. 2021; Eriani and Martin 2022). In total,
10 different highly translated viral mRNAs are found in the infected cells, of which 9 are
sgRNAs (figure 6). They are composed of different size 5° UTRs which contain different
regulatory elements including some inhibitory uORFs that regulate the translation rate of the

protein coding ORFs (Condé et al. 2022; Finkel et al. 2021).
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3.3.1 Ribosomal frameshifting on the SARS-CoV-2 genome

The ORF1a is the first ORF to be translated from the frame O after the viral infection. The
downstream ORF1b being encoded on frame -1, the longer version of ORF1 is only expressed
following a -1 programmed ribosomal frameshifting event that takes place between ORF1la
and ORF1b. As a result, fewer protein molecules encoded by ORF1b than ORFla are
produced (around 50% less ORF1b), which contribute to the stoichiometric control of viral
proteins (Karousis, Schubert, and Ban 2024; Finkel et al. 2021). The frameshifting event is
conserved among the coronavirus family. Two important RNA elements are responsible for
the frameshifting on coronavirus genomes: a slippery site and a downstream pseudoknot
structure (Plant and Dinman 2008). From studies on several different virus types, we know
that the mechanism can significantly differ from one virus to another (Champagne et al.
2022). Interestingly, no natural pseudoknot-dependent -1 programmed frameshifting event has
been observed so far on human transcriptome, making frameshifting an interesting process to
target with drugs in order to block the viral propagation without affecting cellular processes.
For these reasons, the examination of SARS-CoV-2 frameshifting could provide new insights
into the specificity of this event on its genome and could serve as a model to design potential
remedies.

Of note, it has been recently observed that MCTS1-DENR promotes ribosomal frameshifting
on the SARS-CoV-2 genome by promoting recycling of post-terminating ribosome on the stop
codon of the ORF1a, allowing trailing ribosomes to reach the slippery site and frameshift to

translate the ORF1b (Rehfeld 2023).
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3.4. Structural basis of ribosomal frameshifting during translation of the

SARS-CoV-2 RNA genome (Bhatt, Scaiola et al, 2021): main results

The goal of this project initiated by the lab of Nenad Ban and John Atkins was to capture the
structure of the frameshifting ribosome between the ORF1la and the ORF1b of the SARS-
CoV-2 single stranded RNA genome. As explained in the introduction section, the
programmed frameshifting event is necessary for expression of ORF1b, downstream of
ORF1a, and to precisely control the stoichiometry of viral proteins.

The rabbit reticulocyte lysate (RRL) system chosen for this study successfully reproduced the
frameshifting event as shown by the 0 frame and -1 frame products observed in a Western
Blot experiment (Bhatt et al., figure 1.B). In order to capture the ribosome at different stages
of frameshifting, a mutant transcript was generated with a UAA stop codon introduced in the
slippery site and the in vitro reaction was supplemented with a mutant version of the
eukaryotic release factor 1 [eRF1 (AAQ)]. Using a cryo-EM approach, the Ban lab captured
the structure of a terminating ribosome positioned on the stop codon and a high resolution
structure (2.2-A) of a translating ribosome on the slippery site, slightly upstream of the stop
codon. The second structure showed that a pseudoknot directly downstream to the slippery
site was slowing down the ribosome progression. A monosome and disome footprint profiling
experiment that I carried out in the same set-up as the structural experiments confirmed the
slow down of the ribosome on the slippery site and revealed that the ribosomal pause led to
the collision of the subsequent ribosome in a similar fashion for both WT and mutant
transcripts (Bhatt et al., figure 3). Conversely to the second structure, the one captured on the
stop codon did not contain a clear pseudoknot structure at the entrance to the mRNA channel,
in agreement with the hypothesis that the ribosome successfully unfolded the pseudoknot

structure after the pausing.
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The Ban lab next wanted to investigate the contribution of different elements to
frameshifting efficiency. Mutation of some segments of the pseudoknot were found to
strongly reduce the frameshifting efficiency, including segments interacting with 18S
rRNA (Bhatt et al., figure 2.C). It was also shown that a stop codon included within the
pseudoknot on the 0 frame served to prevent the trailing ribosome from continuing
translation on this frame and to let the pseudoknot fold again for the next elongating
ribosomes. Indeed, mutation of the stop codon, without affecting the structure of the
pseudoknot, decreased the frameshifting efficiency by 50% while reduction of ribosomal
loading by mutation of the start codon partially rescued this effect (Bhatt et al., figure 2.D).
Finally, the potential role of the nascent peptide chain in the regulation of the ribosomal
frameshifting was investigated. Indeed, the nascent peptide interacts with some nucleotides
of the 28S rRNA within the ribosomal exit tunnel (Bhatt et al., figure 4.B) and replacement
of the entire peptide sequence increased the frameshifting efficiency by 35% (Bhatt et al.,
figure 4.F).
Finally, treatment of SARS-CoV-2 infected VeroE6 cells with merafloxacin, a compound that
specifically inhibits ribosomal frameshifting, significantly reduced viral proliferation, proving
that drugs targeting frameshifting could be developed and used to treat patients suffering from

illnesses caused by coronaviruses.
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Discussion

1. RNA cis-regulatory elements orchestrate expression of mammalian

and viral proteins

RNAs have emerged as key regulators of their own translation by modulating ribosome fluxes
(Xue and Barna 2015; Madhugiri et al. 2016). The challenge is now to measure those fluxes to
better understand how RNA regulatory elements work and what are the consequences of their
disruption. In the case of diseases promoted by cis-regulatory elements, such as viral
infections and cancers, it is even crucial to identify them to prevent or enhance their activity
and thus provide new remedies. Several techniques are now used in order to study ribosomal
occupancy and movement on transcripts. Two important ones are the ribosome profiling and
translation reporter assay. The first one provides an overview of ribosome occupancy on the
transcriptome and on individual transcripts under chosen conditions or at specific time points
and, when coupled with RNA-seq, gives a measure of translation efficiency (Ingolia,
Hussmann, and Weissman 2019). The second one is a technique that gives information about
translation of a single reporter that can be modified according to the RNA element of interest.
An interesting variant of the reporter assay is the usage of cellular extracts, which give a
simplified and controllable system, independent of nuclear regulatory events (Rakotondrafara
and Hentze 2011). As part of my thesis, the combination of ribosome profiling, in vivo and in
vitro translation reporter assays successfully answered some of the questions raised in the

introduction section.

43



Discussion
2. Re-initiation regulation by canonical and non-canonical translation

factors

During my thesis, I mainly focused on uORFs for which usage of both ribosome profiling and
translation reporter assays partially unraveled their regulatory mechanisms. Nevertheless, as
mentioned in the introduction, several questions remain unanswered regarding the translation
of transcripts subject to uORF regulation. I contributed to the uORF field through my work on
the cis-regulatory RNA elements and the factors involved in the re-initiation process. During
my investigations, I combined the classically used techniques for the study of translation but I
also set up a cell-free re-initiation assay that faithfully reproduced re-initiation. Using
homemade HeLa lysates, I measured the ribosomal fluxes on the 5 UTRs of two reporters,
Klhdc8a and Asb8, which contain different configurations of uORFs. Based on this reporter
assay, I evaluated the importance of the uORF penultimate codon identity in DENR-
dependent re-initiation as well as the participation of elF2, e[F2D and MCTS2 in re-initiation.
Finally, by comparing ribosome occupancy on Eif2d and Denr knock-down cells, I

investigated eIF2D translation function.

2.1. The specificity of DENR-dependent re-initiation

As described in the introduction, the non-canonical translation factors MCTS1-DENR
promote re-initiation on specific uORF-containing transcripts in mammalian cells. The
specificity of DENR targets has been investigated by a former PhD student of the lab, Violeta
Castelo-Szekely, and by Aurelio Teleman’s group. Violeta showed that DENR also regulates

uORFs that are longer than 6 nucleotides (start-stop uORFs) while Bohlen et al. reported that
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DENR targets were enriched for specific penultimate codons (J. Bohlen, Harbrecht, et al.
2020; Castelo-Szekely et al. 2019).
In my ribosome profiling data, I observed that the uORF length distribution of DENR targets
is different, yet not significantly, from the length distribution of all translated uORFs. Indeed,
DENR-regulated transcripts seemed to be slightly enriched for start-stop uORFs, suggesting
that uORF length or translation elongation influences DENR-dependent regulation. Of note,
lengthening of Asb8 uORF from 1 aa to 2 aa affected DENR-dependence, even in the case of
the penultimate GCG (highly enriched in DENR targets in Bohlen et al.) in my in vitro re-
initiation assay. Therefore, it seems that translation elongation on uORFs or presence of an
AUG penultimate codon impacts DENR function. This last hypothesis is in line with the
observed enrichment of AUG penultimate codons upstream to the CDS stop codon of
transcripts with 40S accumulation upon Denr knock-out (J. Bohlen, Harbrecht, et al. 2020).
Yet, is seems that only a small portion of these start-stop uORF-containing transcripts displays
reduced DENR-dependence, implying that the presence of an AUG in the P-site is not
sufficient to explain the recruitment of DENR.
Using my Asb8 and Klhdc8a reporters, I observed that only some of the tested penultimate
codons diminished DENR-dependence compared to the WT one, in line with the published
data from the Teleman group. These codons are recognized by specific tRNAs that are
associated with different amino acids. It seems that re-initiation is less DENR-dependent
when the uORF of Klhdc8a ends with the penultimate codon GTC (depleted in DENR-
dependent uORFs) than when its contains the WT penultimate codon GTG, although they
both code for a valine. This result suggests that the critical feature for DENR-dependence may
be the tRNAs anti-codon identity rather than the associated amino acids. The in vitro assay

also showed that the identity of the penultimate codon influenced specifically DENR-
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dependence without affecting the re-initiation rate per se, confirming that re-initiation is not
necessarily DENR-dependent. Regarding the relatively low number of DENR targets
identified with ribosome profiling (223 in mouse from my RPF-seq, 517 in human in Bohlen
at al.) and the high number of transcripts with translated uORFs (3430 in mouse from my
RPF-seq), it is tempting to conclude that most re-initiation events are DENR-independent.
DENR can then serve as an additional layer of regulation for some transcripts with specific
uORF penultimate codons involved in key cellular processes such as cell cycle specific genes.
Indeed, as mentioned in the introduction, DENR abundance itself is cell cycle- and cell
density-dependent (Clemm von Hohenberg et al. 2022; Deyo, Chiao, and Tainsky 1998).

As observed in my dataset, the most enriched type of translated uORFs are start-stop uORFs
(25% in mouse from my article) and uORF frequency rapidly decreases with uORF length
(Meurs et al., figure 1.E), which may indicate that uORFs undergo a certain selection pressure
to stay particularly short. Indeed, a strong anticorrelation between a conservation score and
the uORF length has been observed in Drosophila and human (H. Zhang et al. 2021). Several
hypotheses are raised in order to explain this observation. First, longer uORFs are obviously
more likely to be disrupted by frameshifts or stop codons. Another hypotheses stipulates that
translation of non-elongating uORFs limits the loss of initiation factors, such as elF3, and
promotes re-initiation (Schleich et al. 2017). Indeed, the uORF length is inversely correlated
with re-initiation efficiency (Kozak 2001). We observed this effect in our re-initiation assays
as Asb8 5’ UTR (laa long uORF) displayed a higher re-initiation rate (29%) than Klhdc8a 5’
UTR (13aa long uOREF, 11%). However, the re-initiation rate was similar for the start-stop and
the 2 aa long Asb8 uORFs in my in vitro re-initiation assay, showing that only the uORF
length and not the entry into the translation elongation phase influences re-initiation

efficiency. Another hypothesis proposes that the very short peptides, and even more so for the
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start-stop uORFs that are only coding for a methionine, cost less energy to be translated and
therefor the balance of the regulatory outcome vs. energy cost is optimized (H. Zhang et al.
2021). The shorter uORF peptides are also faster to degrade and are less likely to have any
effect on other cellular processes. Another possible explanation is that the U at the 4™ position
of the start site of start-stop uORFs keeps the Kozak context score low to limit the inhibitory
effect of these uORFs. Indeed, the expression of my in vitro start-stop uORF reporter Asb8 is
mainly driven by leaky scanning, with 58% of ribosomes that bypass the uORF start site to
reach the CDS. Finally, as explained in the introduction, the close proximity between the start
and stop codons may protect short uORFs from NMD, which favors expression of the protein
(Peixeiro et al. 2012; P. V. Ivanov et al. 2008). Although the reason for the enrichment of short
uORFs remains unclear, a combination of several of these mechanisms is most likely involved

in the conservation mechanism.

2.2. MCTS?2 interacts with DENR to promote re-initiation

The partners MCTS1 and DENR work together to promote re-initiation. They stabilize each
other by forming a heterodimer, as depletion of one of the two reduces abundance of the other
one. However, depletion of MCTS1 does not always lead to the same phenotype as DENR
depletion. As explained in the introduction, depletion of DENR is prenatally lethal while
Mcts1 knock-out mice are viable and harbor only minor phenotypical defects as reported in
the International Mouse Phenotyping Consortium (IMPC) database. Furthermore, Mctsl
knock-down did not have the same disruptive effect as Denr knock-down on the migration
and development of cortical neurons in the mouse brain (Haas 2016). These differences
indicate that DENR might have another partner to interact with in order to promote re-

initiation. Our results show that MCTS2, the retrogene copy of MCTSI, is expressed in
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NIH/3T3 cells and interacts with DENR to promote re-initiation. Like for MCTS1-DENR, the
interaction of DENR with MCTS2 should stabilize both factors. This could be verified in the
future by comparing the abundance of DENR upon MCTS1 depletion to abundance of
MCTS1 upon DENR delpetion as MCTS1 knock-down should have less effect on DENR
abundance than DENR depletion on MCTS1 abundance.
Other pieces of evidence exist to support the idea that MCTS2 is expressed and active. Some
mutations on MCTS2 are conserved among rodents and primates (4 mutations out of 11 for
rodents and 9 for primates compared to MCTS1) suggesting that a certain selection pressure
may exist on Mcts2 to keep a similar amino acid sequence. Another article also reached the
conclusion that all the Mcts family members are under evolutionary pressure (McCole et al.
2011).
Of note, Bohlen et al. did not find RNA-seq reads mapping specifically to Mcts2 in their
human samples (J. Bohlen, Zhou, et al. 2023), suggesting that Mcts2 is not expressed in all
cell types and that MCTS2-DENR-dependent re-initiation only exists in specific cell types or
under certain conditions. Furthermore, Mcts2 is expressed in several but not all organs during
embryonic development (Zhijun et al. 2014). This Mcts2 embryonic expression could explain

why Mcts1 knock-out mice survive into adulthood while Denr knock-out mice die pre-nataly.

2.3.  elF2a phosphorylation only mildly affects re-initiation and leaky scanning on uORF-

containing transcripts

Protein expression from several uORF-containing transcripts is increased following elF2a
inactivation during the integrated stress response (S. K. Young et al. 2015; Y.-Y. Lee,
Cevallos, and Jan 2009; Amiri et al. 2024). Atf4 and Atf5 are two well-studied representatives

of this category of transcripts. Under physiological conditions, the overlapping uORFs of Atf4
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and Atf5 are translated, which severely inhibits expression of the CDS. The induction
mechanism of these two transcripts under stress conditions relies on the bypassing of the
overlapping uORFs during re-initiation between the upstream uORFs and the CDS start
codon. To explain this phenomenon, several publications have hypothesized that the low
availability of active eIF2-GTP-Met-tRNA;"* complexes increases its recruitment time to the
re-scanning ribosome, which forces ribosome to re-initiate at the CDS start codon (Vattem
and Wek 2004; Watatani et al. 2008; Zhou et al. 2008). Using my in vitro re-initiation assay, I
discovered that the re-initiation and leaky scanning rates of my Asb8 and Klhdc8a reporters
were only mildly reduced by the phosphorylation of EIF2a. It seems therefore that the strong
re-initiation delay observed for Atf4 and Atf5 transcripts does not apply to all uORF-
containing transcripts. Furthermore, some uORF-regulatory effects are specific to some
stresses, thus inducing elF2a is not sufficient for inhibiting or promoting translation of uORF-
containing transcripts (Akulich et al. 2019; Jun Zhang and Shi 2024). A recent paper showed
that ATF4 enhances expression of elF1 which in turn increases stringency of start site
selection. Upon stress, the scanning ribosomes are thus more likely to bypass uORFs with
weak start sites and initiate at the next CDS, which could contribute to the expression of
uORF-regulated transcripts (Amiri et al. 2024).

The stronger reduction in re-initiation efficiency of Asb8 uORF can be explained by the short
intercistronic distance between its uORF and the CDS start site (17 nt). Interestingly, the same
intercistronic distance is slightly shorter for Klhdc8a (73 nt) than the distance between the
uORF and the overlapping uORF for Atf4 (87 nt), implying that re-initiation on Atf4 should be
even less sensitive to the phosphorylation of EIF2a. This could be tested by comparing the

signal of Atf4 reporters to the signal of our two other reporters in our in vitro re-initiation
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system. To evaluate the length effect, one could also shorten the intercistronic distance of the
Klhdc8a and Asb8 reporters to measure the effect on re-initiation rate.

Several studies showed that the Atf4 transcript undergoes MCTS1-DENR-dependent re-
initiation in Drosophila and human cells (J. Bohlen, Harbrecht, et al. 2020; Vasudevan et al.
2020). In yeast however, GCN4 is not regulated by the MCTS1-DENR ortholog (TMAZ20-
TMA22) (Gaikwad et al. 2021). I did not observe a decrease in Atf4 and Atf5 reporter
expression upon DENR depletion in HeLa cells nor on the endogenous transcripts in NIH/3T3
cells. But I observed an accumulation of footprints at the non-overlapping uORF stop codon,

indicating a recycling defect associated with the depletion of DENR.

2.4. elF2D is not a re-initiation factor under physiological conditions

elF2D is a non-canonical initiation factor with a tRNA recruitment and release activity in
vitro. Its function and its targets remain unclear. Like DENR, it is considered to be a re-
initiation factor in animals. However, validating experiments are missing in order to confirm
its re-initiation function. Moreover, it it not known if elF2D regulates the same class of
uORF-containing transcripts or if they have different targets. The ribosome profiling
experiment on Eif2d knock-down cells revealed that elF2D-regulated transcripts were not
enriched with translated uORFs. Furthermore, only one transcript (Nrfl) had a reduced
translation efficiency in both Denr and Eif2d knock-down cells. Taken together, these results
show that eIF2D regulates a different set of transcripts than DENR and it does not promote re-
initiation under physiological conditions in vivo. Still, the results of the in vitro re-initiation
assay indicate that elF2D is able to promote some level of re-initiation when DENR is
depleted, in line with the observation that the knock-out of the yeast e[F2D ortholog, TMA64,

enhances the recycling defect of TMA20 (MCTS1) or TMA22 (DENR) depletion but does not
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affect recycling on its own (D. J. Young, Meydan, and Guydosh 2021). In conclusion, these
results indicate that eIF2D is involved in another translation related process but can
inefficiently promote re-initiation if MCTS1 or DENR are absent.

If elF2D is not involved in re-initiation, what is its main function? To answer this question,
we first attempted to validate some elF2D candidate transcripts identified in the ribosome
profiling analysis with an in vivo reporter assay. We were unable to observe a 5° UTR-
dependent elF2D regulation of the selected transcripts, suggesting that elF2D indirectly
controlled expression of these transcripts or that it regulated them in a 5> UTR-independent
manner. Moreover, my analysis of the el[F2D-regulated transcripts did not reveal any specific
feature within their sequence that would explain their e[F2D-dependence. Yet, many of the
affected transcripts seemed to be particularly abundant and were enriched for mRNAs
involved in translation and ribosome biogenesis. I also observed that eIF2D depletion greatly
affected RNA abundance of hundreds of transcripts. Like the transcripts with a reduced
translation efficiency, those with a changed abundance were also enriched for highly abundant
transcripts and coding for translation-associated proteins. These transcripts were also involved
in the regulation of the cell cycle. Indeed, this massive change in transcript abundance is
associated with an accumulation of cells in the G1 phase of the cell cycle in Eif2d knock-
down cells. A link between the arrest of the cell cycle at the G1/S1 phases checkpoint and
reduction of ribosomal protein expression has been made and could reconcile our
observations (Derenzini 2017). However, one limitation of the depletion technique used for
this experiment is that a 4 day selection of the transduced cells is required, leaving time for
secondary effects to occur. Based on the ribosome profiling data alone it is therefore not
possible to conclude on a direct interaction between elF2D and the transcripts affected by the

knock-down. It is also not possible to know if the reduced expression of ribosomal proteins is
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responsible for the cell cycle arrest or if it is the cell cycle arrest that provokes a reduction of
ribosomal protein expression.

In vitro, eIF2D can recruit a Met-tRNA;" independently of eIF2 and the hydrolysis of a GTP
molecule (Skabkin et al. 2010). Based on this observation, it has been proposed that e[F2D
could promote initiation on unconventional start sites or under conditions where elF2 is
inactivated, e.g. when elF2a is phosphorylated (Wek, Anthony, and Staschke 2023). Most of
the investigations about eIlF2D failed to observe such non-canonical initiation functions in
vivo (Green et al. 2022; Ichihara et al. 2021; Sanz, Gonzalez Almela, and Carrasco 2017; Sanz
et al. 2019; She, Luo, and Weissman 2023). Using my in vitro set-up, I tested the initiation
function of elF2D in elF2a phosphorylated extracts. The knock-down of elF2D did not
further impact re-initiation and leaky scanning rates on Klhdc8a reporters. Furthermore,
addition of a large amount of recombinant eIF2D did not increase expression of the reporters
in extracts treated or not treated with recombinant GADD34. In line with the previous
findings, these results suggest that e[F2D cannot replace elF2 for the recruitment of a new
Met-tRNAM* during re-initiation and leaky scanning.

Among the identified eIF2D targets, Hoxa3 has been shown to be inhibited by eIF2D through
its translation inhibitory element, which contains a uORF (Alghoul et al. 2021). In my
ribosome profiling data, Hoxa3 had a low expression level but had an almost significantly
increased translation efficiency. However, only 5 transcripts had a significant reduced
translation efficiency upon elF2D depletion and none of them contained a translated uORF,
implying that the regulation of Hoxa3 by elF2D is rather a specific mechanism than a general
one.

Several other experiments could be carried out in order to identify elF2D targets and function.

For instance, a selective ribosome profiling experiment could be performed to identify direct
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elF2D target transcripts and the sites where elF2D-bound ribosomes interact with those

transcripts.

3. Expression of the complete SARS-CoV-2 genome is conditioned by a

programmed and highly regulated frameshifting event

Other techniques can be used to study ribosomal translation events such are structural
analysis. Among those techniques, Bhatt et al. used cryo-EM to characterize the frameshifting
event on the SARS-CoV-2 genome. They chose to work with an in vitro rabbit reticulocyte
lysate (RRL) system supplemented with a harmless SARS-CoV-2 reporter. As explained
above, in vitro systems have several advantages such as a high translation activity and the
uncoupling from nuclear events, but the RRL system has the disadvantages to be produced
from specialized cells in which some translation processes and pathways are deficient
(Pisareva et al. 2015).

Using cryo-EM, they successfully obtained two different structures that are representative of
two different stages of the frameshifting. However, this technique provides a very static in
vitro view of cellular events and had to be completed with some in vivo techniques such as
reporter assays and ribosome profiling, in where I became involved. Indeed, the ribosome
profiling experiment exhibited the ribosomal pausing on the slippery site of the ORF1,
confirming that the translating ribosome was stalled due to the downstream pseudoknot
structure. One challenge of this project was to combine an in vitro translation assay with the
generation of ribosomal footprints on a single mRINA reporter. This work showed that it was

possible to generate such libraries after some adjustments. Another challenge we encountered
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was to digest the strong secondary structures of the SARS-CoV-2 reporter that were
contaminating the ribosomal footprints. We successfully removed those by performing a
double digestion with MNase and RNase 1.

Finally, this project allowed a precise characterization of the SARS-CoV-2 mRNA-specific
frameshifting event. This characterization can potentially be used for drug design as inhibition
of the frameshifting should only impact expression of viral proteins. An independent study
also identified merafloxacin as a compound that can inhibit viral replication by blocking the
ribosomal frameshifting event (Sun et al. 2021). Investigations are still ongoing in order to
identify more specific molecules to target the frameshifting event in order to avoid secondary

effects on human cells (Yang et al. 2023).
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Abstract

Ribosomes scanning from the mRNA 5’ cap to the start codon may initiate at upstream open reading
frames (uORFs), decreasing protein biosynthesis. Termination at a uORF can lead to re-initiation,
where the 40S subunit resumes scanning and initiates another translation event downstream. In
mammals, the noncanonical translation factors MCTS1-DENR participate in re-initiation at specific
uORFs, but knowledge of other trans-acting factors and uORF features influencing re-initiation is
limited. Here, we describe a cell-free re-initiation assay using HeLa cell lysates. Comparing in vivo
and in vitro re-initiation activities on uORF-containing model reporters, we validate that MCTS1-
DENR-dependent re-initiation is accurately recapitulated in vitro. Using this system and ribosome
profiling in cultured cells, we found that knockdown of the homolog elF2D causes widespread gene
expression deregulation unrelated to uORF translation, suggesting distinct functions from MCTS1-
DENR. Additionally, we identified MCTS2, encoded by a retrogene copy of Mctsl, as an alternative
DENR partner that promotes re-initiation in vitro. Our findings on re-initiation and the new assay

provide valuable insights and tools for future research on uORF features and trans-acting factors.

Introduction

Upstream open reading frames (uORFs) are abundant, short regulatory elements found within the 5'
UTRs of an estimated 50% of human transcripts [1]. uORF translation has long been recognised as a
mechanism to tune the translation efficiency (TE) of the protein coding sequence (CDS) under
physiological and stress conditions [2-5], and several cases of misregulated uORF-dependent
translational control have been linked to human diseases including cancer [6-9]. Because uORFs
intercept scanning ribosomes and reduce the probability that they engage in initiation downstream,
they are generally inhibitory to protein biosynthesis from the CDS. Two main mechanisms are
implicated in ensuring that CDS translation can take place nevertheless: first, in a process called leaky
scanning, the 43S preinitiation complex can scan across the uORF start codon, thus ignoring the
uORF; second, the ribosome can translate the uORF, terminate at its stop codon, and then engage in
the process of re-initiation, where the small ribosomal subunit resumes scanning to a downstream start
codon [1]. In contrast to canonical initiation, for which many implicated initiation factors and

mechanistic details have been identified over the last decades, our understanding of re-initiation has
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remained incomplete. Thus, large knowledge gaps exist regarding the trans-acting protein machinery
and to what extent it is shared with canonical initiation, and the cis-acting mRNA and uORF sequence
requirements that predispose to re-initiation.

An peculiar case of re-initiation-competent uORFs that has been studied contains only a single amino
acid — i.e., the start codon — followed immediately by a stop codon (termed ‘laa uORF’ or ‘start-stop
uORF”’ in the following) [10, 11]. In regular initiation, the initiator-tRNA is positioned in the ribosomal
P-site, and on 1aa uORFs the stop codon is thus already placed in the A-site, ready for termination and
without the ribosome ever entering into elongation. Hence, and as shown for elF3 [12]. some
canonical initiation factors from the uORF initiation event may likely still be available on the
ribosome for subsequent re-initiation. Whether and under which circumstances elFs remain on or
rejoin the ribosome in the case of longer, elongating uORFs in order to become competent for a second
round of scanning has remained unclear.

The heterodimeric, non-canonical initiation factor MCTS1-DENR has been identified as the first, re-
initiation-specific translation factor with conserved activity in Drosophila, mouse and human [10, 11,
13-16]. In vitro, MCTS1-DENR shows the double activity of being able to recruit and release tRNA
from the ribosomal P-site [13, 17], and the yeast orthologues, Tma20-Tma22, appear to mainly
function in post-termination tRNA removal and 40S ribosome recycling rather than as promoters of re-
initiation [18]. In animal model systems, DENR loss-of-function followed by ribosome profiling has
been used to identify CDS translation efficiency changes indicative of altered re-initiation, thus
identifying likely direct MCTS1-DENR targets [10, 11, 16, 19]. These studies revealed that only a
small fraction of all uORF-containing transcripts undergo MCTS1-DENR-dependent re-initiation and,
while start-stop uORFs are highly represented among targets, longer uORFs were frequently
associated with MCTS1-DENR-dependent re-initiation as well. As a first hint towards the selectivity
of MCTS1-DENR for certain uORFs, an enrichment for specific penultimate uORF codons was

observed among targets in HeLa cells [19], leading to the hypothesis that MCTS1-DENR removes
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empty P-site tRNA from the terminated ribosome and that the efficiency of this process may be tRNA-
specific.

The protein eIF2D is a close homologue of MCTS1-DENR, containing the same domains encoded on
a single polypeptide. Like MCTS1-DENR, eIF2D (then still under the name LGTN, for Ligatin) was
initially identified as a recycling and initiation factor based on its in vitro activities [13], and the yeast
orthologue, Tma64, has been noted for its role in 40S subunit recycling, too [18]. Due to these
similarities, eIF2D is frequently referred to as a re-initiation factor as well, and evidence for
comparable functions of MCTS1-DENR and eIF2D on uORFs come from studies of Atf4 regulation in
Drosophila and in HeLa cells [19, 20]. However, elF2D does not regulate an MCTS1-DENR-
dependent synthetic model start-stop uORF in vivo [11], suggesting that the two factors may be active
on distinct sets of uORFs and transcripts. Furthermore, it has recently been reported that the single
knockout of yeast Tma64/Eif2d does not recapitulate the 40S recycling defect observed in the single
knockout of Tma22/Denr [21]. Therefore, it would appear that the involvement of eIF2D in re-
initiation and/or recycling still needs to be formally established.

In this study, we combined ribosome profiling, in vivo reporter assays and experiments using a cell-
free translation system to investigate MCTS1-DENR- and eIlF2D-dependent re-initiation. Using the in
vivo and in vitro re-initiation assays, we measured the fluxes of ribosomes on the 5' UTRs of two
identified DENR-dependent model transcripts, Klhdc8a and Asb8, and addressed the effect of
penultimate codon identity. Ribosome profiling from DENR and elF2D loss-of-function cells pointed
at different and distinct roles for the two factors in gene expression regulation and, importantly,
indicated that eIF2D does not act as a general uORF re-initiation factor. Finally, we identified MCTS2
as an alternative DENR heterodimerisation partner in vivo whose activity in re-initiation we analysed

and validated in our in vitro assay.
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Results

Upstream open reading frame-containing transcripts Klhdc8a and Asb8 are regulated by DENR
in vivo and suitable for model reporter design.

To gain insights into mechanism and targets of DENR-dependent re-initiation, we first identified
uORF-containing transcripts for which CDS translation was altered after shRNA-mediated knock-
down of Denr in murine NIH/3T3 cells (Figure 1A). To this end, we carried out ribosome profiling
(Ribo-seq) and RNA-seq from Denr shRNA-treated cells, as well as from two different control-treated
cells, exposed either to scramble (Scr) shRNA or to non-functional (nf) Eif2d shRNA that did not
cause any knockdown (Figure 1A). From the obtained data, we calculated translation efficiencies
(TEs, ratio CDS footprints to RNA) transcriptome-wide, thus identifying 223 and 6 transcripts,
respectively, with significantly reduced and increased TE (applying FDR-corrected p<0.1) (Figure
1B; Supplementary Table S1). The strong bias for reduced TEs was in line with our expectations for
direct targets of a factor facilitating re-initiation on the CDS after uORF translation, and with previous
findings [16, 19]; we further noted that the annotated 5’ UTRs of transcripts with reduced TE were
significantly longer than would be expected from the transcriptome-wide distribution of 5 UTR
lengths (Figure 1C), compatible with increased uORF content. Indeed, annotation of translated uORFs
from the footprint data showed strong enrichment among the DENR-responsive transcripts (Figure
1D). The lengths of the identified uORFs showed a broad distribution, with laa/start-stop uORFs
being the most abundant species but many longer, elongating uORFs found on the DENR-responsive
transcripts as well (Figure 1E). We selected two transcripts to design re-initiation reporters,
representing an elongating uORF (Klhdc8a, Kelch domain containing 8A; 13 amino acid uORF) and a
start-stop uORF (Asb8, Ankyrin repeat and SOCS box-containing 8) (Figure 1B). Both mRNAs
presented significantly reduced TE upon Denr knockdown (decrease by ~70% for Klhdc8a and by
~30% for Asb8; Figure 1G) and, moreover, their 5' UTRs contained only one strongly translated,
AUG-initiating uORF (Figure 1F and Supplementary Figure S1A, B). Furthermore, the uORFs are

conserved in mammals (Supplementary Figure S1C, D), including in humans, and Denr KO in
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human Hel.a cells indeed led to a strong downregulation of endogenous KLHDCB8A protein as
evaluated by immunoblot analysis using specific antibodies (Figure 1J). The lack of functional
antibodies against mouse or human ASB8 precluded a similar analysis for this protein.

We first used the Klhdc8a 5' UTR (and the first codons of its CDS, fused in-frame to firefly luciferase)
to establish a set of three different reporter genes that would allow us to estimate re-initiation and
leaky scanning rates (Figure 1H). Thus, the WT uORF reporter contained the full, unmodified
Klhdc8a 5' UTR. Mutating the uORF start codon (no uORF reporter) allowed us to quantify luciferase
signal when no inhibitory uORF is present. A third reporter contained a mutated uORF stop codon,
which extended the uORF coding sequence all the way into the luciferase CDS, but in a different
frame (overlapping uORF reporter). Thus, this reporter would give luciferase signal only through
leaky scanning of ribosomes across the uORF start codon. After reporter delivery into HeLa cells (via
lentiviral constructs that also contained a Renilla luciferase reporter for internal normalisation across
samples), re-initiation signal can be extracted from the individual reporter readouts as shown in Figure
1I. The relative reduction of signal from no uORF to WT uORF reporters thus represents the overall
inhibitory activity of the uORF, with remaining signal corresponding to the sum of leaky scanning-
and re-initiation-mediated reporter translation. By further subtracting the overlapping uORF reporter
signal that derives from leaky scanning, re-initiation is quantified. Using WT and Denr KO HeLa cells
(Figure 1J), this assay indicated strong inhibition by the Klhdc8a uORF, and remaining signal that
was largely DENR-dependent, as well as very low leaky scanning rates (Figure 1I). This data allowed
us to propose a model of how ribosomal fluxes occur on the Klhdc8a reporter transcript in vivo
(Figure 1K). Our analyses suggest that ~98% of ribosomes initiate on the uORF and only ~2%
undergo leaky scanning. Of the uORF ribosomes about 19% re-initiate on the main CDS, a process
that is largely DENR-dependent.

We concluded that translation of endogenous and reporter-encoded KLHDC8A was highly re-
initiation-dependent and that our system based on three reporters, together with the use of WT vs.

Denr KO cells, allowed the quantification of DENR-dependent re-initiation in vivo.
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An in vitro re-initiation assay recapitulates regulation and ribosome fluxes observed in vivo.
Next, we set out to establish an in vitro assay that could recapitulate re-initiation. To this end, we
prepared translation-competent extracts from HeLa cells, essentially adapting a recently reported
protocol based on detergent-free cell lysis applying reproducible shearing forces via a dual
centrifugation step [22] (Figure 2A). Under the gentle lysis conditions used, a sizeable proportion of
cells remained intact (Figure 2B, pellet fraction), yet we found the supernatant to reproducibly recover
highly translation-competent lysate that also contained the three proteins of interest for our study
(MCTS1, DENR, elF2D) (Figure 2B). Initial tests revealed that during the in vitro translation
reaction, elF2o became phosphorylated at Ser51 (Figure 2C), a modification that is associated with
decreased initiation rates leading to low translational output. As previously reported [22, 23], the
addition of recombinant phosphatase GADD34A1-240 greatly counteracted Ser51 phosphorylation
(Figure 2C). Indeed, in the absence of GADD34A1-240, luciferase signals that were obtained in in
vitro translation assays for various in vitro transcribed, capped and polyadenylated reporter RNAs
were >50% reduced as compared to reporter signals in the presence of recombinant GADD34A1-240
(Figure 2D). As default condition in our experiments, we hence added recombinant GADD34A1-240
to all reactions. Finally, we further optimised the Klhdc8a-based reporters by shortening the 5' UTR
from its original ~650 nt down to ~180 nt, retaining the larger uORF environment yet removing far
upstream 5' UTR sequence (Supplementary Figure S2A). These short Klhdc8a 5' UTR reporters
showed strongly increased signals in our assays (Supplementary Figure S2B), in line with the notion
that very long 5’ UTRs are generally inhibitory to translation.

First, we carried out the in vitro translation assays on the set of Klhdc8a reporters (no uORF, WT
uOREF, overlapping uORF), using HeLa extracts prepared from both wild-type and Denr KO cells.
These experiments revealed clear uORF- and DENR-dependence (Figure 2E, left side; identical
outcomes for “long Klhdc8a 5' UTR” reporter, see Supplementary Figure S2C), closely resembling
our observations in vivo (Figure 1I). The calculated ribosomal fluxes showed excellent

correspondence as well (Figure 2F). In particular, the uORF strongly impeded CDS expression with
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very low rate of leaky scanning (1%). Re-initiation-mediated reporter expression (11%) was
quantitatively slightly lower than in vivo (19%, see Figure 1K), yet remained highly DENR-dependent
(i-e., in Denr KO extracts the signal from the “WT uORF’ reporter was close to the leaky scanning
signal from the ‘overlapping uORF’ reporter). Importantly, this lack of re-initiation in Denr KO
extracts could be fully rescued through complementation with recombinant MCTS1-DENR (Figure
2E, right), confirming the direct involvement of these proteins in re-initiation in vitro. Note also that in
Denr KO, MCTS1 is co-depleted (Figure 1J) as a result of its instability in the absence of its binding
partner (as previously observed in [19, 24]), making a rescue with both proteins necessary. We
concluded that our in vitro assays showed very good correspondence with re-initiation parameters
observed in vivo.

Next, we assayed the start-stop uORF-containing Asb8 reporter set (Figure 2G). These experiments
revealed that this uORF was rather permissive to leaky scanning, likely due to poor Kozak context of
its start codon; in particular, given that all stop codons (TGA, TAA, TAG) begin with a T nucleotide,
start-stop uORFs by default have a (suboptimal) T in Kozak sequence +4 position. The lower
efficiency of inhibition by the Asb8 uORF (as compared to the Klhdc8a uORF) was in line with the
translation efficiencies measured in vivo by Ribo-seq (Figure 1G). According to our calculations
(Figure 2H), 58% of ribosomes underwent leaky scanning and 42% engaged in uORF translation.
About two-thirds of uORF termination events led to re-initiation at the CDS and the remaining one-
third did not (29% vs. 13%). Re-initiation was mostly MCTS1-DENR-dependent, as judged from the
signals obtained in Denr KO extracts and from recombinant MCTS1-DENR rescue (Figure 2G).
MCTS1-DENR selectivity for certain uORFs has been linked to specific penultimate codons [19]. The
Klhdc8a uORF terminates with the sequence ‘... GTG(Val) TAG(Stop)’, yet penultimate GTG was not
observed as specifically associated with DENR-dependence previously [19]. In order to test
penultimate codon influence in our assay, we tested reporters in which the GTG(Val) was mutated to

GTC(Val) (among the reported significantly depleted penultimate codons in DENR-dependent uORFs

[19]) and to GCG(Ala) (most strongly and significantly enriched in DENR-dependent uORFs

80



Research articles

according to [19]) (Figure 2I). We found that the inhibitory impact of the uORF and re-initiation rates
were only weakly affected by these codon changes; in particular, the enriched penultimate codon GCG
did not cause higher re-initiation rates — if anything, re-initiation was lower (non-significant) than in
wild-type codon constructs and it still remained strongly DENR-dependent. Interestingly, in the
depleted penultimate codon case, GTC(Val), DENR-dependence of re-initiation was reduced, yet
overall re-initiation capacity still intact. This observation is compatible with the idea that the depleted
penultimate codon is able to partially decouple the re-initiation process from its dependence on these
particular re-initiation factors.

Next, we examined Asb8 reporter variants, converting the 1aa uORF to a 2aa uORF (and thus from
start-stop to elongating uORF) and testing different penultimate codons. Thus, we inserted either a
TGT(Cys), which is (according to [19]) the only significantly enriched penultimate codon starting with
“T” (hence preserving the +4 Kozak context of the start codon), or GCG(Ala), which is a highly
enriched codon and additionally improves the Kozak context for uORF initiation (Figure 2J). In the in
vitro translation assays, GCG insertion indeed led to strongly decreased leaky scanning rates,
converting the weakly translated laa uORF to a strongly translated 2aa uORF (Figure 2J, right),
compatible with the improved Kozak consensus associated with the +4 position ‘G’. Lengthening the
uORF with TGT(Cys) had little consequences on leaky scanning and overall re-initiation rate, yet
DENR-dependence appeared reduced (Figure 2J, middle). We concluded that re-initiation rates were
not per se different between start-stop and elongating uORFs, but the DENR-dependence of re-
initiation was modulated, which is in agreement with the reported preferential MCTS1-DENR

regulation of start-stop uORFs [11, 19].

Phospho-elF2a levels only mildly affect re-initiation rates of Klhdc8a and Asb8 reporters.

Phosphorylation of elF2a is key to the integrated stress response (ISR) that lowers bulk translation
initiation and promotes preferential translation of stress-related mRNAs through a mechanism that
involves uORFs, re-initiation and start codon selection [25]. The current model deduced from studying

transcripts such as Atf4/Gen4 suggests that after uORF termination, the re-scanning 40S subunit
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becomes rapidly re-initiation-competent when non-phosphorylated (active) elF2a is abundant. This
leads to translation of a relatively close (87 nt) downstream, second uORF rather than the CDS that is
more distant (184 nt). However, when p-elF2a levels are high, the probability of recruiting active
elF2a in time for the second uORF is lower, and re-initiation will more often occur further
downstream, on the CDS. Recent work has highlighted the importance of both MCTS1-DENR and
elF2D for Atf4 CDS translation [19, 20]. Despite these links, whether eIF2a activity is a rate-limiting
factor for MCTS1-DENR-mediated re-initiation per se, and to what extent the reported effects are a
consequence of global initiation decrease, remains unclear. We reasoned that our well-controlled in
vitro system would allow us to address such questions.

We thus carried out our assays in the presence vs. absence of GADD34A1-240, which led to low and
high Ser51 phosphorylation levels of elF2a, respectively (Figure 2C). The level of Ser51
phosphorylation occurring in the absence of GADD34A1-240 was even higher than that seen after a
standard ISR induction protocol by tunicamycin treatment of cells (Supplementary Figure S3A). For
the Klhdc8a reporters, absolute signals were significantly reduced in the absence of GADD34A1-240
as expected (analogous to experiments in Figure 2D), yet after normalisation to the (likewise reduced)
Renilla luciferase signal, the observed levels of leaky scanning (slightly up) and uORF-mediated
inhibition (slightly down), the re-initiation rate (slightly down) and its DENR-dependence (up), and
the calculated ribosomal fluxes were highly similar between both conditions (Figure 3A, B). We
concluded that in the Klhdc8a reporter in vitro experiments, the availability of non-phosphorylated
elF2a was not per se a strongly rate-limiting step for re-initiation. On the Asb8 reporter — where the
intercistronic distance between uORF and CDS is very short (17 nt, as compared to 73 nt in Klhdc8a)
— we found overall more variability in the experimental outcomes in the absence of GADD34A1-240
(Figure 3C, D). We observed a tendency to increased leaky scanning and reduced re-initiation (both
non-significant). In an in vivo experiment on the Klhdc8a reporter set, combined with tunicamycin
treatment, we also observed a weak reduction in re-initiation rate (Supplementary Figure S3B, C)

and validated that under these conditions the translation of positive control reporters carrying the 5'
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UTRs of Atf4 and Atf5 upstream of luciferase were indeed upregulated (Supplementary Figure S3D).

Taken together, these results suggest that eIF2a levels are only moderately limiting for re-initiation.

Limited evidence for a role of eIF2D in re-initiation in vivo and in vitro, pointing to uORF-
independent cellular functions in gene expression regulation.

Next, we extended our analyses to the close MCTS1-DENR homologue, eIF2D, which contains the
same domains encoded as a single polypeptide, linked by an additional WH domain (Figure 4A). The
high similarity between the proteins, in addition to the findings that the yeast orthologues show shared
activities, has led to the assumption that the homology in mammals extends to their function. To test
this hypothesis, we downregulated elF2D using specific ShARNAs (Figure 1A) and carried out Ribo-
seq and RNA-seq identically to the experiment in Denr-depleted cells shown in Figure 1B. For a first
comparison between the two genotypes, i.e. Eif2d-depleted and Denr-depleted, we evaluated in a
transcriptome-wide fashion the relative ribosome distribution between mRNA 5" UTR and CDS
sequences. This measure is expected to increase when a re-initiation factor is depleted because
ribosomes are selectively lost from CDS sequences but will still translate uORFs when re-initiation in
inhibited [16]. Indeed, the distribution of the changes seen for 5' UTR-to-CDS footprint ratios between
Denr shRNA-treated cells vs. control cells was strongly shifted to the positive (Figure 4B), indicating
globally detectable ribosome redistribution in the absence of MCTS1-DENR, consistent with previous
findings [16]. By contrast, the shift was considerably smaller in the cells that had been treated with
Eif2d shRNAs (Figure 4B). Next, we carried out an analysis identical to that applied to Denr
knockdown cells in Figure 1B, to determine the effects induced by Eif2d depletion at the level of CDS
translation efficiencies (Figure 4C). This analysis, too, revealed strikingly different transcriptome-
wide effects between the homologues. We thus detected much fewer transcripts with a decreased TE
upon Eif2d knockdown (n=78, with FDR-corrected p<0.1; Supplementary Table S2) (Figure 4C) as
compared to Denr knockdown cells (n=223) (Figure 1C), and the overlap between the two sets was
minimal (Supplementary Figure S4A, B). Moreover, the mRNAs with low TE in Eif2d-depleted cells

tended to have short 5' UTRs (Supplementary Figure S4C) and they were not enriched for translated
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uORFs (Figure 4D). We also noted that many of the translationally affected transcripts were highly
abundant, including >25 mRNAs encoding for ribosomal proteins and general translation machinery
(Supplementary Figure S4D, E). Particularly strong consequences of eIlF2D loss-of-function were
evident for RNA abundances, with a large number of mRNAs significantly up (n = 460) and
downregulated (n = 617) (Figure 4C) and, here, abundant transcripts were overrepresented as well
(Supplementary Figure S4F) and associated with cellular processes such as the cell cycle and
translation (Supplementary Figure S4G, H). Alterations to the cell cycle could indeed be further
validated as a robust phenotype following elF2D loss-of-function (Supplementary Figure S4I).
Taken together, these findings suggested that, first, the knockdown of Eif2d was phenotypically highly
consequential as judged by the widespread gene expression reprogramming that it induced. However,
second, it would seem that the primary activity of eI[F2D may not lie in regulating the re-initiation of
uORF-containing transcripts.

To further investigate the above observations on potential eIF2D targets, we selected several candidate
transcripts to test if their TE regulation was 5' UTR-mediated. Of these, Cenpa, Ndc80, Med23 and
Rps20 were picked as candidate mRNAs with low TE from Figure 4C. We also included Hoxa3,
which has been identified as a bona fide elF2D-regulated mRINA in a previous study [26]. According
to the published findings, eIF2D is implicated in uORF-mediated inhibition, rather than in re-
initiation, of Hoxa3 CDS translation. Indeed, our in vivo data confirmed Hoxa3 CDS TE up-regulation
upon FEif2d depletion (Figure 4E; note that Hoxa3 is very lowly expressed in our cells and did not
feature among the significantly changed TE transcripts in Figure 4C, but the differences were
statistically significant in the direct comparison of TEs shown in Figure 4E). In vivo luciferase
reporter assays using the 5' UTRs of the selected endogenous candidate transcripts did not reveal
significant regulation by elF2D (Figure 4F). For the Hoxa3 5' UTR, downregulation of reporter output
in the absence of eIF2D was observable, in principle in support of eIF2D re-initiation activity. We also

analysed Klhdc8a (endogenous and 5' UTR reporter) and Ash8 (endogenous), but we found no
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indication that elF2D was involved in re-initiation for these transcripts in vivo (Figure 4E, F;
Supplementary Figure S4).

We next tested the outcome of eIF2D loss-of-function and rescue in our in vitro assay. In lysates from
Eif2d KO HeLa cells (Figure 1J), no difference in re-initiation activity or leaky scanning was
detectable for the Asb8 reporter (Figure 4G). By contrast, for the Klhdc8a reporter, re-initiation rates
in Eif2d KO lysates were reduced by about half (Figure 4H). However, neither recombinant elF2D
nor recombinant MCTS1-DENR were able to fully rescue the low signal obtained with the WT uORF
reporter in Eif2d KO lysates (Figure 4H). These observations were most compatible with the model
that lower re-initiation signal was an indirect effect of eIF2D loss, e.g. due to secondary effects related
to the widespread gene expression reprogramming seen in Figure 4C. Thus, we would not expect
indirect effects to be rescuable in vitro, whereas a direct role in the re-initiation process itself should be
rescued by adding the needed re-initiation factor as a recombinant protein.

In Eif2d knockout extracts, MCTS1-DENR is abundant and may mask the re-initiation function of
elF2D. To address this possibility, we carried out two experiments. First, using re-initiation-deficient
Denr KO extracts and recombinant eIF2D, we were indeed able to partially rescue re-initiation activity
(Figure 4I), although not as efficiently as with recombinant MCTS1-DENR (compare with Figure
2E). Second, we used Denr + Eif2d double knockout cell lysates. In vitro translation reactions in these
extracts showed reduced re-initiation activity (Figure 4J, left) that was very similar to Denr single
knockouts (Figure 2E). Addition of recombinant MCTS1-DENR showed the expected rescue (Figure
4], right) and, interestingly, also recombinant eIF2D partially rescued under in these conditions, i.e. in
the absence of MCTS1-DENR (Figure 4J, middle). Taken together, these results indicate that eIF2D is
likely not an essential component of the re-initiation machinery in vivo (Figure 4C) and in vitro
(Figure 4H). However, when MCTS1-DENR is absent, adding high concentrations of eIF2D (0.5 uM)
can partially compensate for MCTS1-DENR loss. Thus, it is a probable scenario that eIF2D has in
principle retained some shared activity with MCTS1-DENR, but its main cellular functions seem to lie

outside of uORF re-initiation.
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Finally, it is also possible that eI[F2D is active in re-initiation in a conditional fashion; in particular
upon induction of the integrated stress response that leads to unavailability of elF2a, eIF2D may be
able to deliver initiator-tRNA to the 40S ribosome. We addressed this possibility by carrying out in
vitro translation in Eif2d knockout extracts (without/with recombinant eIF2D rescue) in the absence of
GADD34A1-240 (Figure 4K). Also under these conditions, we observed the (most likely)
indirect/secondary effects of eIF2D loss that could not be rescued by recombinant elF2D, and the

experiment revealed no further indications for a specific re-initiation role of eIF2D.

Identification of MCTS?2 as a functional DENR heterodimerization partner.

It has been observed that MCTS1 and DENR are mutually dependent on each other for protein
stability [19, 24], giving rise to the idea that they act as obligate heterodimers. However, closer
inspection of the available cell culture data would suggest that the depletion of MCTS1 in Denr KO
cells is stronger than the depletion of DENR in Mcts1 KOs [19]; moreover, in vivo phenotypes in
mouse neuronal migration are stronger upon DENR loss than MCTS1 loss [27]. These findings could
indicate that DENR is indeed an obligatory component of the heterodimer, but that it can interact with
and be stabilised by alternative heterodimerization partners as well. To obtain insights into this
hypothesis, we sought to purify DENR-interacting proteins by a co-immunoprecipitation and mass-
spectrometry approach. Using CRISPR gene editing, we modified the endogenous Denr locus in
NIH/3T3 cells such that it expressed DENR protein with a C-terminal tag suitable for
immunoprecipitation via a 3XxFLAG sequence as well as for degron-mediated protein depletion via the
dTAG / dTAG-13 degrader system [28] (Figure 5A). Genotyping indicated successful modification of
both alleles in selected cell clones (Figure 5B) and immunoblot analysis validated the functionality of
the degron system (Figure 5C). We then analysed by mass-spectrometry the proteins enriched in
FLAG-IP performed on extracts from control-treated vs. dTAG-13-treated cells (Figure 5D). The two
most strongly enriched co-purifying proteins were MCTS1 and, moreover, MCTS2. This finding
indicates that DENR assembles into two distinct heterodimeric complexes, MCTS1-DENR and

MCTS2-DENR. Mcts2 is a paralog and retrogene copy of Mctsl that has been noted for its
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transcription from an imprinted gene region in mouse and humans, with predominant expression from
the paternal allele [29]. A recent study on human Mcts1 deficiency and associated disease phenotypes
has speculated on redundancy with Mcts2, yet based on reporter assays and other analyses, it came to
the conclusion that this paralog was largely non-functional [30]. By contrast, our interaction data
collected from endogenous proteins suggests that both MCTS paralogs form bona fide heterodimers
with DENR. The Mcts1 and Mcts2 coding sequences differ at 81 individual nucleotide positions that
are distributed quite evenly across the overall CDS of 546 nt (Supplementary Figure S5A), allowing
to unambiguously assign RNA-seq reads and Ribo-seq footprints to the two paralogous sequences. We
could thus compare the expression of the Mcts paralogs, which indicated higher levels of Mcts2 than
Mcts1 in our cells (Figure 5E). These findings strongly indicate that MCTS2 is a relevant interaction
partner of DENR besides MCTS1.

Human and mouse MCTS1 protein sequences are identical apart from one leucine to isoleucine
substitution at amino acid position 30 (Figure 5F). In MCTS2, divergence to MCTS1 can be found at
14 positions when aligning mouse, rat, human and macaque protein sequences, with 4 substitutions
common to MCTS2 across species and other changes specific to the analysed rodents or primates
(Figure 5F). Using available structural data from in vitro reconstituted MCTS1-DENR in complex
with the 40S ribosome, initiator-tRNA and a viral model RNA [31], we found that MCTS2-specific
amino acid changes affected positions that mapped outside of the interaction surface between MCTS1-
DENR and also outside of that between MCTS1-DENR and the 40S ribosomal subunit (Figure 5G).
Hence, the capacity of MCTS2 vs. MCTS1 to interact with DENR, and of MCTS2-DENR vs.
MCTS1-DENR to interact with 40S can be expected to be comparable. However, the substitutions — of
which in particular the change at amino acid position 75 from glutamate (negative charge) in MCTS1
to lysine (positive charge) in MCTS2 (Figure 5F) would have the potential to significantly alter
protein properties — could affect additional, so far unknown interactions taking place at this solvent-
exposed surface within the complex (Figure 5G). To gain insights into whether MCTS1-DENR and

MCTS2-DENR could redundantly act in re-initiation, we tested both as recombinant proteins on
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Klhdc8a and Asb8 reporters. These experiments revealed that both paralogs were able to rescue Denr
KO extracts in a comparable fashion (Figure 5H, I). Taken together, we concluded that Mcts2,
although previously categorised as a pseudogene [32], is expressed to relevant levels and produces
protein that assembles with DENR into protein complexes in vivo. In vitro, the paralogous complexes
show similar activity on our two re-initiation model substrates, indicating redundancy in activity at

least for certain substrates.

Discussion

Translation re-initiation is a process that is at odds with several principles of canonical initiation,
termination and post-termination subunit recycling and that remains mechanistically particularly
poorly understood. The MCTS1-DENR heterodimer is so far the only reported trans-acting factor that
is specific to re-initiation, i.e. it does not appear to be essential for general translation as well — quite in
contrast to several other proteins that have also been linked to re-initiation in mammals, such as
components of elF3 [33-35] or elF4 [35]. For these general elFs, the analysis of specific re-initiation
effects in vivo, for example through loss-of-function experiments, is challenging, as they cannot easily
be deconvoluted from the abundant global translational alterations and their secondary effects. A
defined in vitro assay that faithfully recapitulates and quantifies re-initiation gives the possibility of
dissecting this process specifically, allowing for targeted, better interpretable experiments. Therefore,
we view the development of the in vitro re-initiation assay presented in this study as an important
methodological advance that will allow the characterisation of cis-acting mRNA/uORF sequence
requirements and trans-acting protein machinery under defined conditions. Our careful benchmarking
of the assay, including the use of different reporter constructs and variants, the demonstration of its
dependence on MCTS1-DENR using knockout lysates and rescue with recombinant proteins, and the
calculation of ribosomal fluxes, demonstrate the suitability of our system for detailed future
mechanistic dissection of re-initiation. For example, a strategy to test the requirement for general elFs
in re-initiation could consist in producing HeLa in vitro translation lysates devoid of the protein of

interest (e.g. through acute degron-mediated depletion, just before harvest of the HeLa cells), and to
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drive uORF translation on the Klhdc8a reporter through IRES sequences (e.g. the “factorless” Cricket
Paralysis Virus IRES [36]) that bypass the requirement for the particular eIF of interest. Thus, it should
be possible to query elF requirement specifically in re-initiation. Other attractive future applications
for our in vitro assay include structural biology approaches (i.e., cryo-EM on re-initiation complexes)
or compound screens (i.e., testing for specific inhibitors of re-initiation).

In addition to the methodological advancement, our study provides important new biological insights,
notably regarding MCTS1-DENR and the paralogous MCTS2, as well as on the role that e[F2D plays
in gene expression regulation. In particular our observations on elF2D are surprising, as the in vivo
and in vitro evidence that we provide indicates that the main functions of this protein may not lie in
uOREF re-initiation after all. In retrospect, the case of eIF2D carrying re-initiation activity in mammals
in vivo was always heavily built on circumstantial evidence. This evidence was, mainly, the clear
homology to MCTS1-DENR, a validated mammalian re-initiation factor; the in vitro ability shared by
both factors to act on 40S subunits and deliver Met-tRNAM, to the empty P-site ([13]; using an
experimental model where 40S is in complex with HCV IRES-like mRNA); an in vitro role of elF2D
for another viral element-dependent translational shuttling phenomenon that resembles re-initiation
[37]; the shared in vitro activity to promote the release of deacylated tRNA and mRNA from recycled
40S subunits [13]; the high structural similarities of the proteins in reconstituted complexes together
with the 40S ribosome [24, 31, 38]; and, finally, in vivo evidence in yeast that the orthologous proteins
have shared functions which, however, do not lie in uORF re-initiation but in post-termination tRNA
removal and 40S ribosome recycling [18] — events from which re-initiation can be envisaged to have
subsequently evolved in higher eukaryotes. Finally, two recent studies have observed that eIF2D loss-
of-function affected the expression of ATF4 in the integrated stress response in Drosophila [20] and of
reporter constructs that carried the Atf4 5' UTR (or several other 5' UTRs containing uORFs) in HeLa
cells [19]. These effects were exacerbated by simultaneous DENR loss-of-function, which was
interpreted as partially overlapping re-initiation activities of e[F2D and MCTS1-DENR. However,

whether the elF2D-dependent effects indeed relied on the mRNAs’ uORFs, or whether they could be
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mechanistically distinct, was not specifically addressed. Notably, evidence has been accumulating that
elF2D plays roles separate from MCTS1-DENR [21, 26, 39, 40], and the data presented in our study
supports this idea as well.

Our work, based on the transcriptome-wide analysis of how RNA abundances and translation are
altered upon eIF2D depletion, provides evidence that eIlF2D is an important regulator of cellular gene
expression, as judged from the massive reprogramming at the transcriptome level with hundreds of
mRNAs up- and down-regulated and a cell cycle phenotype. However, minor changes occur at the
translational level and, moreover, the affected mRNAs are not enriched for uORFs, which points to a
main cellular role that does not involve re-initiation and therefore does not overlap with that of
MCTS1-DENR. The specific analysis of Atf4 mRNA in our datasets also supports this model, as we
observe increased footprint abundance on the Atf4 uORF1 stop codon in Denr shRNA-treated cells (in
line with ribosomal stalling when deacylated tRNA removal is impaired [19]), but not so in Eif2d
shRINA-treated cells whose profiles are identical to control cells (Supplementary Figure S6). Still,
since our in vitro experiments also reveal that high concentrations of eIF2D can partially compensate
for MCTS1-DENR loss, it is quite likely that eIF2D has retained some capacity to act as a re-initiation
factor. Whether this activity comes to bear under certain conditions or ins specific cell types in vivo
will require careful further investigations. Probably the most revealing experiment to elucidate the
biological function and mechanism by which eIF2D acts, and to distinguish direct from indirect targets
in our profiling analyses, would be to identify the mRNAs and sequence elements that elF2D
physically interacts with in vivo, for example through selective 40S footprinting [35]. Our efforts in
this direction have, unfortunately, not yet been successful.

That MCTS2 can act as a bona fide, functionally active DENR interaction partner that is expressed to
significant levels in the NIH/3T3 cells used for our study, is an important finding as it potentially
explains some of the enigmatic published discrepancies between Mcts1 vs. Denr knockout phenotypes.
Thus, neuronal migration has been reported to be more strongly perturbed upon DENR loss-of-

function than MCTS1 loss-of-function [27]. Moreover, according to the International Mouse
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Phenotyping Consortium (IMPC; https://www.mousephenotype.org/), Denr knockout leads to

preweaning lethality with complete penetrance, yet Mcts1 knockouts are viable, with relatively mild
reported phenotypes (mainly affecting eye morphology in early adult animals). The consortium did not
phenotype knockouts of Mcts2, likely due to its pseudogene assignment. The high Mcts2 RNA and
footprint expression observed in our study could be a particularity of NIH/3T3 cells. Of note, our pilot
experiments in mouse embryonic stem cells (mESCs) have recovered MCTS2 as an in vivo interactor

of DENR as well (data not shown), and re-analysis of our previous Ribo-seq data from mouse liver

[41] and kidney [42] indicates that MCTS?2 is co-expressed alongside MCTS1 in these organs in vivo,
with relative proportions of MCTS1 vs. MCTS2 biosynthesis different across these organs
(Supplementary Figure S7). Therefore, we propose that MCTS?2 is a broadly expressed paralog. In
the future, it will be particularly interesting to explore whether MCTS1-DENR and MCTS2-DENR
heterodimers have redundant functions or whether the identity of the MCTS paralog has functional
consequences for the activity of the heterodimer. Finally, while Bohlen et al. recently reported that
Mcts2 expression is undetectable in various cells of the myeloid lineage (human whole blood cells,
THP-1 cells, T-cell blasts) [30], our findings from mouse warrant a more thorough analysis across

human tissue and cell types.

Material and methods

Cloning

To generate in vivo dual luciferase reporter plasmids, we amplified the 5 UTRs and first 5 or 10
(depending on construct) CDS codons (in frame with firefly luciferase CDS) of the selected transcripts
by PCR from mouse cDNA or genomic DNA and cloned them into the BamHI restriction site of pLV1
dual luciferase reporter plasmid with mutated firefly CDS start, essentially as previously described
[16]. Sequences of the primers used for the PCR are reported in Table 1. All constructs were validated
by Sanger sequencing.

In vitro translation reporters were generated by PCR amplification of Asb8 or Klhdc8a 5' UTRs

together with the 6 first CDS codons (in frame with the firefly luciferase CDS, lacking additional ATG
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start codon), from mouse cDNA, genomic DNA, or the corresponding pLV1 in vivo reporter
constructs. The PCR products were then cloned into the BamHI restriction site of luciferase T7 control
DNA plasmid (Cat. No. L4821, Promega). Modifications of uORFs or other mutations were performed
using the Q5 site-directed mutagenesis kit (Cat. No. E0554S, New England Biolabs) and validated by
Sanger sequencing. Sequences of primers for PCRs and mutagenesis are reported in Table 2.

Plasmids for MCTS1, DENR and eIF2D protein expression have been reported [31] and cloning of
human Mcts2 cDNA for recombinant expression was analogous to that of Mcts1; briefly, a fragment
encoding the first 154 amino acids of MCTS2 (i.e., the part carrying substitutions with regard to
MCTS1) was PCR-amplified from HeLa genomic DNA with primers reported in Table 3 and cloned
into the Xhol and EcoRV restriction sites of the pLIC C-terminally 6x-His-TEV-tagged MCTS1-
expression vector [31]. Correct sequence was validated by Sanger sequencing.

For endogenous tagging of DENR, a gRNA (GTCATCCACCTAGAAGACACAGG) targeting a
downstream sequence of the Denr stop codon was inserted into vectors pCas9-2A-mCherry [43] and
pRRE200 [44] using oligos described in Table 4. 5uM of oligos were annealed in annealing buffer
(100pM Tris-HCI pH7.5, 500mM NaCl and 10mM EDTA) by cooling from 98°C to 20°C with a ramp
of 0.02°C per second. Annealed oligos were diluted 10 times then ligated into pCas9-2A-mCherry
Bsal restriction site or pPRRE200 AatlIl and Sacl restriction sites. Colony PCRs using the reverse gRNA
oligo and a pCas9-2A-mCherry or pRRE200 forward primer was carried out to check for correct
insertion of the annealed oligos and the cloned plasmids validated by Sanger sequencing.

A pBluescript II SK(-) vector was ordered as a synthetic clone to contain the knock-in cassette
3xFLAG-NeonGreen-dTAG. Denr 5' and 3' homology arms were amplified from mouse genomic
DNA by PCR using primers reported in Table 4 and ligated in the pBluescript IT SK(-) first digested
with Spel and BamHI for the 5' homology arm then with Ndel and Kpnl for the 3’ homology arm.
Positive clones were identified by colony PCR using PCR homology arm primers and by Sanger

sequencing.

Table 1. Sequences of oligonucleotide primers used for the in vivo reporters.
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Transcripts Primer sequences for cloning in prLV1

Forward: aaaggatccGTCTCCGACCCTGTAGACACTGCAG
Klhdc8a

Reverse: tttggatccactagt ATTGGGCACTTCCATGGCAGCCCGG

Kihdc8a start | Forward: GGCAGGGAGCCCGTGCAGCGCGgtaccGAGGCTGAGAGAGGGGACGCGCC

mut Reverse: GGCGCGTCCCCTCTCTCAGCCTCggtacCGCGCTGCACGGGCTCCCTGCC

Klhdc8a stop | Forward: CGGCGCCGTGcacCCCGCGGGCC

mut Reverse: GTCGGCGCGTCCCCTCTCTC
Forward: aaaggatccAGAGCAAGAGAGAGCGGCG
Med23
Reverse: tttggatccactagtGCTCTGCAGTTGCGTCTCCATC
Forward: aaaggatccGTTCCGGGTCACAAAGCACC
Rps20
Reverse: tttggatccactagtGGGCGTCTTTCCGGTATCTTTAAATG
Forward: aaaggatccAGGACAATTCGTCTCTTGGGC
Hoxa3
Reverse: tttggatccactagtTGAGCTGTCGTAGTAGGTCGC
Forward: aaaggatccATTGGCTTCAGACCTTTATTCTCATTGG
Cenpa
Reverse: tttggatccactagtTGGGGTCTGCGGTTTGCGAC
Forward: aaaggatccTGACGTCAGCGCGGGCG
Ndc80

Reverse: tttggatccactagtACCACAGGTGGAAACTGAACTGCG

Table 2. Sequences of oligonucleotide primers used for the in vitro reporters.

Transcripts Primer sequences for cloning in pT7luc

Forward: ggtGAAGACGCCAAAAACATAAAG
Klhdc8a start mut

Reverse: ttgaATCCTGACATTGGGCACT

Klhdc8a stop mut Forward: CGGCGCCGTGcacCCCGCGGGCC
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Reverse: GTCGGCGCGTCCCCTCTCTC

Klhdc8a deletion 499bp

5'UTR

Forward: GGTGTCAGCGGGGCAGCAAGCTTGGGAGGCCTTA

Reverse: TAAGGCCTCCCAAGCTTGCTGCCCCGCTGACACC

Klhdc8a penultimate codon GTC

(WT & start mut)

Forward: GACCGGCGCCGTCTAGCCCGCGG

Reverse: GGCGCG TCCCCTCTCTCAGC

Klhdc8a penultimate codon GTC

(stop mut)

Forward: GACCGGCGCCGTCCACCCCGCGG

Reverse: GGCGCGTCCCCTCTCTCAGCCTCC

Klhdc8a penultimate codon GCG

(WT & start mut)

Forward: GACCGGCGCCGCGTAGCCCGCGG

Reverse: GGCGCGTCCCCTCTCTCAGCC

Klhdc8a penultimate codon GCG

Forward: GACCGGCGCCGCGCACCCCGCGG

(stop mut) Reverse: GGCGCGTCCCCTCTCTCAGCCTCC

Forward: aaaggatccTTCTGCTTCCGGGTCACGCC
Asb8

Reverse: tttggatcct CCACATGCTGGAACTCATCAAGG

Forward: CGTTTGGAGCaccTGAACACACTCTGAGCCTTGATGAG
Asb8 start mut

Reverse: AACCGCGGGTCAGATCGG

Table 3. Sequences of oligonucleotide primers used for cloning the pLIC C-terminally 6x-His-

TEV-tagged Mcts2 vector.
Transcripts Primer sequences for cloning in pLIC
Forward:

hsMcts2

AAACTCGAGTTCTAGAAATAATTTTGTTTAACTTTAAGAAGGAGATATAGATCATGTTCAA

GAAGTTTGATGAAAAGG

Reverse: AAAGATATCTTCTGCAGACATCTTCATGAC
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Table 4. Sequences of oligonucleotides used for the cloning of Denr gRNA and homology arms

into the pCas9-2A-mCherry, pRRE200 and pBluescript IT SK(-).

Plasmids

Primers type

Oligo sequences

pBluescript IT SK(-)

homology arm

Annealing Forward: caccgGTCATCCACCTAGAAGACAC
pCas9-2A-mCherry | ©ligos Reverse: aaacGTGTCTTCTAGGTGGATGACc

Colony PCR Forward: GCCTATTTCCCATGATTCCTTCA

annealing Forward: GTCGTCATCCACCTAGAAGACACAGGTGAACGT
pRRE200 oligos Reverse: aaacGTGTCTTCTAGGTGGATGACc

Colony PCR Forward: CCACTTTGCCTTTCTCTCCACAG

To PCR 5'|Forward: aaaactagt ATTTAAAATGTAGATGAAATTTCAAAATGAAG

Reverse: aaaggatccCTTCTTCACTTCTCCAAGG

To PCR 3

homology arm

Forward: aaaattaatTGATCCTGAAGTCATGTGTTTCTAACTG

Reverse: aaaggtaccTGCACGAGGCCCTGGGTTC

Q5 mutagenesis

Forward: GTTCTTTCACgTGTGTCTTCTAG

Reverse: TTCATGAATTGTGGCCAAAAC

Cell culture and lentiviral transduction

NIH/3T3, HEK293FT and HelLa cells were cultured under standard conditions (DMEM; 10% FCS,

1% penicillin/streptomycin, all from Invitrogen; 37°C; 5% CO). The HeLa Denr knockout (KO) cells

have been published (Reference); Eif2d KO and Denr / Eif2d double KO cells were kindly provided

by Aurelio Teleman, DKFZ Heidelberg.

Lentiviral transduction

Lentiviral shRNA plasmids targeting Eif2d were purchased from Sigma (Cat. No. TRCN0000119842

for non-functional (nf) shRNA, TRCN0000119844 for shRNA1 and TRCN0000119845 for shRNA2).

The Denr (“Denr shRNA2”) and Scramble shRNA plasmids have been described previously [16].
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Production of lentiviral particles in HEK293FT cells using envelope pMD2.G and packaging psPAX2
plasmids and viral transduction of NIH/3T3 cells were performed following published protocols [16,

45], with puromycin selection at 5pg/ml for 4 days for shRNA transduced cells.

Western Blot

Total protein extracts from NIH/3T3 and Hela cells were prepared according to the NUN method

[46]. For analysis of phosphorylated proteins, PhosSTOP™ (Cat. No. 4906845001, Roche) was
included in the NUN buffer. Antibodies used were rabbit anti-KLHDCB8A 1:5000 (ab235419, Abcam),
rabbit anti-VINCULIN 1:5000 (ab129002, Abcam) mouse anti-U2AF65 1:5000 (U4758, Sigma),
rabbit anti-EIF2D 1:750 (12840-1-AP, Proteintech), rabbit anti-DENR 1:5000 (ab108221, Abcam),
rabbit anti-phospho-elF2alpha (Ser51) 1:1000 (#9721S, Cell Signaling), mouse anti-FLAG 1:10000
(M2F3165, Sigma), rabbit anti-RPL23 (ab112587, Abcam), mouse anti-beta-Tubulin 1:5000 (T5201,
Sigma) and secondaries goat anti-guinea pig-HRP 1:10000 (SA00001-12, Proteintech), anti-rabbit-
HRP (W4011, Promega) and anti-mouse-HRP 1:10000 (S3721, Promega). The guinea-pig anti-
MCTS1 antibodies (used at 1:500) have been described (Schleich et al. 2014). Blots were visualized

with the Fusion Fx7 system.

Translation-competent extract preparation

The overall protocol for extract preparation was an adaptation of that published by Gurzeler et al.,
2022 [22]. Briefly, confluent 15-cm dishes of HeLa cells were washed once with PBS at 37°C, then
trypsinized with 0.05% Trypsin-EDTA (Cat. No. 25300054, Gibco™). Harvested cells were collected
by centrifugation at 500 x g for 5 min at 4°C. The cell pellet was washed twice with ice-cold PBS and
centrifugation at 200 x g for 5 min at 4°C. The cell pellet was resuspended in 1:1 lysis buffer (10mM
HEPES pH7.3, 10mM potassium acetate, 500pM MgCl,, 5mM DTT and 1x cOmplete™ EDTA-free
Protease Inhibitor Cocktail (Cat. No. 4693132001, Roche)). Cells were lysed by dual centrifugation at
500 RPM for 4 min at —=5°C using a ZentriMix 380 R centrifuge (Hettich AG) with a 3206 rotor and

3209 adapters. The resulting lysate was then centrifuged in a table-top centrifuge at 13,000 x g at 4°C
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for 10min and the supernatant was aliquoted and snap-frozen in liquid nitrogen; storage at -80°C for

up to 6 months.

Expression and purification of recombinant proteins

Recombinant EIF2D, MCTS1 and DENR protein purification has been described [31]. Recombinant
MCTS2 was expressed and purified identically to MCTS1. GADD34A240 expression plasmid has
been described [22]; for protein preparation, bacterial strain BL-21 (DE-3) (pLysS) was transformed
with the plasmid, grown in 1000 ml Luria broth at 37°C until the OD600 reached 0.4-0.6. After
induction (ImM IPTG) bacteria were cultured for another 4h and cells were harvested. Expression of
recombinant GADD34 A240 was validated on Coomassie gel. The cell pellet was resuspended in 50
ml lysis/wash buffer (50mM Tris HCI pH 7.5, 300mM NaCl, 5% glycerol, 25mM imidazole), lysed by
sonication with 240 x 1s pulses at 40% amplitude on ice and centrifuged at 18,000 x g for 20min at
4°C. The supernatant was mixed with 1ml HisPur Ni-NTA washed resin slurry (Cat. No. 88222,
Thermo Fisher Scientific) for at least 2h at 4°C under continuous rotation. Unbound proteins and
background were removed by washing the resin 2x with 50ml of lysis/wash buffer, then bound
proteins were eluted 2x with 3ml elution buffer (lysis/wash buffer supplemented with 400mM
imidazole). The proteins were dialyzed in protein reconstitution buffer (30mM NaCl, 5mM HEPES pH
7.3) overnight using a Slide-A-Lyzer Dialysis Cassette (MWCO 10K) (Cat. No. 88400TS, Thermo

Fisher Scientific) at 4°C under agitation. Protein concentration was quantified with a nanodrop device.

In vitro transcription

Reporter DNA templates were PCR amplified before transcription for 2h using the MEGAscript® T7
Transcription Kit protocol (AM1334, Invitrogen) (forward primer:
GCGCGTTGGCCGATTCATTAATGC; reverse primer: Tio0GGGAGCTCGCCCCCTCGGAG).
Capping was carried out co-transcriptionally using the CleanCap Reagent AG (3' Ome) (N-7413,

TriLink) and the Yeast Inorganic Pyrophosphatase (Cat. No. M2403S, New England BioLabs)

97



Research articles

following the CleanCap protocol. The capped RNAs were treated for 15min at 37°C with 0.14 U/pl
Turbo DNase (AM2238, Invitrogen), then purified using the Monarch RNA Cleanup Kit (T2040L,
New England Biolabs). Quality and size of the produced RNAs were assessed using an Agilent

Fragment Analyzer.

In vitro translation assay

6.5ul of translation-competent extracts were freshly supplemented with 0.4mM amino acids (L4461,
Promega), 15mM HEPES pH 7.3, 6mM Creatine Phosphate, 102ng/ml Creatine kinase, 28mM
potassium acetate, ImM MgCl, , 24mM KCI, 1U/pl RNasin® Plus Ribonuclease Inhibitor (N2611,
Promega) and 2fmol/pl of Renilla luciferase reporter in a final volume of 12.5pl prior to each in vitro
translation assay. Unless specified, 16ng/pl of recombinant GADD34A240 was included to the
supplemented extracts. 30fm/pl of firefly luciferase reporter were used per reaction. The in vitro
translation assays were carried out at 37°C for 50min. Luminescence activity was quantified using the

Dual-Glo® Luciferase Assay System (E2940, Promega) and a Tecan Safire2™ plate reader.

In vivo dual luciferase assay

NIH/3T3 cells were first stably transduced with the lentiviral dual luciferase reporters containing the 5'
UTRs to be assayed (upstream of firefly luciferase) and Renilla luciferase (internal normalisation),
bidirectionally driven by the Pgkl promoter. After establishing the reporter-expressing cell population
and several passages to ensure stable expression, cells were transduced with the shRNA lentiviruses
and selected on puromycin for 4 days before lysis in 1x passive lysis buffer (E1941, Promega) and
dual luciferase readout using the Dual-Glo® Luciferase Assay System (E2940, Promega) and a Tecan

Safire2™ plate reader.

Ribosome profiling and library preparation

One 15 cm dish of confluent NIH/3T3 cells was used per replicate. Ribosome profiling and parallel
RNA-seq were performed in triplicate for Denr shRNA2, Eif2d shRNAI1, Eif2d shRNA2, non-
functional (nf) Eif2d shRNA and Scr shRNA transduced cells, closely following our previously

reported protocol [16] with minor modifications as described below. Cells were washed in cold PBS
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(without cycloheximide), harvested by scraping down in small volume of PBS (without
cycloheximide), pelleted by brief centrifugation, then flash frozen. Cell lysates were prepared as
described (with cycloheximide) [16]. For the generation of ribosome-protected fragments, cell lysates
were treated with 5 units RNasel (ART-Seq, Epicenter/Illumina) per OD260, and monosomes were
purified on MicroSpin S-400 columns (GE Healthcare). For both Ribo- and RNA-seq, 2pg of RNA
was used for rRNA depletion following the RiboCop rRNA Depletion Kit V1.2 (Cat. No. 037.24,
Lexogen). Finally, libraries were amplified using 10-14 PCR cycles, and sequenced (HiSeq2500

platform).

Sequencing pre-processing, alignment, quantification

Sequencing reads were processed as described previously [47]. Briefly, sequencing adapters were
trimmed using Cutadapt [48] and the reads were size filtered by a custom Python script (26-35 nt for
RPF and 21-60nt for RNA). The reads were then aligned subsequently to mouse rRNA, human rRNA,
mouse tRNA and mouse cDNA from Ensembl mouse database release 100 using Bowtie2 [49]. In
order to estimate expressed isoforms, the RNA-seq reads were mapped in parallel to the mouse
genome using STARmapper version 2.5.3a [50] and processed with StringTie [51] to measure FPKM
for each transcript. A custom Python script classified the transcripts into single expressed isoform or
multiple transcript isoforms. The mapped reads were counted on 5' UTR or CDS of the protein coding
genes using a custom Python script. The location of the putative A-site of RPFs were estimated as 5'
position +16 for reads shorter than or equal to 31 nt and +17 for reads longer than 31 nt. Transcripts
for which there were less than 10 counts in total of all samples were filtered out of the further analysis.
Read counts were normalized using the upper quartile normalization method [52] from edgeR [52]
then transformed to transcripts per million (TPM) to normalize for transcript length. Translation
efficiencies were calculated as the log,-transformed ratio of normalized CDS footprint counts to
normalized CDS RNA counts and averaged over replicates. All analyses were carried out on R version

4.2.1.
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Differential translation efficiency analysis
Ribosome profiling sequencing data were analysed using the deltaTE method [53] in order to assess
significant changes in translation efficiency and RNA abundance. Significance threshold was set to

FDR <0.1.

uORF annotation and analyses

For uORF annotation, transcripts were used for which reads could be unambiguously assigned to the 5'
UTR, i.e. transcripts that are the only protein-coding isoform expressed (single expressed isoform) (N
= 6841). In order to include as many transcripts as possible for the annotations, genes with multiple
protein coding isoforms were also considered if all expressed isoforms had the same CDS start, in
which case the transcript with the longest 5' UTR was selected (N = 2425). For the selected transcripts,
uORFs were annotated and considered as translated with the following criteria: (i) they started with
AUG, CUG, GUG or UUG, (ii) they had an in-frame stop codon within the 5' UTR, and (iii) they had
a coverage of at least 33%. When several potential uORFs were overlapping, the one with the highest

coverage (read count/uORF length) was considered.

Cell cycle monitoring

The cell proliferation assay was performed using the Click-iT® EdU Flow Cytometry Assay Kits
(C10424, Invitrogen) following the vendor’s protocol with some modifications. Briefly, NIH/3T3 cells
transduced with scramble shRNA, nf Eif2d shRNA, Denr shRNA and Eif2d shRNA1 and shRNA?2
were seeded into 6-cm plates under puromycin selection. After 4 days, the cells were treated for 1h
with 10pM of EdU, washed with PBS, trypsinized and collected into FACS tubes. The cells were then
centrifuged at 1200 x g for 5 min and resuspended in PBS. The cells were counted, and all conditions
were adjusted to the same number of cells. After washing with 3ml of 1% BSA in PBS, the cells were
resuspended in 100pl fixative buffer and incubated overnight at 4°C. Another wash with 1% BSA in
PBS followed by a 15 min incubation in 100pl of 1x saponin-based permeabilization and wash

reagent. 200l of Click-iT reaction cocktail were added to each tube and the cells were incubated for
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30min at room temperature. After a wash in 3ml of 1% BSA in PBS, the cells were resuspended in
100pl of 1x saponin-based permeabilization and wash reagent complemented with 5pl of 20mg/ml
RNaseA and 2pl of 1mg/ml propidium iodide and incubated for30 min at room temperature.

Fluorescence was measured using Accuri C6 FACS machine.

MCTS1-DENR structural models

The structure of the human ribosome in complex with MCTS1-DENR (pdb entry 5vyc) can be
downloaded as 6 bundles each containing a hetero 36-mer complex. We started to load bundle 2 in
Swiss-PdbViewer and kept only chain A (18S ribosomal RNA). We then loaded bundle 1 in a new
layer and used the function “select residues close to another layer” to identify and retain only chains
with at least one residue within 10A of the 18S ribosomal RNA (chains H, M, j, k, 1, m, n, 0, p, q, 1, s,
t,u, v, W, X, y, z, 0, and 1). We repeated the operation with bundle 6, for which we retained only chains
Q, T and W. We then loaded the crystal structure of the human 40S-elF2D-re-initiation complex (pdb
entry 50a3) and selected the first 218 residues of the ribosomal protein S2 (chain C of 50a3 and chain s
of 5vyc:bundle 1, present in both structures) to bring both structures in the same referential using the
“fit molecules from selection” function with backbone atoms (rmsd 0.95A for 872 atoms). We then
loaded the crystal structure of MCTS1-DENR complex (pdb entry 6MS4), in which a larger fragment
of DENR has been resolved than in 5vyc and superposed it onto the DENR region resolved in pdb

entry Svyc.

Generation of endogenously tagged cell lines

C-terminal tagging of endogenous DENR with 3xFLAG-NeonGreen-dTAG in NIH/3T3 cells was
carroed pit using CRISPR-Cas9 homology-directed repair. 10° NIH/3T3 cells were seeded in a 6-well
plate 24h prior to transfection. 0.9pg of the pBLU donor plasmid (containing 400bp 5' and 3'
homology arms directly upstream and downstream of Denr stop codon) as well as 0.5ug of the pCas9-
gRNA and 0.1pg of the control pRRE reporter were transfected into NIH/3T3 using Lipofectamine™

3000 (L3000008, Invitrogen). Medium was changed after 24h and cells were FACS sorted based on
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mCherry and EGPF expression in a 10cm dish 48h post-transfection. Cells were counted and diluted to
have 1 cell per well of a 96-well plate. When cell clones became visible, they were preselected based
on NeonGreen expression, then split into a 96-well plate for genotyping and a 12-well plate for
maintenance. For genomic DNA extraction, cells were washed with PBS then lysed in 20pl of DNA
lysis buffer (10mM Tris-HCI pH8, 0.5mM EDTA, 0.5% Triton X-100, proteinase K 0.5mg/ml). After
incubation for 1h at 55°C, cooling on ice and further incubation 10min at 95°C to inactivate proteinase
K, this prep was used to check the insertion of the cassette into the Denr locus by PCR using primers

upstream of the 5' and downstream of the 3' homology arms.

Co-immunoprecipitation

Triplicate 15cm plates of 80% confluent NIH/3T3 DENR-3XFLAG-NeonGreen-dTAG cells were
treated with 500nM dTAG-13 or control-treated for 5h prior to harvesting. After washing with PBS,
cells were scraped in 1ml PBS (4°C). Cells were collected by centrifugation at 500 x g for 5min at 4°C
and lysed in 400pl IP buffer (50mM Tris-HCI pH7.5, 120mM NaCl, 1% NP-40, 0.5mM DTT, 10mM
MgCl2, 1x PhosSTOP™ (4906837001, Roche), 1x cOmplete™ EDTA-free Protease Inhibitor
Cocktail (Cat. No. 4693132001, Roche), 0.04U/pl RNasin® Plus Ribonuclease Inhibitor (CN2611,
Promega)) for 30 min on ice with mixing by pipetting every 10min. Lysed cells were centrifuged for
7min at 5000 x g at 4°C and the supernatant was collected. Proteins were quantified using Pierce™
BCA Protein Assay kit (Cat. No. 23225, Thermo Fisher Scientific) and 500pl of 2mg/ml proteins were
incubated with washed anti-FLAG magnetic beads (Cat. No. M8823, Millipore) at 4°C for 3h on
rotating wheel. The flow-through was kept for Western Blot and beads were washed twice in wash
buffer (20mM Tris-HCI pH 7.5, 100mM NaCl, 0.5mM DTT, 10mM MgCl,, 1x cOmplete™ EDTA-
free Protease Inhibitor Cocktail (Cat. No. 4693132001, Roche), 0.04U/ul RNasin® Plus Ribonuclease
Inhibitor (N2611, Promega)) with change of tubes between the 1st and the 2nd wash. Proteins were
eluted in 80pl elution buffer (NH,OH pH 11-12) and incubated for 15min at 4°C. Elution step was

repeated twice and eluates were pooled, frozen and dried in a SpeedVac system.
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Mass-spectrometry and data analysis

Samples were digested following a modified version of the iST method (named miST method).
Briefly, dried material was redissolved in 50pl miST lysis buffer (1% Sodium deoxycholate, 100mM
Tris pH 8.6, 10mM DTT), heated 5min at 95°C and diluted 1:1 (v:v) with water. Reduced disulfides
were alkylated by adding ¥ vol. of 160mM chloroacetamide (32mM final) and incubating for 45min at
RT in the dark. Samples were adjusted to 3mM EDTA and digested with 1.0pg Trypsin/LysC mix
(Promega #V5073) for 1h at 37°C, followed by a second 1h digestion with an additional 0.5pg of
proteases. To remove sodium deoxycholate, two sample volumes of isopropanol containing 1% TFA
were added to the digests, and the samples were desalted on a strong cation exchange (SCX) plate
(Oasis MCX; Waters Corp., Milford, MA) by centrifugation. After washing with isopropanol/1%TFA,
peptides were eluted in 200pl of 80% MeCN, 19% water, 1% (v/v) ammonia, and dried by centrifugal
evaporation. Tryptic peptide mixtures were injected on an Ultimate RSLC 3000 nanoHPLC system
interfaced via a nanospray Flex source to a high resolution Orbitrap Exploris 480 mass spectrometer
(Thermo Fisher, Bremen, Germany). Peptides were loaded onto a trapping microcolumn Acclaim
PepMap100 C18 (20mm x 100pm ID, 5um, Dionex) before separation on a C18 custom packed
column (75pm ID x 45cm, 1.8pm particles, Reprosil Pur, Dr. Maisch), using a gradient from 4% to
90% acetonitrile in 0.1% formic acid for peptide separation (total time: 140min). Full MS survey scans
were performed at 120,000 resolution. A data-dependent acquisition method controlled by Xcalibur
software (Thermo Fisher Scientific) was used that optimised the number of precursors selected (“top
speed”) of charge 2+ to 5+ while maintaining a fixed scan cycle of 2s. Peptides were fragmented by
higher energy collision dissociation (HCD) with a normalized energy of 30% at 15’000 resolution. The
window for precursor isolation was of 1.6m/z units around the precursor and selected fragments were
excluded for 60s from further analysis. Data files were analysed with MaxQuant 1.6.14.0
incorporating the Andromeda search engine Cysteine carbamidomethylation was selected as fixed
modification while methionine oxidation and protein N-terminal acetylation were specified as variable
modifications. The sequence databases used for searching were the mouse (Mus musculus) reference

proteome based on the UniProt database (www.uniprot.org, version of April 6%, 2021, containing
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55’341 sequences RefProt _Mus_musculus_20210604.fasta) supplemented with the sequences of
common contaminants, and a database of mammalian immunoglobulin sequences
(https://www.imgt.org version of 20th Nov. 2018, 2243 entries). Mass tolerance was 4.5ppm on
precursors (after recalibration) and 20ppm on MS/MS fragments. Both peptide and protein
identifications were filtered at 1% FDR relative to hits against a decoy database built by reversing
protein sequences. All subsequent analyses were done with the Perseus software package (version
1.6.15.0). Contaminant proteins were removed, and intensity iBAQ values were log.-transformed.
After assignment to groups, only proteins quantified in at least 3 samples of one group were kept.
After missing values imputation (based on normal distribution using Perseus default parameters), t-
tests were carried out among all conditions, with permutation-based FDR correction for multiple
testing (Q-value threshold <0.05). Log,FC of non-treated Denr-3xFL AG-NeonGreen-dTAG vs. dTAG
treated Denr-3XxFLAG-NeonGreen-dTAG was calculated and p-value was corrected for multiple

testing by False discovery rate (significance threshold was set to FDR < 0.05).
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Figure Legends

Figure 1. DENR is a re-initiation factor that promotes translation of hundreds of uOREF-
containing transcripts, including Klhdc8a and Asb8.

(A) Immunoblot analysis of NIH/3T3 cells confirms DENR and elF2D depletion upon lentiviral
transduction with Denr or Eif2d shRNAs as compared to scramble (Scr) shRNA and Eif2d non-
functional (nf) shRNA. B-tubulin serves as loading control.

(B) Scatter plot of changes between Denr shRNA and control shRNA treated cells for RNA
abundances vs. translation efficiencies (RPF counts/RNA counts), based on ribosome profiling and
RNA-seq experiments. Evaluation is based on Denr shRNA (triplicates) and two independent control
shRNAs (triplicates each). mRNAs with significant change for TE are represented in green and
mRNAs with significant change for RNA abundance are represented in olive (adjusted p-values <
0.10, Wald test followed by FDR adjustment). Position of Asb8 and Klhdc8a are indicated.

(C) Violin plot showing 5' UTR lengths of all expressed transcripts (n=9203, grey) vs. transcripts with
lower TE upon Denr depletion (n=221, green). DENR-responsive genes have longer 5' UTRs (median
= 260 nt) than overall expressed transcripts (median = 153 nt) (p = 1.12e-14, Kolmogorov—Smirnov
test).

(D) Analysis of proportion of transcripts with at least one translated uORF. The transcripts with lower
TE upon Denr depletion are enriched for translated uORFs. For all expressed transcripts (n = 9266),
3430 carry a translated uORF, whereas 3370 have a uORF sequence that is non-translated and 2465
have no uORF at all. In Denr shRNA cells, transcripts with significantly reduced TE (n=179 after
removal of transcripts with ambiguous/several expressed 5' UTRs), 156 have translated uORFs vs. 13
non-translated uORFs and 10 no uORF (p-value < le-5, Fisher’s exact test).

(E) The uORF length distribution of transcripts with reduced TE in Denr shRNA transduced cells
(n=522) is similar to that of all expressed transcripts (n=7811) (p-value = 0.3717, Kolmogorov-
Smirnov test).

(F) Mapped footprint A-sites of Klhdc8a and Asb8 transcripts in control and Denr knock-down cells.
Read counts were normalized to library depth by subsampling and replicates were merged for
increased coverage.

(G) Quantification of translation efficiencies on the coding sequence for Klhdc8a and Asb8 in control
and Denr-depleted cells (KIhdc8a p = 0.01 and Asb8 p = 2.81e-3, two-tailed unpaired t-test)

(H) Schematic of the Klhdc8a 5' UTR reporters used for the in vivo and in vitro translation assays. The
‘no uORF reporter’ serves to evaluate the regulation by the 5' UTR in the absence of a uORF (100%
signal). The ‘overlapping uORF reporter’ can only produce luciferase signal through leaky scanning.

Comparison of the WT reporter, containing the relevant uORF, with the two former reporters allows to
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specifically calculate re-initiation. Not depicted: all plasmids also express Renilla luciferase for
internal normalization.

(I) Normalized luminescence signal (firefly/Renilla) of the Klhdc8a reporters after transduction in WT
and Denr KO HeLa cells. The canonical initiation signal of the ‘no uORF reporter’ was set to 100% in
WT and Denr KO cells individually. uORF inhibition, re-initiation and leaky scanning are calculated
as indicated by the shaded boxes (significance calculated using two-tailed unpaired t-test).

(J) Western Blot analysis of WT, Denr KO and Eif2d KO HeLa cells validates depletion of KLHDC8A
in the absence of DENR. U2AF65 serves as loading control.

(K) Schematic representation of ribosomal fluxes on Klhdc8a 5' UTR estimated from the results

shown in panel (I).

Figure 2. In vitro translation of Klhdc8a and Asb8 reporters recapitulates regulation in vivo.

(A) Outline of the preparation of HeLa translation-competent extracts and of the capped RNA
reporters for the in vitro translation assays. The RNA for Renilla reporter was consistently used in all
in vitro assays for normalization purposes.

(B) Immunoblot analysis of proteins extracted from HeLa cells, i.e. whole cell lysate, supernatant and
pellet post-dual-centrifugation and translation-competent extract post-translation. MCTS1, DENR,
elF2D and RPL23 are consistently recovered in the translation-competent extracts.

(C) Immunoblot analysis of whole HeLa cell lysate and translation-competent extracts after in vitro
translation reveals increased elF2a-p51 during the in vitro translation reaction. -tubulin serves as
loading control.

(D) Raw luminescence signals of firefly and Renilla luciferase reporters after in vitro translation in
HeLa translation-competent extracts complemented with or without GADD34A1-240 validates
reduced translation efficiency upon eIF2a phosphorylation.

(E) Normalized luminescence signal (firefly/Renilla) of the Klhdc8a reporters after in vitro translation
in WT and Denr KO HeLa lysates (left) and rescue assay with 0.51M recombinant MCTS1-DENR
(right); ‘no uORF reporter’ signal was set to 100% and uORF inhibition, re-initiation and leaky
scanning were calculated as indicated by the shaded boxes (significance calculated using two-tailed
unpaired t-test).

(F) Schematic representation of ribosomal fluxes on Klhdc8a 5' UTR reporter estimated from the
results shown in panel (E).

(G) As in (E), but for the Asb8 reporters.

(F) As in (F) for the Asb8 5' UTR in vitro data shown in (G).

(I) Normalized luminescence signal (firefly/Renilla) of the Klhdc8a reporters with mutated uORF
penultimate codon (GTG to GTC or GCG) reveals the effect of penultimate codon identity on DENR-

dependence.
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(J) Normalized luminescence signal (firefly/Renilla) of the Asb8 reporters with inserted codon (TGT
or GCG) between the uORF start and stop codons indicates that lengthening of the uORF decreases
DENR-dependence.

Figure 3. eIF2a phosphorylation status moderately affects re-initiation rate of start-stop uORF
and longer uORF reporters.

(A) Normalized luminescence signal of Klhdc8a reporters after in vitro translation in WT and Denr
KO HelLa extracts complemented with 16ng/pl recombinant GADD34A1-240 (left) or without
GADD34A1-240 (right) (significance calculated using two-tailed unpaired t-test).

(B) Schematic representation of ribosomal fluxes on Klhdc8a 5' UTR in vitro estimated from the
results shown in panel (A). Quantifications in presence of GADD34A1-240 are shown in black and
without GADD34A1-240 in blue.

(C) As in (A) for Asb8 reporters.

(D) As in (B) for Asb8 reporter data shown in (C).

Figure 4. No evidence for eIF2D uOREF re-initiation activity in vivo but low activity in vitro.

(A) Schematic representation of human MCTS1-DENR and elF2D proteins, with domains indicated.
The relevant amino acids positions defining the domains are specified.

(B) Distribution of ribosomes on 5' UTR relative to CDS in Denr knock-down (in green) or Eif2d
knock-down (in blue) vs. control cells (n = 4242). Denr knock-down cells show a strong redistribution
of ribosomes from CDS to 5' UTR whereas the effect is milder but still significant for Eif2d knock-
down cells (p-values calculated using Wilcoxon signed rank test).

(C) Scatter plot of changes between Eif2d shRNA and control cells for RNA abundances vs.
translation efficiencies (RPF counts/RNA counts), based on ribosome profiling and RNA-seq
experiments. Evaluation is based on two independent Eif2d shRNAs (triplicates each) and two
independent control shRNAs (triplicates each). mRNAs with significant change on TE were
represented in blue and mRINAs with significant change on RNA abundance were represented olive
green (adjusted p-values < 0.10, Wald test followed by FDR adjustment). Positions of Asb8, Klhdc8a,
Hoxa3, Med23, Rps20, Ndc80 and Cenpa are indicated.

(D) Analysis of proportion of transcripts with at least one translated uORF. The transcripts with lower
TE upon Eif2d depletion are not enriched for translated uORFs. For all expressed transcripts (n =
9266), 3430 carry a translated uORF, whereas 3370 have a uORF sequence that is non-translated and
2465 have no uORF at all. In Eif2d shRNA cells, transcripts with significantly reduced TE (n=58 after
removal of transcripts with ambiguous/several expressed 5' UTRs), 19 have translated uORFs vs. 19

non-translated uORFs and 20 no uORF (p-value = 0.59, Fisher’s exact test).
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(E) Quantification of translation efficiencies on the coding sequence of selected transcripts with lower
TE upon Eif2d depletion in control and Eif2d-depleted cells (p-values calculated using a two-tailed
unpaired t-test).

(F) Normalized luminescence signal (firefly/Renilla) of lentivirally transduced reporters with 5' UTRs
of selected transcripts with lower TE upon Eif2d depletion (significance calculated using two-tailed
unpaired t-test). The signal of individual reporter expressed in WT cells was set to 100%.

(G) Normalized luminescence signal (firefly/Renilla) of the Asb8 reporters after in vitro translation in
WT and Eif2d KO HeLa extracts (p-value calculated using two-tailed unpaired t-test).

(H) Normalized luminescence signal (firefly/Renilla) of the Klhdc8a reporters after in vitro translation
in WT and Eif2d KO HeLa extracts (left), supplemented with 0.51M recombinant eIF2D (middle) or
supplemented with 0.5pM of recombinant MCTS1-DENR (right, p-values calculated using two-tailed
unpaired t-test).

(I) Normalized luminescence signal (firefly/Renilla) of the Klhdc8a reporters after in vitro translation
in WT and Denr KO HeLa extracts (left) or supplemented with 0.5uM recombinant eIF2D (right); p-
value calculated using two-tailed unpaired t-test.

(J) Normalized luminescence signal (firefly/Renilla) of the Klhdc8a reporters after in vitro translation
in WT and Denr / Eif2d double KO HeLa extracts (left), supplemented with 0.5uM recombinant
elF2D (middle) or supplemented with 0.5pM recombinant MCTS1-DENR (right); p-values calculated
using two-tailed unpaired t-test.

(K) Normalized luminescence signal (firefly/Renilla) of the Klhdc8a reporters after in vitro translation
in WT and Eif2d KO HeLa extracts treated with GADD34A1-240 (left), without GADD34 (middle),
or without GADD34 and complemented with 0.5pM eIF2D (right); p-values calculated using two-

tailed unpaired t-test.

Figure 5. MCTS2 interacts with DENR in vivo and promotes re-initiation in vitro.

(A) Schematic representation of endogenous DENR tagged with 3xFLAG-NeonGreen-dTAG.
Treatment with the dTAG-13 ligand targets DENR-3XxFLAG-NeonGreen-dTAG to proteasomal
degradation.

(B) Genotyping PCR analysis of Denr-tagged clones validates the insertion of the 3xFLAG-
NeonGreen-dTAG cassette upstream of Denr stop codon. Tagged Denr amplicon has a length of 2067
bp and WT Denr of 885 bp.

(C) Western Blot analysis of NIH/3T3 DENR-3XFLAG-NeonGreen-dTAG cells treated for 7 or 14h
with 500nM dTAG-13 shows complete depletion of DENR upon treatment. Asterisk indicates a non-
specific band that migrates at a similar height of the tagged protein.

(D) Mass spectrometry analysis of proteins co-immunoprecipitated with endogenously tagged DENR

in non-treated vs. dTAG-13-treated cells reveals the interaction of MCTS2 with DENR. Only DENR
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and significant hits enriched in non-treated cells are shown (p-values calculated using two-tailed
unpaired t-test followed by correction for multiple testing).

(E) Normalized RNA abundances and ribosome footprints of Denr, Mcts1 and Mcts2 in control and
Denr depleted NIH/3T3 cells (p-values calculated using two-tailed unpaired t-test).

(F) Alignment of human, rhesus macaque, mouse and rat MCTS1 and MCTS2 amino acid sequences.
The amino acids changing relative to mouse MCTS1 are highlighted with colors according to their
side-chain chemistry.

(G) Structural model of MCTS1-DENR (turquoise/green) in interaction with the 40S ribosomal
subunit (grey), Met-tRNAM®; (magenta) and an IRES mRNA (yellow). The amino acids that undergo
changes in MCTS2 are indicated in red in the structure.

(H) Normalized luminescence signal (firefly/Renilla) of the Klhdc8a reporters after in vitro translation
in WT and Denr KO HeLa lysates (left), substituted with 0.5pM of recombinant DENR, MCTS1-
DENR or MCTS2-DENR as indicated (p-values calculated using two-tailed unpaired t-test).

(I) As in (H), for the Asb8 reporters.
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Supplementary Figure Legends
Supplementary Figure 1. Klhdc8a and Asb8 both contain a single AUG uOREF that is conserved

across mammals.

(A) Nucleotide sequences of mouse Klhdc8a 5' UTR and beginning of CDS. Position and amino acid
sequence of uORF and CDS are shown and highlighted in colors.

(B) As in (A), but for Asb8 5' UTR and beginning of CDS.

(C) Sequence alignments of the 3' portion of the 5' UTR of Klhdc8a from rat, mouse, rabbit, gorilla,
human, pig and lion show good conservation of their uORF sequences.

(D) As in (C) for Asb8.

Supplementary Figure 2. Shortening of Klhdc8a 5' UTR increases the raw luciferase signal
without affecting the re-initiation rate.

(A) Schematic representation of the short and long 5' UTR of Klhdc8a and the whole 5' UTR of Asb8
WT reporters used in this study compared to the mouse Atf4 transcript. uORF lengths, upstream and
downstream sequence lengths and GC contents are indicated.

(B) Raw luminescence signal of long vs. short 5' UTRs of Klhdc8a reporters after in vitro translation
in HeL.a WT lysate shows higher signal upon shortening of the 5' UTR.

(C) Normalized luminescence signal (firefly/Renilla) of the Klhdc8a reporters after in vitro translation
in WT and Denr KO HeLa lysates of the long 5' UTR reporters (left) and the short 5' UTR reporters

(right, significance calculated using two-tailed unpaired t-test)

Supplementary Figure 3. Effect of tunicamycin treatment on Klhdc8a reporter in vivo.

(A) Western blot analysis of whole cell protein extracts or translation-competent extracts before and
after in vitro translation, non-treated or treated with 1pg/ml tunicamycin or with 16ng/pl GADD34A1-
240, reveals that el[F2a-p51 phosphorylation level increase is stronger in in vitro translation reactions
without GADD34A1-240 than after tunicamycin-mediated ISR induction.

(B) Normalized luminescence signal (firefly/Renilla) of Klhdc8a reporters after transduction in WT
and Denr KO cells non-treated (left) and treated with tunicamycin (right).

(C) Schematic representation of ribosomal fluxes on Klhdc8a 5 UTR estimated from the results
shown in panel (B). Values measured in non-treated cells are shown in black and those quantified from
tunicamycin-treated cells in blue.

(D) Normalized in vivo translation signal (firefly/Renilla) of Atf4 and Atf5 reporters measured in
transduced Hel.a WT and tunicamycin-treated cells confirms the increased translation of the two

reporters upon elF2a phosphorylation.
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Supplementary Figure 4. Ribosome profiling and in vivo dual luciferase assay reveals differential
effects of Denr and Eif2d knock-down.

(A) Venn diagram of transcripts with reduced TE upon Denr or Eif2d knock-down shows that only one
transcript overlaps between the two groups.

(B) Correlation analysis between translation efficiency in Denr and Eif2d knock-down cells shows a
weak but significant correlation (Pearson correlation = 0.1339, p-value < 2.2e-16).

(C) Violin plot of 5' UTR lengths of all expressed transcripts (n=9203, grey) vs. transcripts with lower
TE upon Denr depletion (n=221, green) and Eif2d depletion (n=73, blue). eI[F2D-responsive genes
tend to have a shorter 5' UTR (median = 110 nt) than overall expressed transcripts (median = 153 nt)
(p = 0.09, Kolmogorov—Smirnov test).

(D) Cumulative distributions of transcript per kilobase million (TPM) of all expressed transcripts,
transcripts with decreased TE upon Eif2d knock-down and transcripts with decreased TE upon Denr
knock-down show a strong enrichment for highly abundant transcripts among elF2D-responsive
mRNAs (p-value calculated using the Kolmogorov—Smirnov test).

(E) Gene Ontology analysis of transcripts with decreased TE upon Eif2d depletion (p-values adjusted
for multiple tests using FDR).

(F) Cumulative distributions of TPM of all expressed transcripts, transcripts with changed abundance
upon Eif2d knock-down and transcripts with changed abundance upon Denr knock-down show an
enrichment for highly abundant transcripts among eIlF2D-responsive mRNAs (p-value calculated
using the Kolmogorov—Smirnov test).

(G) Gene Ontology analysis of transcripts with increased abundance upon Eif2d depletion (p-values
adjusted for multiple tests using FDR).

(H) Gene Ontology analysis of transcripts with decreased abundance upon Eif2d depletion (p-values
adjusted for multiple tests using FDR).

(I) Cell proliferation analysis of NIH/3T3 cells transduced with scramble shRNA, nf Eif2d shRNA,
Denr shRNA and Eif2d shRNAs shows that a larger fraction of Eif2d knock-down cells are found in
the G1 phase of the cell cycle than is the case across control cells or Denr-depleted cells (p-values
calculated using two-tailed unpaired t-test).

(