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Abstract

Vertebrate cells have evolved a simple, yet elegant, mechanism for coordinated regulation of ribosome
biogenesis mediated by the 5’ terminal oligopyrimidine (5'TOP) motif. This motif allows cells to
rapidly adapt to changes in the environment by specifically modulating the translation of messenger
RNAs (mRNAs) encoding the translation machinery. The core signaling pathway which links nutrient
availability with the production of ribosomes is the mechanistic target of rapamycin complex 1
(mTORC1), which integrates a variety of nutrient cues to modulate the translation of 5TOP mRNAs.
While the role of MTORCI in regulating the translation of 5" TOP mRNA has been well established, the
identity of the key factor which binds to the 5'TOP motif to regulate translation has been challenging

to elucidate.

Recently, La-related protein 1 (LARP1) was proposed to be the specific regulator of 5TOP mRNA
translation downstream of mMTORC1, while elF4E-binding proteins 1 and 2 (4EBP1/2) were suggested
to have a general role in translational repression of all transcripts. To address these questions, we
employed single-molecule translation site imaging of 5" TOP and canonical mRNAs to study the
translation of single mRNAs in living cells. We reveal that 4EBP1/2 play a dominant role in the
translational repression of both 5'TOP and canonical mRNAs during pharmacological inhibition of
mTOR. In contrast, we find that LARP1 selectively protects 5 TOP mRNAs from degradation in a
transcriptome-wide analysis of mRNA half-lives. Our results clarify the roles of 4EBP1/2 and LARP1
in regulating 5'TOP mRNAs and provide a framework to further study how these factors control cell

growth during development and disease.


https://www.sciencedirect.com/topics/biochemistry-genetics-and-molecular-biology/ribosome-biogenesis
https://www.sciencedirect.com/topics/biochemistry-genetics-and-molecular-biology/ribosome-biogenesis

Outline

This thesis describes both published work and work "in press’, which are listed below with co-

authorships attributed. It consists of three chapters:

Chapter 1 is an introduction to the topic of translational regulation of ribosomal protein mRNAs.

Sections and the figures have been reproduced or adapted from the following publication:

Towards a molecular understanding of the 5'TOP motif in regulating translation of ribosomal
mRNAs

Hochstoeger, T., & Chao, J. A.

Seminars in Cell € Developmental Biology., 154:99-104. (2024)
https://doi.org/10.1016/j.semcdb.2023.06.001

Chapter 2 summarizes the results of this dissertation, describing the distinct roles of 4EBP1/2 and
LARP1 in regulating 5'TOP mRNAs. The contents of this chapter are reproduced or adapted from

the following publication:

Distinct roles of LARP1 and 4EBP1/2 in regulating translation and stability of 5" TOP mRNAs
Hochstoeger, T., Papasaikas, P, Piskadlo E., & Chao, J. A.

Science Advances., 10(7), eadi7830. (2024)

https://doi.org/10.1126/sciadv.adi7830

Chapter 3 is a discussion of the results described in Chapters 2 placing the results in the context of

the current understanding in the field.

The references for all chapters are summarized in a final References chapter. The Supplementary
Information contain all further data related to Chapter 2. The above-mentioned manuscripts can

be found in the Appendix.


https://doi.org/10.1016/j.semcdb.2023.06.001
https://doi.org/10.1126/sciadv.adi7830
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Introduction

Tobias Hochstoeger!?, Jeffrey A. Chao!*
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2 University of Basel, 4003 Basel, Switzerland

" Corresponding author

Contribution

The contents of this chapter have been published in Seminars in Cell €s Developmental Biology on the
15" February 2024 (Hochstoeger & Chao, 2024). My contribution included the writing of this review

article in collaboration with Jeffrey A. Chao.



1. INTRODUCTION

1.1 Regulation of ribosome biogenesis

In order for cells to grow and proliferate they must orchestrate the biogenesis of thousands of ribo-
somes, the cellular machines that carry out protein synthesis, every minute (Lewis & Tollervey, 2000;
Warner, 1999). This endeavor is particularly challenging due to both the size of the macromolecular
complex and the number of components that must be appropriately put together to generate func-
tional ribosomes. In prokaryotes, this requires coordinating the production and assembly of three
ribosomal RNAs (16S, 23S and 5S rRNAs) and ~52 ribosomal proteins into two subunits (30S small
subunit, 50S large subunit) that join to form the active 70S ribosome (Kaczanowska & Rydén-Aulin,
2007). This process becomes even more complex in eukaryotes, not only because of the partitioning of
the cell into the nucleus and cytoplasm by the nuclear membrane, but the ribosome itself has increased
in size and contains four ribosomal RNAs (18S, 28S, 5S and 5.8S rRNAs) as well as ~79 ribosomal
proteins that must be assembled into the 40S small subunit, 60S large subunit and 80S ribosome
(Thomson et al., 2013). Importantly, synthesizing ribosomes at this scale utilizes considerable cellular

resources necessitating that this process be tightly regulated.

The production of stoichiometric levels of rRNAs and ribosomal proteins is controlled at multiple
levels. In prokaryotes, regulation of the synthesis of rRNAs is achieved, in part, by the processing of a
single pre-rRNA transcript into three distinct rRNAs (Espejo & Plaza, 2018). While the prokaryotic
ribosomal protein genes are located throughout the genome, many are arranged in operons which
co-regulate their expression levels: one of the ribosomal proteins encoded in the operon can bind
to a sequence within its own mRNA to repress the translation of all ribosomal proteins encoded in
the operon (Draper, 1990; Mikhaylina et al, 2021). In eukaryotes, three of the rRNAs (18S, 28S and
5.8S rRNAs) are generated from the processing of a precursor transcript, however, the 5S rRNA is
encoded by a separate gene that is transcribed by RNA polymerase III instead of RNA polymerase I
(Ciganda & Williams, 2011; Henras et al., 2015). While co-regulation of eukaryotic ribosomal proteins
does not occur through the arrangement of genes within operons, their coordinated expression has
been shown to be regulated by specific transcriptional and post-transcriptional pathways that are
controlled by the mechanistic target of rapamycin (mTOR) kinase in species ranging from plants,
yeast to vertebrates (Meyuhas, 2000; Powers & Walter, 1999; Scarpin et al., 2020).

The mTOR kinase is a central controller of cell growth, integrating nutrient cues and adjusting cell
growth accordingly (Fig. 1.1, Schmelzle and Hall, 2000). In both yeast and vertebrate cells, mMTOR
controls ribosome biogenesis through at least two main mechanisms: rRNA synthesis and ribosomal
protein production (Mayer & Grummt, 2006). While rRNA synthesis is transcriptionally regulated in
both cases, control of ribosomal protein production is achieved in unique ways. In yeast, production
of the ribosomal proteins is regulated mostly at the transcriptional level (Shore et al., 2021), with
quick adaptation mediated by short mRINA half-lives (average half-life of ribosomal protein mRNAs:
16 min, Chan et al., 2018). In vertebrates, production of ribosomal proteins is regulated mostly at
the translational level by modulating translation of long-lived ribosomal protein mRNAs (average

half-life of ribosomal protein mRNAs in humans: >9 hours, Schofield et al., 2018).
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Figure 1.1: The mTORCI1 signaling pathway. Schematic of mTORCI1, showing the upstream signals sensed
by mTORCI1, which integrates them to regulate downstream biosynthetic processes. When nutrients are not
available or when mTORCI1 is pharmacologically inhibited, mMTORC1 becomes inactive and its downstream
regulatory effects are relieved. Fig. adapted from Sabatini, 2017.

mTOR control of ribosomal protein translation becomes activated when vertebrate cells are exposed to
unfavorable growth conditions (e.g., deprivation of amino acids, serum, oxygen or insulin) that leads to
inhibition of the mTOR kinase, resulting in a rapid translational downregulation of ribosomal protein
mRNAs, thereby reducing the biogenesis of new ribosomes (Meyuhas, 2000). Conversely, providing
nutrients to starved cells results in a rapid re-activation of ribosomal protein mRNA translation
(Meyuhas, 2000). This has led to the hypothesis of a molecular switch that toggles vertebrate ribosomal
protein mRINA translation by specific regulators that recognize unique features within these transcripts
and are controlled by mTOR (Meyuhas & Kahan, 2015; Schneider et al., 2022).

1.2 The 5TOP motif

In the 1980s, characterization of the sequences of ribosomal protein mRNAs from a variety of
vertebrates led to the observation that this class of transcripts contained a conserved sequence motif
at the 5’ end of the transcript that is directly adjacent to the 7-methylguanosine cap (Chen & Roufa,
1988; Dudov & Perry, 1984; Huxley & Fried, 1990; Mariottini et al., 1988; Rhoads et al., 1986; Wagner
& Perry, 1985; Wiedemann & Perry, 1984). Since this motif contained a conserved cytidine in the +1
position followed by an uninterrupted stretch of 4-15 pyrimidine nucleotides it became known as the
5’ terminal oligopyrimidine (5'TOP) motif (Fig. 1.2, Avni et al., 1994). Initial studies of the 5 TOP
motif determined that it was both essential and sufficient to mediate translational control because
mutation of the first invariable nucleotide converts a 5TOP mRNA into a non-5"TOP mRNA that is
not rapidly repressed under stress (Avni ef al., 1994), while mutating the 5" end of a non-5"TOP mRNA
enables it to be repressed like an endogenous 5" TOP mRNA during stress (Biberman & Meyuhas,
1997). Additional sequence analysis of mRNAs that encode translation factors and other proteins
involved in translation indicated that the 5'TOP motif is more broadly utilized to regulate additional

aspects of translation beyond only ribosomal proteins (Meyuhas, 2000; Thoreen et al., 2012).
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This coordinated regulation of translation, however, requires a well-defined transcription start site
(TSS). In vertebrates, ribosomal protein mRNAs have core promoters that contain a unique consensus
motif found at the TSS of these genes termed the polypyrimidine initiator (TCT) (Parry et al., 2010;
van den Elzen et al., 2022). The TCT motif comprises nucleotides in the -2 to +6 positions with respect
to the TSS and is distinct from other core promoter motifs (e.g., TATA box). While the mechanism by
which the TCT motif functions in transcription initiation is not fully understood, it ensures that the
5'UTR of ribosomal protein transcripts begins with an invariable cytosine followed by a short stretch
of pyrimidine nucleotides (Parry et al., 2010). Interestingly, the positioning of the 5'TOP motif at
the 5" end of mRNAs allows for the expression of both 5'TOP and non-5"TOP mRNAs for the same
genes utilizing alternative TSSs, and recent evidence suggests that many genes indeed are expressed
as both variants, with some cases of tissue-specific expression of the 5 TOP or non-5TOP isoform of
the transcript (Nepal et al., 2020; Philippe et al., 2020). Nevertheless, the core set of 5 TOP mRNAs
involved in translation were found to be constitutively expressed as 5 TOP mRNAs across 16 human

tissues in a recent analysis of genome-wide transcription initiation events (Philippe et al., 2020).

While the function of the 5'TOP motif in conferring mTOR-dependent translational regulation has
been well established, the role of sequence elements located in the 5'UTR of these transcripts is
unclear. Pyrimidine rich translation elements (PRTEs) are found downstream of the 5" cap in the
5'UTR of many mTOR regulated mRNAs, with a large overlap of mRNAs that contain both a 5'TOP
and PRTE (Hsieh et al., 2012). Using ribosome profiling, 144 mRINAs were found to be sensitive to
mTOR inhibition. Of those, 37 possessed only a 5'TOP element, 30 possessed only a PRTE within their
5" UTR, and 61 mRNAs possessed both a 5'TOP and PRTE (Hsieh et al., 2012). The PRTE consensus
motif consists of an invariant uridine at position 6 of a 9 nt long pyrimidine stretch. As the core 5" TOP
motif has been shown to be essential and sufficient for mTOR-dependent translational regulation,
research has focused on studying the 5"TOP motif, and the function of the PRTE in contributing to

this regulation remains to be determined.

probability

g\ oo
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Figure 1.2: The 5 TOP motif. Schematic of a
5'TOP mRNA, showing the sequence logo of the
first 10 nucleotides of human 5 TOP mRNAs en-
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AAAA idines. Fig. adapted from Berman et al., 2020.
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1.3 The identification of trans-acting factors that regulate trans-
lation of 5TOP mRNAs

While the conservation of the consensus sequence within the 5" TOP motif suggested that it could
be specifically recognized by a trans-acting factor, it has proven difficult to identify its interaction
partner. Since the 5 TOP motif is located at the 5’ end of mRNAs that are bound by the eukaryotic
translation initiation factor 4F (eIF4F) complex (eIF4E, eIF4G and elF4A) during translation initiation,
the trans-acting factor could either be part of the canonical translation initiation machinery that
also has partial specificity for the 5'TOP motif, or a specialized protein that selectively recognizes
the 5'TOP motif. In both cases, the molecule mediating 5'TOP translational regulation needs to
fulfill several criteria (Meyuhas & Kahan, 2015). First, it is essential for selective 5'TOP translational
regulation to occur, and loss or mutation of the factor results in 5TOP mRNAs and non-5"TOP
mRNAs behaving similarly during stress. Second, it specifically interacts with the 5'TOP motif in
order to provide a molecular link between the 5" TOP sequence and translational regulation. Third,

its role in translational regulation can be altered in response to mTOR activity.

mTOR can globally regulate translation through phosphorylation of elF4E binding proteins (4EBP1
and 4EBP2) and ribosomal protein S6 kinases 1 and 2 (S6K1/2) (Fig. 1.3A, Fonseca et al., 2014). Since
both physiological and pharmacological inhibition of mTOR results in rapid translational repression
of 5TOP mRNAs and dephosphorylation of S6K1/2 and 4EBP1/2, they have both been proposed
to be the 5'TOP motif specificity factor. S6K1/2 activity, however, could be uncoupled from 5 TOP
regulation in S6K1/2 knockout (KO) mice without abolishing rapamycin-sensitive 5" TOP regulation
indicating that it was unlikely to be the main regulator (Pende et al., 2004; Ruvinsky et al., 2005).
Additionally, selective ribosome profiling also indicated that 40S ribosomal protein S6 (RPS6), which
is one of the substrates of S6K1/2 and could potentially mediate an interaction with 5'TOP transcripts
during translation initiation, does not promote their translation (Bohlen et al., 2021). When mTOR is
inactivated under unfavorable growth conditions, 4EBP1/2 become dephosphorylated which enables
their binding to elF4E, blocking the el[F4E-elF4G interaction and preventing the assembly of the
elF4F complex, thus inhibiting translation initiation. While eIF4E specifically recognizes the 5’ cap
structure, its affinity for a capped oligo has also been shown to depend on the nucleotide in the +1
position with a preference for adenine or guanine over cytosine (Tamarkin-Ben-Harush et al., 2017).
While a more detailed analysis of eIF4E ’s sequence specificity has not been performed, this suggests
that while eIF4E is a canonical translation factor, it may allow for selective reduction in 5TOP
mRNA translation when mTORCI1 is inhibited and the pool of active elF4E is reduced. Interestingly,
while 5" TOP mRNAs are translated when mTOR is active, they have been found to be less efficiently
translated than other housekeeping transcripts even in growing cells, as estimated by polysome
analysis (Meyuhas, 2000). This suggests that their initiation is partially impaired which could result
from reduced elF4E affinity, however, it is also possible that mTOR is inactive in a subpopulation
of cells even under nutrient rich conditions, which cannot be resolved by bulk methods such as

polysome analysis. Consistent with a specific role of e[F4E, 4EBP1/2 KO mouse embryonic fibroblasts
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(MEFs) demonstrated an involvement of 4EBP1/2 in regulating 5" TOP mRNA translation, as loss
of 4EBP1/2 resulted in a rescue of 5'TOP translational repression upon Torin1 treatment (Thoreen
et al., 2012). A follow-up study, however, demonstrated that under long-term oxygen deprivation or
serum starvation, 4EBP1/2 KO MEFs retain strong 5'TOP translational regulation indicating that an
additional factor must be involved (Miloslavski et al., 2014). Miloslavski and colleagues were, however,
able to replicate the initial finding by Thoreen et al., 2012 that loss of 4EBP1/2 is sufficient to rescue
short-term pharmacological inhibition of 5" TOP translation indicating that different 5"TOP binding

partners might function sequentially or with differing kinetics in order to repress translation.

Since the 5'TOP motif contains a stretch of sequential pyrimidines, this sequence could be bound
by a number of RNA-binding proteins that share this RNA-binding specificity. Among them, TIA1
cytotoxic granule associated RNA binding protein (TIA1) and TIA1 cytotoxic granule associated
RNA binding protein like 1 (TIAL1/TIAR) were reported to mediate translational repression of
5'TOP mRNAs under amino acid starvation (Damgaard & Lykke-Andersen, 2011), but not hypoxia
(Miloslavski et al., 2014). Knockdown (KD) of TIA1 and TIAL1/TIAR also failed to rescue 5" TOP
translational repression upon Torin1 treatment indicating that it may not be a general translational

repressor of 5’TOP mRNA translation but could play a more specialized role (Thoreen et al., 2012).

More recently, LARP1 has emerged as the putative key specificity factor that regulates translation of
5'TOP mRNAs. LARP1 was first implicated in 5’ TOP translational regulation in a proteomic screen
for 5’ cap binding proteins whose binding is regulated by mTOR (Tcherkezian et al., 2014). Early
studies found that LARP1 also associates with poly(A)-binding protein cytoplasmic 1 (PABPC1) and
has a stimulatory effect on mRINA translation (Aoki et al., 2013; Burrows et al., 2010). More recently,
it has become clear that LARP1 also plays a key role specifically in 5'TOP translational repression
(Fonseca et al., 2015; Philippe et al., 2018). Importantly, a crystal structure revealed the specific binding
of the LARP1 DM 15 domain to the 5" cap and the first five nucleotides of the 5'TOP motif (Lahr et al.,
2017). This structure suggested that the LARP1 DM 15 domain directly binds the 5" cap and 5'TOP
motif and thereby competes with eIF4E and blocks translation initiation. The 5" TOP-binding activity
of LARP1 is also regulated by mTORCI1 via direct binding of LARP1 to regulatory associated protein
of mTORCI1 (RPTOR) and phosphorylation of LARP1 by the mTOR kinase on residues adjacent to the
DM15 domain has been suggested to induce a conformational rearrangement of LARP1 and inhibit
its binding to the 5" TOP motif (Fig. 1.3B, Jia et al., 2021). A pull-down of endogenously tagged eIF4E
cross-linked to mRNA 5’ ends (cap-crosslinking and immunoprecipitation (CLIP)) also showed that
5'TOP mRNA reads are specifically depleted upon mTOR inhibition, consistent with a model in which
LARP1 specifically competes with e[F4E for binding to these mRNAs (Jensen et al., 2021).

Although LARP1 KO leads to a reduction in the translational repression of 5" TOP mRNAs, experiments
by several research groups have consistently found that there is only a partial rescue of 5'TOP mRNAs
translation during mTORCI inhibition (Jia et al., 2021; Philippe et al., 2020). LARP1 was deleted by
CRISPR-Cas9 by two research groups in HEK293T cells independently, which made it possible to
study 5'TOP translational repression in the absence of any LARP1 protein (Jia ef al., 2021; Philippe
et al., 2020). Both research groups found that loss of LARP1 is not sufficient for a full rescue of



1.3. THE IDENTIFICATION OF TRANS-ACTING FACTORS THAT REGULATE TRANSLATION OF 5'TOP MRNAs

translational repression, suggesting the existence of one or more additional specificity mediating
factors which are regulated downstream of mMTORC1, but can function independent of LARP1 binding
to the 5’TOP motif. It is possible that KO of LARP1 leads to the upregulation of compensatory proteins
that can mediate some 5 TOP translational repression in its stead. In order to identify a potential
compensatory role of the LARP1 homologue LARP1B (also called LARP2) , LARP1/LARP1B KO
human embryonic kidney 293T cells (HEK293T) were generated (Philippe et al., 2020). LARP1B,
however, was not found to contribute to 5'TOP translational repression and therefore cannot explain
the persistent sensitivity of 5"TOP mRNAs to mTORC1 inhibition. While there are other LARP family
members, they do not contain the DM15 domain that recognizes the 5'TOP motif (Maraia et al., 2017).
Consequently, the possible role of an additional factor that contributes to 5'TOP-specific regulation

during mTORCI1 inhibition has not been fully resolved.
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Figure 1.3: Regulation of mRNA translation by mTORCI. (A) Canonical mRNA translational control me-
diated by 4EBPs. When mTORCI1 is active, 4EBPs are phosphorylated, preventing their binding to eIF4E. Upon
mTORCI1 inactivation, 4EBPs are dephosphorylated and sequester elF4E, thereby inhibiting cap-dependent
mRNA translation globally. (B) 5TOP mRNA selective translational control mediated by LARP1 and/or 4EBP
proteins. LARP1 has been proposed to be similarly regulated in its activity as 4EBPs, becoming dephospho-
rylated and active upon mTORCI1 inactivation. LARP1 has been shown to directly bind the cap and first five
nucleotides of a 5'TOP oligo (Lahr et al., 2017).
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1.4 Mechanism of LARP1’s interaction with 5'TOP transcripts

LARPI is a large multidomain protein (1,096 amino acids) that contains a La-module and the DM15
domain, however, most of the protein is predicted to be disordered (Schwenzer et al., 2021). While the
DM15 domain’s interaction with the 5'TOP motif has been extensively biochemically and structurally
characterized, how the rest of the protein may contribute to regulation of 5'TOP transcripts is less
well understood (Cassidy ef al., 2019; Lahr et al., 2017).

In vitro RNA-binding studies of the LARP1 La-motif have identified a sequence preference for
both poly(A) RNAs as well as pyrimidine-rich sequences that are similar to the 5" TOP motif, but
lack the 5’ cap (Al-Ashtal et al., 2019). Interestingly, it was found that the La-motif may interact
with poly(A) RNA and the pyrimidine sequence simultaneously suggesting that this domain has at
least two distinct RNA-binding surfaces. The La-module, consisting of a La-motif followed by an
RINA recognition motif (RRM), is the common characteristic of the family of Small RNA binding
exonuclease protection factor La (SSB/LA) and La-related proteins (LARPs), and combines two distinct
RINA-binding activities. While it was assumed that LARP1 shares this domain architecture, recent
experiments demonstrate that LARP1 only contains the La-motif, and the downstream region thought
to be an RRM is unfolded (Kozlov et al., 2022). The in vivo RNA-binding specificity of full-length
LARP1 has also been determined using photoactivatable ribonucleoside-enhanced crosslinking and
immunoprecipitation (PAR-CLIP), which determined that LARP1 binds to pyrimidine-rich sequences
in the 5'UTR of transcripts and this interaction is enhanced upon mTOR inhibition (Hong et al., 2017).
The exact 5'TOP sequence, however, was not specifically identified by PAR-CLIP and the pyrimidine
nucleotides were located distally from the cap in the 5’'UTR though this discrepancy might arise
for technical reasons associated with library preparation or biases caused by T1 RNase digestion.
Interestingly, LARP1 was also found to bind to the 3'UTR of transcripts, albeit with limited sequence
specificity. Additionally, LARP1 also contains a PABP-interacting motif-2 (PAM2) downstream of the
La-motif that enables it to interact with the mademoiselle domain of PABPC1 (Mattijssen et al., 2021).
This interaction with PABPC1 and, potentially, the polyA tail has been found to protect poly(A) tail
length and stabilize the mRNA (Aoki et al., 2013; Mattijssen et al., 2021; Ogami ef al,, 2022).

It remains unclear if the La-module and DM 15 domain are able to simultaneously interact with
the 5'TOP motif, PRTE, 3'UTR, poly(A) tail and PABC1 of the same transcripts or if any of these
interactions are mutually exclusive and how the combination of the interactions affects 5'TOP
regulation. While the La-motif and DM15 domain are separated by ~400 amino acids that do
not contain any known globular domains, AlphaFold predicts that this region may not be entirely
disordered and could bring the La-motif and DM 15 domain in close physical proximity (Figure 1.4)
(Jumper et al., 2021). Though this conformation requires experimental validation, nonetheless, it
suggests that the function of the individual domains may be more tightly coupled than previously
appreciated and provides a framework for further characterization. It should be noted, however,
that the individual isolated La-motif and DM 15 domains have been shown to retain functionality

indicating that they can function autonomously to some extent (Jia et al., 2021; Philippe et al., 2018).
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Figure 1.4: AlphaFold prediction of full-length human LARP1 structure. The known structured domains
of the La-motif and DM15 are shown in magenta and cyan, respectively. Note the extensive disordered regions
shown in blue. Additional predicted structural elements are marked in orange (with connecting loops in green)
and could bring the La-motif and DM 15 domain in close proximity. Shown here is the 1096 aa isoform, which
is the main isoform expressed in human cells (Schwenzer et al., 2021).

Though the regulation of 5'TOP translation and LARP1 has been well described, loss of LARP1 has
also been found to result in a specific decrease in the mRNA stability of 5TOP mRNAs (Aoki et al.,
2013; Gentilella et al., 2017). As 5'TOP mRNAs are some of the most stable mRNAs in mammalian
cells, it is tempting to speculate that LARP1 functions to protect this class of mRNAs from degradation
and directly contributes to their high stability. This raises the question of how LARP1 is specifically
recruited to these mRNAs to mediate stability under nutrient-rich conditions, when the DM 15 domain
is phosphorylated and unable to bind the 5'TOP motif (Jia ef al., 2021). Consequently, it has been
suggested that LARP1 binds to 5'TOP mRNAs via its La-motif to either the 5'TOP or PRTE (in a
cap-independent manner that does not block eIF4E) and the poly(A) tail and PABPC1, potentially
circularizing mRNAs to allow translation while protecting them from decay (see Figure 1.5). While
evidence exists for the close-loop model in promoting translation and stability in yeast, current
single-molecule RNA imaging in human cells has indicated that translating mRINAs are less compact
than translationally-inhibited ones (Adivarahan et al., 2018; Amrani et al., 2008). Therefore, LARP1
may specifically promote a closed-loop confirmation for only 5'TOP mRNAs to selectively promote
their stability.

While the closed-loop model of 5"TOP mRNPs provides an explanation for their enhanced stability,
it is not entirely clear where the specificity for 5 TOP transcripts comes from when mTORCI is
active and eIF4E is presumably bound to the 5" cap. Additionally, it is not known if eI[F4E and LARP1
can simultaneously interact on the same 5'UTR and how this might influence translation initiation.

Recent structural studies of the human 48S preinitiation complex have suggested that initiation occurs
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Figure 1.5: Interaction of LARP1 with a 5"TOP mRNA. Under nutrient-rich conditions (top), mTORC1 is
active and phosphorylates both 4EBP1/2 and LARP1. The elF4F complex (composed of eIF4E, elF4G, and eIF4A)
can bind the m7G cap and recruit the 43S preinitiation complex. Under these conditions, LARP1’s La-motif
can bind to either the 5" TOP motif or the poly(A)-tail and LARP1’s PAM2 motif can bind the mademoiselle
domain of PABPC1. Under nutrient starvation (bottom), mTORCI1 is inactive and 4EBP1/2 and LARP1 are
dephosphorylated. 4EBP1/2 sequesters elF4E, thereby blocking translation initiation, while LARP1 can bind
the m7G cap with its DM 15 domain and its La-motif and PAM2 could bind to the poly(A)-tail and PABPCI,
respectively. Simultaneous binding of a single LARP1 molecule to both mRNA ends is possible under both
active and inactive mMTORCI1 and could serve to protect the mRNAs from degradation. Further research will
be needed to verify the existence of such LARP1-mediated 5" TOP mRNA closed loops and their functional
implication.

via a cap-tethered mechanism that results in a “blind spot” of ~30 nucleotides adjacent to the 5’
cap, which could enable translation initiation to be compatible with LARP1 binding (Brito Querido
et al., 2020). A recent study showed that LARP1 has a protective effect on 5 TOP mRNA levels
under prolonged mTOR inhibition, which is thought to preserve these mRNAs for reactivation of
translation in a closed-loop conformation via DM15 binding to the 5'TOP and La-motif binding
to the poly(A)tail/PABPC1 (Fuentes et al., 2021). It is possible that the closed-loop conformation
only becomes relevant under mTOR inhibition, when LARP1 can circularize 5'TOP mRNAs without

interference from translation initiation, thereby protecting them from the decay machinery.
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1.5 Summary

While the biological importance of the regulation of translation and stability of 5 TOP mRNAs during
normal cell growth and disease has long been appreciated, the molecular mechanisms that enable
this specific control have been challenging to elucidate. Any inhibition of a core cellular process that
impacts ribosome biogenesis can be expected to have global pleiotropic effects making it difficult to
isolate specific pathways, particularly when studying prolonged deprivation of amino acids or growth
factors. While acute pharmacological inhibition of mTOR mitigates some of these experimental
complications, the inhibition of translation or changes in mRINA stability are usually determined
using ensemble techniques that measure the average change of all the 5"TOP mRNAs in thousands or
even millions of cells. Consequently, cellular heterogeneity can mask differences between models for

5'TOP regulation and has prevented a detailed kinetic analysis of the effect of mMTOR inhibition.

The recent development of single-molecule methods for directly imaging mRNAs and their translation
and degradation provides an opportunity to further characterize the regulation of 5 TOP mRNAs
(Horvathova et al., 2017; Tanenbaum et al., 2014). Using these approaches, it will be possible to directly
measure both the fraction of individual mRNAs undergoing active translation as well as their ribosome
occupancy in living cells (Tanenbaum ef al., 2014). Previously, we have characterized the localization
and translation of 5'TOP reporter mRNAs in cells treated with sodium arsenite, which activates
the integrated stress response, but does not inhibit mMTOR (Mateju et al., 2020; Wilbertz et al., 2019).
These experiments showed that stable association of a 5'TOP reporter mRNA to stress granules and
processing bodies required both LARP1 and the 5"TOP motif indicating the potential of this system to
characterize LARP1- and 5'TOP-dependent regulation. We anticipate that single-molecule imaging
will enable quantification of the magnitude and timing of 5'TOP regulation during mTOR inhibition,
and clarify how the trans-acting factors LARP1 and 4EBP1/2 exert their effects. Using these tools, it
will be possible to precisely compare and contrast the efficiency of translational repression of a 5 TOP
reporter in cells depleted of either LARP1 or 4EBP1/2 and long-term imaging of mRNA reporters will
also enable researchers to precisely quantify translation parameters of 5"TOP mRNAs (e.g,, initiation
rates and bursting kinetics) (Livingston et al., 2022). Finally, further advances in imaging technologies
may soon make it possible to directly observe binding of individual trans-acting factors to the 5" TOP

motif in order to measure their impact on the translation status of individual mRINAs.

In parallel, advances in pull-down assays such as cap-CLIP will shed further light onto the regulators
involved in displacing eIF4E from 5" TOP mRNAs upon mTOR inhibition. It will be interesting to see
whether the specific displacement of eIF4E can still occur in absence of either LARP1 or 4EBP1/2,
which will allow functional separation of the role of the cap-binding regulators of 5 TOP translation,

and clarify whether their action is coupled or independent from each other.
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1.6 Aim of this thesis

The identity of the key regulatory factor which directly binds to and controls 5'TOP mRNA translation
has been challenging to elucidate, with recent evidence converging on LARP1 and 4EBP1/2. The goal
of this thesis is a detailed analysis of the dynamics of 5TOP mRNA translation in mTORC1 active

and inactive cells, addressing the following main questions:
- What are the dynamics of 5" TOP mRNA translation under mTORC1 inhibition?

- How do the dynamics of 5'TOP mRNA translation change upon loss of the proposed key
regulatory factors LARP1 and 4EBP1/2?

— What is the role of LARP1 in regulating the abundance of endogenous 5'TOP mRNA transcripts?

To address these questions, I employed a single-molecule imaging approach to directly visualize and
quantify the translation of 5" TOP reporter mRNAs in living cells uncoupled from confounding effects
of transcription and mRNA stability. This revealed a dominant role of 4EBP1/2 in mediating 5" TOP
mRNA translational repression. Furthermore, I measured the changes in global mRINA half-lives in
the absence of LARPI, finding a highly selective role of LARP1 in stabilizing 5'TOP mRNAs in mTOR
active cells. The results of this work are described in chapter 2, and its implications are discussed in

chapter 3.
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2. REcuLATION OF 5’ TOP MRNA TRANSLATION AND STABILITY

2.1 Abstract

A central mechanism of mMTORCI signaling is the coordinated translation of ribosomal protein and
translation factor mRNAs mediated by the 5'TOP. Recently, LARP1 was proposed to be the specific
regulator of 5" TOP mRNA translation downstream of mTORC1, while 4EBP1/2 were suggested to
have a general role in translational repression of all transcripts. Here, we employ single-molecule
translation site imaging of 5'TOP and canonical mRNAs to study the translation of single mRNAs in
living cells. Our data reveals that 4EBP1/2 has a dominant role in repression of translation of both
5'TOP and canonical mRNAs during pharmacological inhibition of mTOR. In contrast, we find that
LARP1 selectively protects 5 TOP mRNAs from degradation in a transcriptome-wide analysis of
mRNA half-lives. Our results clarify the roles of 4EBP1/2 and LARP1 in regulating 5 TOP mRNAs
and provide a framework to further study how these factors control cell growth during development

and disease.

2.2 Introduction

For cellular homeostasis, ribosome biogenesis needs to be tightly coupled to nutrient availability.
In eukaryotic cells, mMTORCI is the central signaling hub that integrates nutrient cues to match cell
growth by stimulating or inhibiting ribosome biogenesis (Battaglioni et al., 2022; Liu & Sabatini,
2020). When nutrients are available, active mTORC1 promotes translation by the phosphorylation of
key substrates such as S6K1/2 and 4EBP1/2 that stimulate eIF4F assembly and translation. When
nutrients are limited, mMTORCI1 substrates are dephosphorylated, allowing 4EBP1/2 to bind and
sequester the cap-binding elF4E, thereby inhibiting mRNA translation initiation. In addition, LARP1
has recently been described as a direct mMTORC1 substrate and translational regulator (Fonseca et al.,
2015; Hong et al., 2017; Jia et al., 2021; Philippe et al., 2018; Tcherkezian et al., 2014). While mTORC1-
dependent translation regulation acts on all mRNAs via multiple routes, it exerts a much more rapid
and pronounced effect on ribosomal protein and translation factor mRNAs (~100 mRNAs) that carry
a 5'TOP motif (4-15 pyrimidines) directly adjacent to the 5’ cap (Meyuhas & Kahan, 2015). While it has
been well established that the 5'TOP motif is both essential and sufficient for rapid mTORC1-mediated
translational regulation (Avni ef al., 1994; Biberman & Meyuhas, 1997), the underlying molecular
mechanism has been challenging to resolve (Berman ef al., 2020). Both 4EBP1/2 and LARP1 have been
found to contribute to 5'TOP translational inhibition, as loss of either factor partially relieved 5" TOP
translational repression in cells acutely treated with the mTOR inhibitor Torin1 (Fonseca et al., 2015;
Hsieh et al., 2012; Miloslavski et al., 2014; Philippe et al., 2018; Thoreen et al., 2012). Though binding
of 4EBP1/2 to eIF4E reduces cap-dependent translation of all transcripts, e[F4E may have lower
affinity for 5'TOP mRNAs, which could make them more sensitive to mMTORC1 inhibition (Lindqvist
et al., 2008; Tamarkin-Ben-Harush et al., 2017). Recently, co-crystal structures of LARP1 bound to
both the 5’ cap and the first five nucleotides of a 5'TOP oligo suggested that LARP1 could specifically
repress 5 TOP mRNAs upon mTORC1 inhibition, leading to a model in which dephosphorylated
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LARP1 specifically binds the 5" end of 5"'TOP mRNAs to prevent assembly of the eIF4F complex (Lahr
et al., 2017).

An additional layer of ribosome biogenesis control is the pool of 5’TOP mRNAs available for transla-
tion, which are among the most highly expressed and stable transcripts in eukaryotic cells (Herzog
et al., 2017; Schofield et al., 2018). LARP1 has been found to associate with PABPC1 and inhibit
deadenylation of mRNA transcripts (Kozlov et al., 2022; Mattijssen et al., 2021; Ogami et al., 2022). It
is currently unclear how LARP1 is recruited to the mRNAs it stabilizes, the importance of the 5 TOP
motif for target selection, and the relevance of mTORCI activity in this process. Crosslinking studies
have found LARP1 associates with thousands of mRNAs including 5'TOP mRNAs and a subset of
these transcripts have increased binding upon mTORCI inhibition (Hong et al., 2017; Mura et al.,
2015; Smith et al., 2020). In contrast, polyA tail sequencing in mTORCI active cells have found LARP1
to inhibit mRNA deadenylation globally, but that 5 TOP transcripts were among the most strongly
affected transcripts upon LARP1 depletion (Park ef al., 2023).

In this study, we sought to clarify the roles of LARP1 and 4EBP1/2 in regulating the translation and
stability of 5"TOP mRNAs. Direct measurements of translation of 5'TOP and non-5TOP (canonical)
mRNAs using single-molecule SunTag imaging revealed a dominant role of 4EBP1/2 in mediating
5'TOP translational repression. In contrast, we find a highly selective role of LARP1 in protecting
5'TOP mRNAs from degradation by measuring transcriptome-wide changes in mRNA half-lives using
(SH)-linked alkylation for the metabolic sequencing of RNA (SLAMseq). Our study provides insights
into the distinct roles of LARP1 and 4EBP1/2 in mediating 5'TOP regulation, and a framework for
further investigations into the mechanisms by which these factors regulate cell growth under normal

physiological conditions and disease.

2.3 Results

2.3.1 Single-molecule imaging of translation during mTOR inhibition

To study the regulation of translation during mTOR inhibition, we engineered Henrietta Lacks
cells (HeLa) that express fluorescent proteins for single-molecule imaging of mRINA (MS2 coat
protein (MCP)-Halo) and translation (scFV-GFP), together with the reverse tetracycline-controlled
transactivator to enable induction of reporter mRNAs (Wilbertz et al., 2019). Into this cell line, we
integrated two different constructs into a single genomic locus under the control of a doxycycline-
inducible promoter. The reporter mRNAs were identical except for their 5’ untranslated region
(UTR), where one contains the full-length 60S ribosomal protein L32 (RPL32) 5’UTR that begins with
a 5'TOP motif, and the other has a canonical 5'UTR that does not contain a 5'TOP sequence. The
coding sequence encodes 24 GCN4 epitope tags for translation site imaging (SunTag, Tanenbaum et al.,
2014) followed by Renilla luciferase for bulk measurements of translation and the FKBP12-derived

destabilization domain to reduce the accumulation of mature proteins (Banaszynski et al., 2006). In
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addition, the 3'UTR contains 24 MS2 stem-loops for mRNA imaging (Fig. 2.1A). The 5’ end of both
reporter mRNAs was sequenced to determine the transcription start sites. All 5"TOP transcripts
contained a 5'TOP motif and the canonical transcripts initiated with AGA, which is similar to the
most common transcription start site (Fig. 2.2) (Carninci et al., 2006). To inhibit mTOR, we used the
ATP-competitive inhibitor Torin1, which has been widely used to study the translation of 5 TOP
mRNAs. For both the 5 TOP and canonical mRNA reporter cell lines, Torin1 treatment for 1 hour
resulted in inhibition of mMTORCI1 as seen by 4EBP1 dephosphorylation, consistent with previous
results (Fig. 2.3) (Smith et al., 2020; Thoreen et al., 2009).

To observe the effect of mMTORC1 inhibition on translation, we induced expression of the reporter
mRNAs in both cell lines and imaged them in either the presence or absence of Torinl. Treatment
with Torinl was found to strongly repress translation of most 5'TOP transcripts as seen by the
disappearance of scFv-GFP spots that co-localized with mRNA spots, whereas the canonical mRNAs
were largely unaffected (Fig. 2.1B). For quantification of single mRNAs and their translation, we
employed a high-throughput image analysis pipeline that tracks individual mRNAs and measures the
corresponding SunTag intensities. mRNA trajectories were determined using single-particle tracking
of MCP-Halo spots, and scFv-GFP intensities at those same coordinates were quantified for each
mRNA as background corrected mean spot intensity (SunTag intensity). Using this analysis pipeline,
we quantified the translation of >1000 mRNAs for both the 5'TOP and canonical mRNA cell lines
(Fig. 2.1C), which revealed a broad distribution of SunTag intensities for both types of transcripts
indicating a heterogeneity of ribosomes engaged in translation of individual transcripts (Tanenbaum
et al., 2014; Wilbertz et al., 2019). The average SunTag intensity for the 5’ TOP mRNAs was slightly
lower compared to the canonical mRNAs indicating fewer ribosomes engaged in translation when
mTOR is active (Fig. 2.1C). The mean SunTag intensity for the 5’TOP mRNAs decreased markedly
upon Torinl treatment, whereas the mean SunTag intensity of the canonical mRNAs decreased only

slightly.

While changes in SunTag intensity indicate differences in ribosome number, translation site imaging
can also be used to quantify the fraction of transcripts actively translating within a cell. Puromycin
treatment, which inhibits translation due to premature termination, was used to measure SunTag spot
intensities in the absence of translation to calibrate a threshold for identifying translating mRNAs
(>1.5-fold over background, Fig. 2.4). Quantifying translation as the fraction of translating mRNAs
per cell revealed slightly fewer translating 5'TOP mRNAs (mean: 74%) compared to the canonical
mRNAs (mean: 86%) when mTOR is active (Fig. 2.1D). Upon 1 hour Torin1 treatment, the fraction of
translating 5" TOP mRNAs per cell decreased drastically (mean: 16%), though many cells retained a
minor fraction of translating 5 TOP mRNAs. In contrast, the fraction of translating canonical mRNAs
decreased only slightly upon Torinl treatment (mean: 77%). To determine whether the remaining
fraction of translating 5" TOP mRNAs after 1 hour Torin1 treatment represented stalled ribosomes,
Torinl treated cells were co-treated with harringtonine, which stalls ribosome at the start codon and

allows elongating ribosomes to run-off. Addition of harringtonine abolished the remaining translation
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Figure 2.1: Single-molecule imaging recapitulates 5 TOP translational repression. (A) Schematic
representation of reporter mRNAs for single molecule imaging of translation. The 5" TOP reporter contains
the full-length RPL32 5'UTR, whereas the canonical reporter has a control 5’UTR of similar length. Black
arrows indicate transcription start sites. (B) Representative images of canonical and 5 TOP reporter mRNAs
(MCP-Halo foci, magenta) undergoing translation (scFv-GFP foci, green) in absence or presence of mTOR
inhibitor Torin1 (250 nM, 1 hour). Scale bars = 5 um. (C) Translation site intensities of canonical and 5'TOP
reporter mRNAs quantified in absence and presence of Torinl (250 nM, 1 hour). SunTag intensities are plotted
for all mRNAs (colored circles) overlaid with the mean + SD (>>1089 mRNAs per condition, n=3). (D) Fraction
of mRNAs undergoing translation quantified per cell for canonical and 5 TOP reporter in absence or presence
of Torin1 (250 nM, 1 hour). Values are plotted for each cell (colored circles) overlaid with the mean + SD (>162
cells per condition, n=3). For statistics, unpaired t tests were performed, with statistical significance claimed
when p < 0.05 (ns = not significant, * = p < 0.05, *** = p < 0.001).
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TeloPrime Fwd Primer RPL32 5'UTR
Clone 1 TGGATTGATATGTAATACGACTCACTATAGCCTCTCTTCCTCGGCGCTGC. .
Clone 2 TGGATTGATATGTAATACGACTCACTATAGCCTCTCTTCCTCGGCGCTGC. .
Clone 3 TGGATTGATATGTAATACGACTCACTATAGCTCTCTTCCTCGGCGCTGC. .
Clone 4 TGGATTGATATGTAATACGACTCACTATAGCTCTCTTCCTCGGCGCTGC. . .
Clone5 TGGATTGATATGTAATACGACTCACTATAGCCTCTCTTCCTCGGCGCTGC. . .
Clone 6 TGGATTGATATGTAATACGACTCACTATAGCCTCTCTTCCTCGGCGCTGC. .
Clone 7 TGGATTGATATGTAATACGACTCACTATAGCCTCTCTTCCTCGGCGCTGC. .
Clone 8 TGGATTGATATGTAATACGACTCACTATAGCTCTCTTCCTCGGCGCTGC. ..
Clone 9 TGGATTGATATGTAATACGACTCACTATAGCCTCTCTTCCTCGGCGCTGC. .
Clone 10 TGGATTGATATGTAATACGACTCACTATAGCCTCTCTTCCTCGGCGCTGC. . .

TeloPrime Fwd Primer Canonical 5UTR

Clone 1 TGGATTGATATGTAATACGACTCACTATAGAGATCGCCTGGAGCAATTCC. . .
Clone 2 TGGATTGATATGTAATACGACTCACTATAGAGATCGCCTGGAGCAATTCC. . .
Clone 3 TGGATTGATATGTAATACGACTCACTATAGAGATCGCCTGGAGCAATTCC. . .
Clone 4 TGGATTGATATGTAATACGACTCACTATAGAGATCGCCTGGAGCAATTCC. .

Clone 5 TGGATTGATATGTAATACGACTCACTATAGAGATCGCCTGGAGCAATTCC. .

Clone 6 TGGATTGATATGTAATACGACTCACTATAGAGATCGCCTGGAGCAATTCC. . .
Clone 7 TGGATTGATATGTAATACGACTCACTATAGAGATCGCCTGGAGCAATTCC. . .
Clone 8 TGGATTGATATGTAATACGACTCACTATAGAGATCGCCTGGAGCAATTCC. . .
Clone 9 TGGATTGATATGTAATACGACTCACTATAGAGATCGCCTGGAGCAATTCC. . .

Figure 2.2: Validation of TSS selection. Mapping of canonical and 5 TOP reporter TSS using cap-specific
adaptor ligation. Sequencing results for single clones of each reporter are shown with the TeloPrime adaptor
sequence joined to the start of the reporter 5’UTR. For the 5'TOP reporter, there is some variability in the
precise cytosine in the +1 position, however, all sequenced clones initiate with a cytosine and contain a 5’ TOP
motif.

Canonical 5TOP Canonical 5TOP
= + . + 1 hour Torin1 = + = + 1 hour Torin1
~ MTOR

b b = | ARP1

4EBP1 Pho-4EBP1

Figure 2.3: mTORCI1 signaling in canonical and 5'TOP mRNA cell lines treated with Torin1. Western
blot analysis of mMTORCI1 signaling using a phosphorylation-specific antibody against 4EBP1. Upon Torin1
addition (250 nM, 1 hour), 4EBP1 is dephosphorylated, as seen by the lower migration size of 4EBP1 (left), and
the disappearance of Pho-4EBP15°™ (right). Lines indicate cut membrane pieces probed with different mouse
(magenta) and rabbit (green) antibodies, and imaged together using two-color fluorescent imaging. Brightness
and contrast were individually adjusted for each antibody shown.
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Figure 2.4: Translation site intensities following global translation inhibition. (A) Quantification of
translation site intensities after puromycin treatment (100 pg/ml, 5-30 min). SunTag intensities are plotted
for >400 mRNAs per condition overlaid with the mean + SD. A cutoff of 1.5 (dotted line) was determined to
distinguish translating from non-translating mRINAs. (B) Fraction of mRNAs undergoing translation after
puromycin treatment. Values are plotted for each cell overlaid with the mean + SD (>87 cells per condition).
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Figure 2.5: Translation site intensities following ribosome run-off. (A) Quantification of translation
site intensities after mTOR inhibition (250 nM Torin1, 1 hour) followed by translation inhibition (3 pg/ml
Harringtonine, 10-30 min). SunTag intensities are plotted for >250 mRNAs per condition overlaid with the
mean + SD. (B) Fraction of mRNAs undergoing translation after mTOR inhibition (250 nM Torin1, 1 hour)
followed by translation inhibition (Harringtonine 3 pg/ml, 10-30 min). Values are plotted for each cell overlaid
with the mean + SD (>46 cells per condition).
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sites in the Torin1-treated 5'TOP cell line within 10 minutes (Fig. 2.5), demonstrating that the low
number of 5'TOP mRNAs that co-localize with SunTag signal are still actively translating,

To verify our findings with other mTOR inhibitors, we repeated the imaging of canonical and 5" TOP
mRNAs with the allosteric mTOR inhibitor Rapamycin (Wullschleger et al., 2006) and the ATP-
competitive mTOR inhibitors PP242 and TAK228 (Apsel et al., 2008; Jessen et al., 2009). While PP242
and TAK228 treatment closely mirror the response seen for Torinl treatment, Rapamycin treatment
did not significantly alter the translation of either canonical or 5" TOP mRNAs (Fig. 2.6). Rapamycin
insensitivity has been described for a number of cell lines including HeLa (Hassan et al., 2014), and,
in agreement with previous studies (Huo et al., 2012; Thoreen et al., 2009), we find that Rapamycin
selectively inhibits S6K1 phosphorylation, while levels of phosphorylated 4EBP1 remain high (Fig.
2.7). Taken together, our data captures both inter- and intracellular variability in the translation
of canonical and 5" TOP mRNAs in the presence and absence of mTOR inhibitors, providing direct
translation measurements independent of effects arising from transcriptional regulation or mRNA

stability.
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Figure 2.6: Single-molecule imaging of 5 TOP translational repression using additional mTOR in-
hibitors. (A) Quantification of translation site intensities of canonical and 5 TOP mRNAs in absence or
presence of mTOR inhibitors Rapamycin (100 nM, 1 hour), PP242 (2.5 pM, 1 hour), or TAK228 (250 nM, 1
hour). SunTag intensities are plotted for all nRNAs overlaid with the mean + SD (>821 mRNAs per condition,
n=3). (B) Fraction of mRNAs undergoing translation quantified per cell for canonical and 5'TOP reporter cell
lines in absence or presence of Rapamycin (100 nM, 1 hour), PP242 (2.5 uM, 1 hour), or TAK228 (250 nM, 1
hour). Values are plotted for each cell overlaid with the mean + SD (>112 cells per condition, n=3). For statistics,
unpaired t tests were performed, with statistical significance claimed when p < 0.05 (ns = not significant, * = p <
0.05, ** = p < 0.01, *** = p < 0.001).
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Figure 2.7: Western blot analysis of mTORCI activity in cells treated with additional mTOR inhibitors.
To inhibit mTOR, cells were treated for 1 hour with Rapamycin (0.1 uM, 1 uM, 10 pM), PP242 (2.5 pM), or
TAK228 (250 nM), and mTORCI1 activity was measured using phosphorylation-specific antibodies against
Pho-RPS6, Pho-S6K1, Pho-4EBP1%¢™% and the shift in migration size of 4EBP1. In agreement with previous
studies (Huo et al., 2012; Thoreen et al., 2009), Rapamycin causes substrate-selective inhibition of mTORC1 in
HeLa cells, inhibiting Pho-RPS6 and Pho-S6K1, but not Pho-4EBP1 independent of drug concentration.
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2.3.2 LARP1 KO partially rescues translation of 5TOP mRNAs during Torin1 treat-

ment

Recently, LARP1 has been found to specifically bind the 5" TOP motif in an mTOR-dependent manner
to regulate translation (Jia et al., 2021; Lahr et al.,, 2017; Smith et al., 2020). To further investigate the
role of LARP1 in translational repression of 5" TOP mRNAs during mTOR inhibition, we generated
LARP1 CRISPR-Cas9 KOs in the 5'TOP and canonical mRNA cell lines. Genomic DNA sequencing
confirmed frameshift mutations in all alleles of LARP1 exon 4 that are upstream of any domain of
known function (aa205-aa240) (Fig. 2.8A and B). Loss of LARP1 protein in the KO cell lines was
confirmed by western blot analysis using two LARP1 antibodies targeting either the N- or C-terminal
regions, which did not detect alternative LARP1 isoforms (Fig. 2.8C). Importantly, loss of LARP1 did
not disrupt the regulation of other mTORCI targets, as seen by dephosphorylation of 4EBP1, S6K1,
and RPS6 upon 1 hour Torin1 treatment (Fig. 2.8D). Consistent with earlier reports in HEK cells,
deletion of LARP1 in HeLa cells resulted in decreased cell proliferation (Fonseca et al., 2015; Philippe
etal., 2018).

Following the validation of the LARP1 KO cell lines, we quantified the translation of 5'TOP and
canonical mRNAs (>600 mRNAs per condition) in the absence of LARP1 (Fig. 2.9). Analysis of SunTag
intensities of the canonical and 5" TOP mRNAs revealed similar translation levels in the LARP1 KO
compared to wild-type (WT), indicating that LARP1 does not regulate 5TOP mRNA translation in
cells when mTOR is active. Upon 1 hour Torinl treatment, canonical mRNAs decreased slightly in
mean SunTag intensity, whereas the 5TOP mRNAs decreased more strongly (Fig. 2.10A). Calculating
the fraction of translating mRNAs per cell revealed that the canonical mRNAs show a mild response
to Torin1 in the absence of LARP1 (mean untreated: 87%, mean 1 hour Torinl: 75%, Fig. 2.10B),
mirroring the response observed for the canonical mRNAs in LARP1 WT cells. Interestingly, the
5'TOP mRNAs in LARP1 KO cells displayed a partial rescue of translation upon Torin1 treatment
(mean untreated: 79%, mean 1 hour Torinl: 41%) compared to LARP1 WT cells (mean 1 hour Torinl:
16%). The incomplete rescue of 5’TOP mRNA translation in the absence of LARP1 suggested the

existence of additional trans-acting factors in mediating 5" TOP translational repression.

One possible trans-acting factor that could repress 5" TOP mRNAs in the absence of LARP1 is the
homolog LARP1B (also called LARP2), which shares the DM 15 domain that binds the 5" TOP motif,
though it is lowly expressed in HeLa cells. To test this possibility, we used CRISPR-Cas9 to generate
KOs of LARP1B in the LARP1 KO background (Fig. 2.11A). Genomic DNA sequencing of the edited
alleles identified frameshift mutations in all alleles of LARP1B exon 4, and PCR confirmed loss of WT
LARP1B mRNA (Fig. 2.11B and C). Western blot analysis confirmed unperturbed mTORCI signaling
in the LARP1/1B KO cells, as seen by dephosphorylation of 4EBP1, S6K1, and RPS6 upon 1 hour
Torin1 treatment (Fig. 2.11D).
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Figure 2.8: Validation of LARP1 knockout cell lines. (A) CRISPR-Cas9 editing strategy for deletion of
LARP1 protein expression in canonical and 5'TOP mRNA cell lines. Two sgRNAs targeting exon 4 upstream
of any domains of known function were used to ensure high editing efficiency in polyploidal HeLa genome
(sgRNA 1 taken from Philippe et al., 2018). (B) Genotyping of canonical and 5"TOP KO single clonal cell lines
used for single-molecule imaging (Fig. 2A, 2B, 2E), showing 100 bp truncations of LARP1 exon 4 resulting in
frameshifting and premature termination codons. (C) Western Blot analysis of LARP1 protein expression in
WT and LARP1 KO single clonal cell lines. Clones B5 and E6 were used for single-molecule imaging of the

canonical and 5" TOP mRNAs respectively.
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Figure 2.8: continued from previous page: Note the presence of a weak shorter band of LARP1 (highlighted
with *) for some clones, indicating the presence of an in-frame truncated allele of LARP1 in these clones
(KD). (D) Western blot analysis of mMTORC1 signaling in canonical and 5" TOP LARP1 KO cell lines used for
single-molecule imaging. Upon 1 hour Torin1 (250 nM), mTORCI1 targets are dephosphorylated, as shown with
phosphorylation-specific antibodies for Pho-4EBP15¢'%5, Pho-S6K1 and Pho-RPS6. 4EBP1 dephosphorylation
is also seen by the lower migration size of dephosphorylated 4EBP1. Lines indicate cut membrane pieces
probed with different mouse (magenta) and rabbit (green) antibodies, and imaged together using two-color
fluorescent imaging. Brightness and contrast were individually adjusted for each antibody shown.

Translation Site merge 1 hour Translation Site merge 1 hour
(SCFv-GFP) 9 Torin (SCFV-GFP) 9 Torin

Figure 2.9: Single-molecule imaging of translation in LARP1 KO and LARP1/1B KO cell lines. (A)
Representative images of LARP1 KO cell lines expressing canonical and 5" TOP mRNAs (MCP-Halo foci,
magenta) undergoing translation (scFv-GFP foci, green) in the absence or presence of mTOR inhibitor Torinl
(250 nM, 1 hour). (B) Representative images of LARP1/1B KO cell lines expressing canonical and 5"'TOP mRNAs
(MCP-Halo foci, magenta) undergoing translation (scFv-GFP foci, green) in absence or presence of mTOR
inhibitor Torin1 (250 nM, 1 hour). Scale bars = 5 pm.

Canonical MARP1 KO
Canonical LARP1/1B KO

5'TOP LARP1 KO
5TOP LARP1/1B KO

Following the validation of the LARP1/1B KO cell lines, we quantified the translation of 5'TOP and
canonical mRNAs (>200 mRNAs per condition) in the absence of LARP1/1B (Fig. 2.9B). Both the
distribution of SunTag intensities (Fig. 2.10C) and the fraction of translating canonical and 5" TOP
mRNAs per cell (Fig. 2.10D) responded similarly to Torin1 treatment (1 hour) as obtained for LARP1
KO cells, suggesting that LARP1B does not affect 5TOP translational regulation. These results
are consistent with an earlier study in HEK cells, which also found that translational repression of
endogenous 5 TOP transcripts could not be rescued further by combinatory deletion of LARP1/1B
(Philippe et al., 2020), arguing against functional redundancy of LARP1 and LARP1B.

While we did not observe a rescue of 5 TOP translation when cells were treated with Torin1 for 1 hour,
we could not exclude the possibility that the effect of loss of LARP1/1B might be more pronounced

at other time points. To characterize the kinetics of Torin1-mediated translational inhibition, we
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Figure 2.10: Loss of LARP1 partially alleviates 5 TOP translational repression during Torin1 treatment.
(A) Quantification of translation site intensities in LARP1 KO cells + Torin1 (250 nM, 1 hour). SunTag intensities
are plotted for all mRNAs overlaid with the mean + SD (>652 mRNAs per condition, n=3). (B) Fraction of
mRNAs undergoing translation quantified per cell in LARP1 KO cells + Torin1 (250 nM, 1 hour). Values are
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Figure 2.10: continued from previous page: (C) Quantification of translation site intensities in LARP1/1B KO
cells + Torin1 (250 nM, 1 hour). SunTag intensities are plotted for all mRNAs (colored circles) overlaid with
the mean + SD (>218 mRNAs per condition, n=3). (D) Fraction of mRNAs undergoing translation quantified
per cell in LARP1/1B KO cells + Torin1 (250 nM, 1 hour). Values are plotted for each cell (colored circles)
overlaid with the mean £ SD (>30 cells per condition, n=3). For statistics, unpaired t tests were performed,
with statistical significance claimed when p < 0.05 (ns = not significant, * = p < 0.05, ** = p < 0.01, **** = p <
0.0001. (E) Time course of fraction of translating mRNAs per cell for canonical and 5'TOP reporter cell lines
in the presence (WT) or absence of LARP1/1B (KO). Cells were treated with 0, 30, 60, 120, and 240 min Torin]1.
Values are plotted as the mean + SEM (>30 cells per condition, n=3).

performed SunTag imaging of the canonical and 5’ TOP cell lines at additional time points (30 minutes,
2 hours, and 4 hours, Fig. 2.10E). For both WT and LARP1/1B KO cells, the canonical mRNAs showed
a gradual decrease in translation during the first hour of Torinl treatment that remained low at later
time points. To test whether prolonged mTOR inhibition is required to repress canonical mRINA
translation, we quantified translation of canonical mRNAs in WT cells treated with Torin1 for 24
hours. Interestingly, the majority of canonical mRNAs remained translating at this longer timepoint
(Fig. 2.12). 5TOP mRNAs in WT cells decreased in translation within 1 hour of Torin1 to a minor
fraction of translating mRNAs (30min Torinl: 39%, 1 hour Torinl: 16%) and remained at this level at
the 2 hours (14%) and 4 hours (19%) timepoints (Fig. 2.10E). In LARP1/1B KO cells, translation of
5'TOP mRNAs also decreased with no change in the timing of repression, but a decrease in its extent
(30min Torin1: 50%, 1 hour Torinl: 30%), however at the 2 hours (42%) and 4 hours (46%) timepoints,
we observed a slight increase in translation. These results suggested that while LARP1 may contribute
to translation repression of 5’ TOP mRNAgs, it is not the dominant regulatory factor during mTOR

inhibition.
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Figure 2.11: Validation of LARP1/1B KO cell lines. (A) CRISPR-Cas9 editing strategy for LARP1B gene
locus, using two sgRNAs targeting exon 4 of LARP1B upstream of any domain of known function (sgRNA
1 taken from Philippe et al., 2020). (B) Validation of 100bp truncations of LARP1B, using cDNA generated
from total RNA extracted from LARP1/1B KO canonical and 5'TOP mRNA cell lines used for single-molecule
imaging. (C) Genotyping of canonical and 5"TOP LARP1/1B KO clones used for single-molecule imaging (Fig.
2C-E), showing 100 bp truncations of LARP1B exon 4 resulting in frameshifting and premature termination
codons. (D) Western blot analysis of mTORCI1 signaling in canonical and 5"TOP LARP1/1B KO cell lines
used for single-molecule imaging. Upon 1 hour Torin1 (250 nM), mTORCI targets are dephosphorylated, as
shown with phosphorylation-specific antibodies for Pho-4EBP1Ser65, Pho-S6K1 and Pho-RPS6, and the shift
of 4EBP1 migration size. Lines indicate cut membrane pieces probed with different mouse (magenta) and rabbit
(green) antibodies, and imaged together using two-color fluorescent imaging. Brightness and contrast were
individually adjusted for each antibody shown.
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2.3.3 4EBP1/2 KD rescues translation of 5TOP mRNAs during Torin1 treatment

4EBP1/2 are thought to generally repress translation during mTORC1 inhibition but have also been
previously implicated in specifically affecting 5" TOP mRNAs (Thoreen et al., 2012). Using lentiviral
infection, stable small hairpin RNA (shRNA)-mediated KD cell lines were generated in the WT and
LARP1/1B KD background for both 5'TOP and canonical mRNA cell lines. Western blot analysis
confirmed the depletion of 4EBP1/2 levels in all four cell lines (Fig. 2.13A and B). Furthermore, the
dephosphorylation of RPS6 and residual 4EBP1 upon 1 hour Torin1 indicated that mMTORCI signaling
was unperturbed in the 4EBP1/2 KD cell lines (Fig. 2.13C and D).

Having validated the 4EBP1/2 KD cell lines, we measured the translation of canonical and 5'TOP
mRNAs in the absence of 4EBP1/2 (Fig. 2.14). In untreated cells, the reduction of 4EBP1/2 resulted
in increased SunTag intensities for both canonical and 5'TOP mRNAs in cell lines with WT LARP1
(Fig. 2.15A, >1000 mRNAs per condition) and LARP1/1B KO (Fig. 2.15C, >700 mRNAs per condition)
compared to cells with WT levels of 4EBP1/2 (Fig. 2.1C). This suggested that when mTOR is active,
4EBP1/2 can still weakly repress translation initiation presumably through fluctuations in mTOR
signaling during cell growth. Surprisingly, the SunTag intensities of both canonical and 5 TOP
mRNAs were not reduced upon 1 hour Torin1 treatment in 4EBP1/2 KD cell lines with WT LARP1
(Fig. 2.15A) or LARP1/1B KO (Fig. 2.15C). Analyzing the fraction of translating canonical mRNAs
revealed no change in translation upon Torin1 treatment for cells with WT LARP1 (Fig. 2.15B) and
LARP1/1B KO (Fig. 2.15D), in contrast to the previously observed mild decrease in translation of
canonical mRNAs upon 1 hour Torin1 (Fig. 2.1D). Importantly, the fraction of translating 5'TOP
mRNAs was not significantly reduced by Torin1 treatment in 4EBP1/2 KD cell lines with WT LARP1
(Fig. 2.15B, untreated: 77%, treated: 70%) or LARP1/1B KO (Fig. 2.15D, untreated: 79%, treated:
77%), indicating a full rescue of translation compared to the previous partial rescue observed in
LARP1 KO cells. To exclude the possibility that translational repression is delayed in the absence of
4EBP1/2, we investigated the kinetics of mTOR inhibition in the 4EBP1/2 KD cell lines (Fig. 2.15E),
which revealed that canonical and 5'TOP mRNAs remain similarly insensitive to Torin1 treatment at

prolonged Torin1 treatment (2 hours, 4 hours). These experiments indicate that despite the difference
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Figure 2.13: Validation of shRNA-mediated KD of 4EBP1/2 proteins. (A) Western blot analysis of stable
KD of 4EBP1/2 proteins in canonical and 5" TOP mRNA cell lines with WT LARP1 (left) or LARP1/1B KO
(right). Depletion of 4EBP1 and 4EBP2 proteins was analyzed in mTOR active cells with 4EBP1 and 4EBP2
antibodies. (B) Quantification of KD efficiency in canonical and 5'TOP mRNA cell lines with WT LARP1. Total
lysate was loaded in amounts of 10, 5, and 2.5 pg to test antibody linearity, and semi-quantitative estimates of
KD efficiency were calculated (4EBP1/2 KD/WT) for both cell lines. (C) Western blot analysis of mMTORC1
signaling in 4EBP1/2 KD cell lines with WT LARP1 (left) or LARP1/1B KO (right). Upon 1 hour Torin1, RPS6
became dephosphorylated as seen by the decreased signal for Pho-RPS6. 4EBP1 and 4EBP2 are detected at
low levels. (D) Western blot analysis of mMTORCI1 signaling in 4EBP1/2 KD reporter cell lines with WT LARP1
(left) or LARP1/1B KO (right). Upon 1 hour Torin1 (250 nM), residual 4EBP1 becomes dephosphorylated as
seen by the disappearance of Pho-4EBP15, Lines indicate cut membrane pieces probed with different mouse
(magenta) and rabbit (green) antibodies, and imaged together using two-color fluorescent imaging. Brightness
and contrast were individually adjusted for each antibody shown.
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Figure 2.14: Single-molecule imaging of translation in 4EBP1/2 KD, 4EBP1/2 KD_LARP1/1B KO cell
lines. (A) Representative images of canonical and 5’ TOP reporter mRNAs in 4EBP1/2 KD cells (MCP-Halo
foci, magenta) undergoing translation (scFv-GFP foci, green) in absence or presence of mTOR inhibitor Torin1
(250 nM, 1 hour). (B) Representative images of canonical and 5 TOP mRNAs in 4EBP1/2 KD_LARP1/1B KO
cells (MCP-Halo foci, magenta) undergoing translation (scFv-GFP foci, green) in absence or presence of mTOR
inhibitor Torin1 (250 nM, 1 hour). Scale bars = 5 pm.

in magnitude of translation repression during Torin1 treatment, 4EBP1/2 is responsible for the weak
inhibition of canonical mRNAs and the stronger inhibition of 5'TOP mRNAs. Our data supports
a model where 5'TOP mRNAs are intrinsically more sensitive to 4EBP1/2-mediated translational
regulation, which results in a minor difference in translation when mTOR is active, and a pronounced

difference in translation when mTOR is inhibited.

Alternatively, our data could potentially be explained by the presence of additional cis-acting sequence
elements within the RPL32 5'UTR of our 5" TOP mRNA reporter that were absent in the 5’UTR of
the canonical mRNAs. The RPL32 5'UTR is 50 nucleotides in length and contains the 5" TOP motif
(positions +1 to +11) as well as a PRTE at positions +38 to +47 (Fig. 2.16A). A PRTE is found in the
5'UTRs of the majority of 5"TOP mRNAs and has been proposed to also be an alternative binding
site for LARP1, though its contribution to translational regulation during mTOR inhibition remains
largely unknown (Hong et al., 2017). To further dissect the contribution of the 5 TOP and PRTE motifs,
we generated two additional live-cell imaging cell lines carrying a single-copy genomic integration of
modified RPL32 5'UTR reporters, one where only the 5" TOP motif was mutated (A5 TOP) and one
where the 5 TOP and the PRTE motifs were mutated (A5"TOP/PRTE, Fig. 2.16A). We confirmed the
sequence of the 5'UTRs in the A5'TOP and A5'TOP/PRTE mRNAs by 5’ end sequencing, and imaged
their translation in the absence or presence of Torin1. Importantly, we find that both the A5"TOP
and A5'TOP/PRTE mRNAs respond only weakly to Torinl treatment, with a similar decrease in
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Figure 2.15: Loss of 4EBP1/2 is sufficient to alleviate 5 TOP translational repression during Torin1
treatment. (A) Quantification of translation site intensities of reporter mRNAs in 4EBP1/2 KD cells + Torin1
(250 nM, 1 hour). SunTag intensites are plotted for all mRNAs (colored circles) overlaid with the mean + SD
(>1344 mRNAs per condition, n=>5). (B) Fraction of mRNAs undergoing translation quantified per cell for
reporter mRNAs in 4EBP1/2 KD cells + Torin1 (250 nM, 1 hour).
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Figure 2.15: continued from previous page: Values are plotted for each cell (colored circles) overlaid with
the mean + SD (>204 cells per condition, n=>5). (C) Quantification of translation site intensities of reporter
mRNAs in 4EBP1/2 KD_LARP1/1B KO cells * 1 hour Torin1 (250 nM). SunTag intensities are plotted for all
mRNAs overlaid with the mean + SD (>>783 mRNAs per condition, n=3). (D) Fraction of mRNAs undergoing
translation quantified per cell of reporter mRNAs in 4EBP1/2 KD_LARP1/1B KO cells + Torin1 (250 nM, 1
hour). Values are plotted for each cell (colored circles) overlaid with the mean £ SD (>97 cells per condition,
n=3). For statistics, unpaired t tests were performed, with statistical significance claimed when p < 0.05 (ns =
not significant). (E) Time course of fraction of translating mRNAs per cell for canonical and 5’ TOP reporters
in 4EBP1/2 KD cells with WT LARP1 or with LARP1/1B KO. Cells were treated with 0, 30, 60, 120, and 240
min Torin1. Values are plotted as the mean + SEM (>97 cells per condition, n=3-5).

the fraction of translating mRNAs per cell as observed for the canonical mRNAs (Fig. 2.16B, C, H),
which is consistent with previous reports that the 5'TOP motif is both necessary and sufficient for
the selective translational repression upon mTOR inhibition (Avni et al., 1997; Biberman & Meyubhas,
1997).

Next, we generated both CRISPR-Cas9 LARP1 KO and shRNA-mediated 4EBP1/2 KD cell lines
carrying the A5"TOP mRNAs, and validated the loss of the respective protein and unperturbed
mTORCI1 signaling by western blot (Fig. 2.17A, B). Similar to our previous experiments with canonical
mRNAs (Fig. 2.10B, 2.15B), we found that loss of LARP1 did not alleviate the mild translational
repression of A5"TOP mRNAs upon Torin1 treatment (Fig. 2.16D, E), and that depletion of 4EBP1/2
fully alleviated Torin1-mediated translational repression (Fig. 2.16F, G, H).
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Figure 2.16: Mutation of 5 TOP motif is sufficient to relieve 5 TOP translational repression of RPL32
5'TOP mRNAs. Single-molecule imaging of 5 TOP reporter mRNAs with the 5 TOP motif mutated (A5 TOP),
or the 5'TOP motif and downstream pyrimidine-rich translational element mutated (A5 TOP/PRTE). (A)
Full-length RPL32 5'UTR contained in the 5'TOP reporter mRNA aligned against the mutated RPL32 5'UTRs
contained in the A5"TOP and A5 TOP/PRTE reporter mRNAs. The mutated 5" TOP motif sequence matches
the cap-adjacent sequence of the canonical reporter mRNA (+1 - +11).
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Figure 2.16: continued from previous page: (B) Quantification of translation site intensities of A5"TOP and
A5'TOP/PRTE mRNAs in absence or presence of Torin1 (250 nM, 1 hour). SunTag intensities are plotted for all
mRNAs overlaid with the mean + SD (>628 mRNAs per condition, n=3). (C) Fraction of mRNAs undergoing
translation quantified per cell for A5"TOP and A5’ TOP/PRTE mRNAs in absence or presence of Torin1 (250
nM, 1 hour). Values are plotted for each cell overlaid with the mean + SD (>110 cells per condition, n=3). (D)
Quantification of translation site intensities of A5"TOP mRNAs in LARP1 KO cells + Torin1 (250 nM, 1 hour).
SunTag intensities are plotted for all mRNAs overlaid with the mean + SD (>730 mRNAs per condition, n=3).
(E) Fraction of translating mRNAs per cell for A5'TOP mRNAs in LARP1 KO cells + Torin1 (250 nM, 1 hour).
Values are plotted for each cell overlaid with the mean + SD (>127 cells per condition, n=3). (F) Quantification
of translation site intensities of A5"TOP mRNAs in 4EBP1/2 KD cells + Torin1 (250 nM, 1 hour). SunTag
intensities are plotted for all mRNAs overlaid with the mean + SD (>1598 mRNAs per condition, n=3). (G)
Fraction of translating mRNAs per cell for A5 TOP mRNAs in 4EBP1/2 KD cells + Torin1 (250 nM, 1 hour).
Values are plotted for each cell overlaid with the mean + SD (>235 cells per condition, n=3). For statistics,
unpaired t tests were performed, with statistical significance claimed when p < 0.05 (ns = not significant, * = p <
0.05, ** = p < 0.01). (H) Overview of the mean fraction of translating mRNAs per cell for canonical, 5 TOP,
A5'TOP, and A5'TOP/PRTE mRNAs in absence or presence of 1 hour Torinl1, listed for WT cells, LARP1 KO
cells, and 4EBP1/2 KD cells.
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Figure 2.17: Western blot validation of LARP1 KO and 4EBP1/2 KD for A5'TOP and A5’ TOP/PRTE
cell lines. (A) Western blot analysis of LARP1 protein expression in WT and LARP1 CRISPR-Cas9 edited
single clonal cell lines, confirming full loss of LARP1 protein expression. mMTORC1 signaling is unperturbed in
the LARP1 KO cells, as shown with phosphorylation-specific antibodies for Pho-4EBP 157>, Pho-S6K1 and
Pho-RPS6. (B) Western blot analysis of 4EBP1/2 protein levels in WT and stable shRNA-mediated KD cells,
confirming high KD efficiency. mTORCI signaling of S6K1 and RPS6 phosphorylation is unperturbed in the
4EBP1/2 KD cells, as shown with phosphorylation-specific antibodies for Pho-S6K1 and Pho-RPS6. Lines
indicate cut membrane pieces probed with different mouse (magenta) and rabbit (green) antibodies, and imaged
together using two-color fluorescent imaging. Brightness and contrast were individually adjusted for each
antibody shown.
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2.3.4 LARP1 KO results in global decreased mRNA stability of 5TOP mRNAs

In addition to its role in 5'TOP translational repression, LARP1 has been reported to protect mRNAs
from degradation (Al-Ashtal et al., 2019; Aoki et al., 2013; Kozlov et al., 2022; Mattijssen et al., 2021;
Park et al., 2023). It is currently unclear whether this protective role of LARP1 is restricted to 5" TOP
mRNAs, TOP-like mRNAs, or affects all mRNAs (Philippe et al., 2020). To study the effect of LARP1
and 4EBP1/2 loss on global gene expression in growing cells when mTOR is active, we extracted
total RNA from our cell lines and performed RNAseq. The canonical and 5" TOP mRNA cell lines
of the same genotype were sequenced together as biological replicates since expression of different
reporter mRNAs should not have a global effect on gene expression and combining the independently

generated cell lines reduces potential off-target effects caused by either CRISPR KO or shRNA KD.

To determine the effect of LARP1 loss on gene expression, we compared the transcriptome of LARP1
KO and WT cells (12,403 transcripts, CPM>1, pseudogenes excluded). As expected, LARP1 transcript
levels were downregulated in the KO cell lines to 30% of WT levels. Volcano-plot analysis of the
transcriptome changes of KO vs WT cell lines (biological replicates: n=2 for LARP1 WT, n=8 for
LARP1 KO) revealed that the most significantly affected mRNAs are endogenous 5" TOP mRNAs,
which are almost all downregulated in the LARP1 KO cells (Fig. 2.18A, blue circles). Analyzing
all known 5'TOP mRNAs, 70 out of 94 5'TOPs are found to be significantly downregulated (log2
FC < -0.5, -log10 p-value > 5), as well as 85 significantly downregulated non-5"TOP RNAs and
40 significantly upregulated non-5"TOP RNAs (orange circles). In contrast, previously identified
TOP-like mRINAs, which were predicted to be translationally regulated by LARP1 based on sequence

similarity (Philippe et al., 2020), were mostly unaffected in their expression.

In order to determine if depletion of 4EBP1/2 also affected the levels of 5'TOP transcripts, we
compared the transcriptome of 4EBP1/2 KD cells to WT cells (13,832 transcripts, CPM>1, pseudogenes
excluded). Consistent with shRNA KD of 4EBP1/2, we found the levels of these two transcripts to be
reduced by 91% (4EBP1) and 71% (4EBP2), and that LARP1 expression was unaltered in both cell lines.
A small number of transcripts showed significantly altered expression, however, these do not include
known 5'TOP mRNAs (65 transcripts, Fig. 2.18B, orange circles, abs log2 FC > 0.5, -log 10 p-value >
5). Additionally, the altered mRNAs did not match mRINAs described to be sensitive to eIF4E levels in
mice (Truitt ef al., 2015). In contrast to the dominant role of 4EBP1/2 in regulating translation during
mTOR inhibition, these results indicate that LARP1 regulates levels of 5'TOP transcripts when mTOR
is active (Fig. 2.18C). To validate our RNAseq results with an orthogonal approach, we performed
single-molecule fluorescence in situ hybridization (smFISH) on three endogenous 5 TOP transcripts
(RPL5, RPL11, RPL32) and a non-5"TOP control (MYC), which confirmed the selective decrease of
5'TOP mRNAs in the LARP1 KO cell lines, with no change of 5TOP mRNAs in the 4EBP1/2 KD cell
lines (Fig. 2.19).

The selective downregulation of endogenous 5 TOP mRNAs we observed in the absence of LARP1
suggested that LARP1 specifically stabilizes 5 TOP mRNAs. To confirm that the changes in steady-state

expression were caused by mRINA destabilization and were not due to changes in transcription, we
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Figure 2.18: Loss of LARP1 results in selective destabilization of 5 TOP mRNAs. (A) Differential gene
expression analysis of LARP1 KO cells compared to WT cell lines. Significantly down- and upregulated mRNAs
are highlighted (-log10 p-value > 5, and abs log2 FC > 0.5) indicating all classical 5TOP mRNAs (blue circles)
as well as all significant non-5"TOP mRNAs (orange circles). For WT, data is the average of n=2 biological
replicates (canonical and 5'TOP reporter cell lines, averaged). For LARP1 KO, data is the average of n=8
biological replicates (4 KO clones of each reporter cell line). (B) Differential gene expression analysis of 4EBP1/2
KD reporter cell lines compared to WT reporter cell lines. Significantly down- and upregulated mRNAs are
highlighted (orange circles, -log10 p-value > 5, and abs log2 FC > 0.5). 5"TOP mRNAs (blue) are unaffected by
4EBP1/2 KD. Data shown for n=2 biological replicates (canonical and 5'TOP reporter cell lines, averaged). (C)
Fold change of 5" TOP mRNAs shown in (A) and (B). Mean fold change (log2) in LARP1 KO cells = -0.68, in
4EBP1/2 KD cells = -0.06. (D) Correlation plot of mRNA half-lives in LARP1 KO compared to WT reporter cells.
Experimental setup of global mRNA stability analysis using 4-thiouridine (S4U) labelling (SLAMseq) shown
on top, with 24 hours S4U labelling, wash-out, and timepoint collection. RNAs with significantly decreased
stability (log2 FC < -1) are highlighted for 5'TOP mRNAs (blue circles) and non-5TOP mRNAs (orange circles),
as well as non-significantly downregulated 5" TOP mRNAs (magenta circles). (E) List of all RNAs highlighted in
(D), ranked by log2 FC for 5'TOP mRNAs and non-5'"TOP mRNAs separately.
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Figure 2.19: Validation of RNAseq results for select 5 TOP mRNAs by smFISH. (A) Representative
smFISH images of WT and LARP1 KO cells, showing smFISH spots for endogenous 5 TOP (RPL5, RPL11, RPL32:
green, quasar-570 dye) and non-5"TOP control mRNAs (MYC: magenta, atto-633 dye). (B) Quantification of
5'TOP (RPL5, RPL11, RPL32), and non-5"TOP (MYC) mRNA spots per cell for WT, 4EBP1/2 KD, and LARP1
KO cell lines used in Fig. 2.18A-C. The mean of canonical and 5'TOP reporter cell lines are shown as biological
replicates (n=2). (C) Mean fold changes of RPL5, RPL11, RPL32, and MYC mRNA levels (mutant/WT) as
determined by smFISH or RNAseq (Fig. 2.18). For all 5"TOP mRNAs tested, smFISH recapitulates the selective
decrease of 5 TOP mRNA levels measured for LARP1 KO cells.
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performed global mRNA half-life measurements using SLAMseq (Herzog et al., 2017)). WT and LARP1
KO cells of both canonical and 5" TOP cell lines were incubated with S4U for 24 hours, followed by
wash-out and harvesting of cells over a 12 hour time course. Half-lives of mRINAs were calculated
using a single-exponential decay fit for 9,837 transcripts (R2 > 0.75, pseudogenes excluded). In
agreement with previous measurements of mammalian mRINA half-lives, the global median half-life
for both WT and LARP1 KO HeLa cell lines was ~4 hours (Fig. 2.20A), indicating that loss of LARP1
does not globally destabilize all mRNAs. Correlation analyses showed a high correlation in mRNA
half-lives among the four cell lines (r=0.90-0.94), allowing us to compare the mRNA half-lives in
WT vs LARP1 KO cell lines (Fig. 2.18D, n=2). In agreement with our RNAseq results, nearly all
94 5'TOP mRNAs detected in the SLAMseq experiment have decreased mRNA stability, with 66
5'TOP mRNAs changing by > 2-fold (Fig. 2.18D). A few 5 TOP mRNAs seem largely unaffected
by LARP1 loss (including PABPC1), suggesting the potential involvement of additional stabilizing
factors for these transcripts. Furthermore, the length of the 5" TOP motif or presence of a PRTE
motif within the 5'UTR does not correlate with the change in mRNA half-lives (Fig. 2.20B). Only six
non-5"TOP mRNAs were found to be destabilized > 2-fold and three of these transcripts (NOP53,
LGALS1, SLC25A6) have annotated transcription start sites that contain 5 TOP motifs suggesting
that they could be similarly regulated in HelLa cells. Taken as a whole, our results support a model of
LARP1-mediated stabilization that is highly selective for 5'TOP mRNAs.
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Figure 2.20: Global analysis of mRNA half-lives determined by SLAMseq.(A) Distribution of RNA
half-lives estimated from SLAMseq data for WT and LARP1 KO cell lines. Values are plotted with the median
and interquartile range. (B) List of 5'TOP mRNAs from SLAMseq data, ranked by log2 fold change (LFC). The
sequence of the first 14 nt of the 5’'UTR containing the 5 TOP motif (RPL23A 5"UTR: 12 nt), the length of the
5'TOP motif, and presence or absence of a PRTE within the 5'UTR is shown.
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2.4 Discussion

In this study, we employed single-molecule imaging to study the regulation of translation of 5'TOP
mRNAs upon mTOR inhibition that allowed us to directly quantify the effect of LARP1 and 4EBP1/2.
By imaging and quantifying the translation status of individual mRNAs, we find that 4EBP1/2 plays a
dominant role compared to LARP1 in mediating 5"TOP translational repression during short-term
(30 minutes - 4 hours) pharmacological inhibition of mTOR in HeLa cells. Previously, studies that
used genome-wide ribosome or polysome profiling determined that LARP1 and 4EBP1/2 regulate
5'TOP translation during mTOR inhibition (Fonseca et al., 2015; Gandin et al., 2016; Jia et al., 2021;
Miloslavski et al., 2014; Philippe et al., 2020; Thoreen, 2017; Thoreen et al., 2012), however, the
magnitude of their respective contributions was difficult to measure due to the inherent limitations
of these approaches. We believe this highlights the power of single-molecule imaging methods for

quantifying translation in living cells in order to determine the specific effects of translation factors.

While our results indicate that 4EBP1/2 is the critical factor in mediating 5"TOP translational re-
pression, the underlying molecular mechanism is not entirely clear. Although we cannot exclude the
possibility of a still unknown factor acting downstream of 4EBP1/2, we favor a model where the trans-
lation of 5"TOP mRNAs is more sensitive to active eIF4E levels. In vitro experiments have determined
that eIF4E binds with ~3-fold weaker affinity to m7GTP-capped oligonucleotides with a +1 cytosine
than either purine, which is consistent with translation of 5'TOP mRNAs being slightly lower than a
non-5'"TOP mRNA when mTOR is active and then preferentially repressed when available eIF4E levels
become extremely limited during mTOR inhibition (Meyuhas, 2000; Tamarkin-Ben-Harush et al.,
2017; van den Elzen et al., 2022). This model is also in line with previous work that found inducible
overexpression of elF4E to specifically upregulate the translation of 5 TOP mRNAs (Mamane et al.,
2007), as well as recent work that showed that 5'TOP mRNAs are less sensitive to mTOR inhibition
in acutely PABPC1-depleted cells where global mRNA levels are reduced (Kajjo et al., 2024).

Interestingly, in the X-ray structure of human elF4E in complex with m7pppA, the C-terminal tail of
elF4E adopts a conformation that enables Thr205 to form a hydrogen bond with the exocyclic amine
of the adenine base (Tomoo et al., 2002). While the position of the eI[F4E C-terminal tail has not been
determined when bound to longer RNA sequences, phosphorylation of Ser209 is known to enhance
translation indicating that additional residues in this region may have functional roles (Furic et al.,
2010). Alternatively, other canonical translation factors (e.g. elF4G or 4EBP1/2) may also contribute
to 5'TOP specificity through additional interactions (Jin et al., 2020; Zinshteyn et al., 2017).

While LARP1 may not be the key repressor in 5'TOP translational regulation, our data supports a major
role of LARP1 in mediating 5'TOP mRNA stability when mTOR is active. Previous work established
a link between LARP1 and mRINA stability, with LARP1 binding both PABPC1 and the polyA tail and
inhibiting deadenylation (Al-Ashtal et al., 2019; Aoki ef al., 2013; Fuentes et al., 2021; Gentilella et al.,
2017; Kozlov et al., 2022; Mattijssen et al., 2021; Ogami et al., 2022; Smith et al., 2020). It has been
unclear whether this protective role is restricted to 5"TOP mRNAs as binding to PABPC1/polyA is
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anticipated to not be selective, and crosslinking studies have found LARP1 complexed with thousands
of mRNAs (Hong et al., 2017; Mura et al., 2015; Smith et al., 2020). Our results show a highly selective
destabilization of nearly all 5TOP mRNAs upon loss of LARP1, with virtually all other mRNAs being
largely unaffected. Similarly, a recent study found that loss of LARP1 resulted in rapid deadenylation
of short polyA tails of all nRNAs, with 5'TOP mRNAs being more affected than other types of mRNAs
(Park et al., 2023). It is possible that differences in LARP1 depletion or measurement of mRNA stability
versus polyA-tail length may account for the differences in specificity for 5 TOP mRNAs between the

studies.

Previous studies have focused on the role of LARP1 in protecting 5" TOP mRNAs in mTOR inhibited
cells, as LARP1 has been shown to be recruited to 5 TOP mRNAs upon mTOR inhibition (Fuentes et al.,
2021; Smith et al., 2020). Our findings raise the intriguing question of how LARP1 can be specifically
recruited to 5" TOP mRNAs when mTOR is active. While it has been proposed that LARP1 can interact
with its La-motif with both the 5'TOP motif and PABPC1 (Al-Ashtal et al., 2019), it is not clear that
this interaction is compatible with elF4F binding and translation initiation. Recent structural work of
the human 488 preinitiation complex suggests that there could be a “blind spot” of ~30 nucleotides
adjacent to the cap that might allow LARP1 to bind the 5" TOP sequence without blocking initiation
though this model requires biochemical and structural characterization (Brito Querido et al., 2020).
Importantly, we do not observe any correlation between change in mRNA half-lives with either length
of 5'TOP motif or presence of PRTE in the 5'UTR suggesting that the position of the pyrimidines
directly adjacent to the cap is necessary for this effect on mRNA stability. Interestingly, LARP1 was
shown to promote the localization of ribosomal mRNAs in a PRTE-dependent manner but did not
require the more strict 5 TOP motif suggesting that LARP1’s interaction with ribosomal mRNAs and

its functional consequence could be context-dependent (Goering et al., 2023).

While our translation site imaging experiments are limited to the characterization of four reporter
mRNAs (canonical, 5 TOP, A5'TOP, A5"TOP/PRTE), we have shown that the results are consistent
with previous studies that characterized endogenous ribosomal protein mRINAs, however, single-
molecule experiments in living cells allow more accurate quantification of the effect of loss of LARP1
and 4EBP1/2. We anticipate that similar results would be obtained with 5" TOP sequences derived
from ribosomal protein mRNAs other than RPL32, though the magnitude of the difference in transla-
tion repression could be different if compared to another non-5'TOP transcript. Additionally, the
continued development of methodologies for imaging translation of single mRNAs for extended
time periods and the interplay of translation with mRNA decay will enable the dynamics of mTOR
regulation to be quantified in greater detail (Dave et al., 2023; Livingston et al., 2022).
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2.5 Materials and Methods

Materials

All antibodies used in this study are listed in Table 2.1. All chemicals, plasmids, viruses, cell lines,

sgRNA, and shRNA used in this study are listed in Supplementary Table S1.

Primary Antibodies Provider Cat. #
LARP1 Bethyl Labs A302-087A
LARP1 Cell Signaling Technology | 70180
TUBAI1B Cell Signaling Technology | 3873
MTOR Cell Signaling Technology | 2983
Pho-RPS6 (Ser235/236) Cell Signaling Technology | 2211
Pho-RPS6 (Ser235/236) Cell Signaling Technology | 4856
Pho-4EBP1 (Ser65) Cell Signaling Technology | 9451
4EBP1 Cell Signaling Technology | 9452
4EBP2 Sigma-Aldrich MABS1865
Pho-S6K1 (Thr389) Cell Signaling Technology | 9234
Secondary Antibodies

IRDye® 680RD Goat anti-Mouse IgG | LI-COR 926-68070
IRDye® 800CW Goat anti-Rabbit IgG | LI-COR 926-32211

Table 2.1: Antibodies.

Cell culture

The HeLa-11ht cell lines expressing either RPL32 5'TOP SunTag or non-5"TOP canonical SunTag
mRNAs used in this study were previously generated in the Chao lab (Wilbertz et al., 2019), and the
corresponding plasmids are available from Addgene (#119946, #119945). The reporter cell lines were
grown in 10% fetal bovine serum (FBS)-dulbecco’s modified eagle medium (DMEM) containing 4.5
g/L glucose, 100 ug/ml penicillin and streptomycin, 4 mM L-glutamine, and 10% FBS at 37°C and
5% CO,. To maintain the reverse tetracycline-controlled transactivator (rtTA2-M2) for inducible

expression, the medium was supplemented with 0.2 mg/ml G418.

HEK293T used for lentivirus production were grown in 10% FBS-DMEM medium containing 4.5
g/L glucose, 100 pg/ml penicillin and streptomycin, 4mM L-glutamine, and 10% FBS at 37°C and 5%
COs.

Validation of transcription start sites for 5TOP and canonical SunTag transcripts

For mapping of transcription start sites, total RNA was converted into full-length adapter-ligated
double-stranded ¢cDNA using the TeloPrime Full-Length cDNA Amplification Kit V2 (Lexogen),
which employs a cap-specific adapter selective for intact mRNAs. ¢cDNA 5’-terminal sequences
were amplified by PCR using a gene-specific primer and TeloPrime forward primer, cloned into the

pCR-Blunt vector (Thermo Fisher Scientific), and sequenced.
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CRISPR KO cell line generation

To generate LARP1 CRISPR KO clones, parental HeLa-11ht cell lines expressing the reporter mRNAs
were transiently co-transfected with two Cas9 plasmids, each containing Cas9 and a sgRINA targeting
a sequence within exon 4 of LARP1, enhancing efficiency of KO cell line generation (Chu et al.,
2015; Cong et al., 2013). Transient transfections were performed following the manufacturer’s
instructions using Lipofectamine 2000 (Invitrogen) and Opti-MEM (Thermo Fisher Scientific). Two
days after transient transfections, highly transfected cells were single-cell sorted into 96-well plates
for monoclonal selection (10% highest mCherry positive cells, using Cas9-T2A-mCherry). Single
clonal cell populations were screened for loss of LARP1 by immunostaining (Bethyl Labs #A302-087A)
in 96-well plates. For both 5'TOP and canonical SunTag cell lines, four KO clones each were verified
by western blot for loss of LARP1 protein expression. To generate LARP1B CRISPR KO clones,
the LARP1 KO reporter cell lines were similarly co-transfected with two Cas9 plasmids carrying
two different sgRNAs targeting sequences within exon 4 of LARP1B. Following the same steps as
described for generating LARP1 KO cell lines, clonal cell populations were screened by PCR for
presence of truncated LARP1B alleles, and subsequently verified by genomic DNA sequencing and
cDNA amplification.

shRNA stable KD cell lines

To generate 4EBP1/2 KD cells, two lentiviruses expressing different resistance genes were used that
contained shRNA sequences from the RNAi Consortium public library (https://www.broadinstitu
te.org/rnai-consortium/rnai-consortium-shrna-library) that were previously described (Thoreen
et al., 2012). The 4EBP1 shRNA lentivirus carrying puromycin resistance was purchased as lentiviral
particles (Sigma-Aldrich). The 4EBP2 shRNA was cloned into the pLKO.1_BlastR lentiviral backbone
(Bryant et al., 2010). To produce 4EBP2 shRNA lentivirus, HEK293T cells were co-transfected with
the 4EBP2 shRNA, the psPax2 envelope and the vsv-G packaging plasmids using Fugene6 (Promega)
according to the manufacturer’s instructions. Supernatant containing viral particles was harvested
daily for the next four days, centrifuged at 500 g for 10 minutes, and filtered through a 0.45 pm
filter to remove cell debris. The viral particles were concentrated by precipitation using the Lenti-X

concentrator (Clontech) and resuspended in cell culture medium.

For infection of HeLa cells expressing the reporter mRNAs, 10,000 cells were seeded in 12-well dishes
and co-infected the next day with 4EBP1 and 4EBP2 shRNA viruses in medium supplemented with
4 pg/ml polybrene (Merck). Cells were grown until confluency and re-seeded into 6-well dishes
prior to addition of 1 pg/ml puromycin (InvivoGen) and 5 pg/ml blasticidin (InvivoGen). Uninfected
HeLa-11ht cells were used to determine the minimal antibiotic concentrations that resulted in lethality
within 2-5 days. Double resistant cell lines with dual integration of 4EBP1/2 shRNAs were validated
by western blot for efficient stable KD of the targeted proteins.

Genomic DNA extraction

For genotyping of CRISPR edited cell lines, cells were harvested by trypsinization, and the genomic

DNA was extracted using the DNeasy kit (Qiagen) according to the manufacturer’s instructions.
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Primers specific to the target genes were designed using the Primer-Blast tool (https://www.ncbi.nlm
.nih.gov/tools/primer-blast/). Genomic DNA was amplified using Phusion High-Fidelity polymerase
(NEB), PCR products were cleaned using a PCR purification kit (Qiagen), and purified PCR products
were cloned into the pCR-Blunt vector (Thermo Fisher Scientific). For each cell line, a minimum of

10 clones were isolated and analyzed by Sanger sequencing to identify all edited alleles.

SDS-PAGE and Western Blotting

For protein extraction, cells were harvested by trypsinization and lysed in RIPA buffer (150 mM NaCl,
50 mM Tris, 0.1% SDS, 0.5% sodium deoxycholate, 1% Triton X-100) supplemented with 1x protease
inhibitor (Bimake.com) and SuperNuclease (Sino Biological). Cell lysate was centrifuged at 12,000
rpm for 10 minutes to remove cell debris, and the supernatant was loaded on a 4-15% gradient gel
using loading buffer supplemented with 100 mM dithiothreitol. Following SDS-PAGE, proteins were
transferred onto nitrocellulose or polyvinylidenfluorid membranes by semi-dry transfer (Trans-Blot
Turbo) and blocked in 5% BSA-TBST buffer (TBS supplemented with 0.1% Tween-20) for 1 hour
at room temperature. Primary antibodies were incubated overnight at 4°C in TBST or Intercept®
blocking buffer (LI-COR) supplemented with 0.1% Tween-20. The next day, the membrane was washed
3-5 times in TBST, and incubated for 1 hour at room temperature with the fluorescent secondary
antibodies diluted 1:10,000 in Intercept® blocking buffer with 0.1% Tween-20 (supplemented with
0.01% SDS for polyvinylidenfluorid membranes). Following 3-5 washes in TBST, membranes were
transferred to PBS and antibody fluorescence was detected at 700 and 800 nm using an Odyssey
infrared imaging system (LI-COR).

Total RNA extraction and cDNA synthesis

For total RNA extraction, cells were harvested by trypsinization and lysed in RNA lysis buffer following
the RNA Miniprep kit (Agilent). Genomic DNA contamination was reduced by on-column DNase
digestion as described in the manual, and purified RNA was stored at -80°C. For validation of LARP1B
CRISPR KO, total RNA was reverse transcribed to cDNA, which was used as the template for cDNA
amplification of edited LARP1B transcripts. LARP1B transcripts were amplified as described above

for genomic DNA validation.

Live-cell imaging

For live-cell imaging, cells were seeded at low density (20,000-30,000) in 35 mm glass-bottom p-dishes
(Ibidi) and grown for 2-3 days. On the day of imaging, the cells were incubated with JF549 or JF646
dyes (HHMI Janelia Research Campus, Grimm et al., 2015) to label the MCP-Halo coat protein for
30 minutes, unbound dye was removed (3 washes, PBS), and cells were kept in culture medium until
imaging. For induction of reporter mRNAs, 1 pg/ml doxycycline (Sigma-Aldrich) was added to each
dish at appropriate time points before each imaging session (30 minutes) to ensure the same duration

of doxycycline induction at the start of imaging for all dishes of an experiment.

At the start of imaging of each dish, culture medium was replaced with FluoroBrite imaging DMEM
(Thermo Fisher Scientific) supplemented with 10% FBS, 2 mM glutamine, and 1 pg/ml doxycycline.
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To inhibit mTOR, cells were treated with 250 nM Torinl1, 100 nM Rapamycin, 2.5 uM PP242, or 250
nM TAK228 for the specified duration, and the inhibitor was maintained throughout the imaging
session. To inhibit translation, cells were treated with 100 pg/ml puromycin 5 minutes prior to
the start of imaging, which was maintained throughout imaging. To allow elongating ribosomes to
run-off, cells were treated with 3 pg/ml harringtonine 10 minutes prior to the start of imaging, which
was maintained throughout imaging. For all experiments, the start of the 30 minutes imaging window
was recorded as the timepoint shown in the figures (e.g. imaging 60-90 minutes after Torin1 addition

= 60 minutes timepoint).

Cells were kept at 37°C and 5% CO, throughout image acquisition. All dual-color live-cell imaging
was performed on an inverted Ti2-E Eclipse (Nikon) microscope equipped with a CSU-W1 scan head
(Yokogawa), two back-illuminated EMCCD cameras iXon-Ultra-888 (Andor) with chroma ET525/50
m and ET575Ip emission filters, and an MS-2000 motorized stage (Applied Scientific Instrumentation).
Cells were illuminated with 561 Cobolt Jive (Cobolt), 488 iBeam Smart, 639 iBeam Smart (Toptica
Photonics) lasers, and a VS-Homogenizer (Visitron Systems GmbH). Using a CFI Plan Apochromat
Lambda 100x 0il/NA1.45 objective (Nikon), images were obtained with a pixel size of 0.134 pm. To
allow for simultaneous tracking of mRNA and translation sites, both channels were simultaneously

acquired by both cameras at 20 Hz for 100 frames in a single Z-plane (5 sec movies).

Live-cell data analysis

For image analysis, the first 5-14 frames of each movie (500 ms) were selected for single particle
tracking. First, images were corrected for any offset between the two cameras using TetraSpeck
fluorescent beads acquired on each imaging day. Using the FIJI (Rueden ef al., 2017; Schindelin et al.,
2012) descriptor-based registration plugin (Preibisch et al., 2010) in affine transformation mode, a
transformation model was obtained to correct the bead offset, and applied to all images of an imaging
day using a custom macro (Mateju et al., 2020). Subsequently, fine correction of remaining offsets
between images were corrected for each dish individually using the FIJI translate function run in a

custom macro, correcting for offsets occurring progressively throughout an imaging session.

Single-particle tracking and translation site quantification was performed as described previously
(Mateju et al., 2020). In short, using the KNIME analytics platform and a custom-build data processing
workflow, regions-of-interest (ROIs) were manually annotated in the mRNA channel, selecting
cytosolic regions with multiple bright spots. Importantly, annotation solely in the mRNA channel
excludes any bias in selection attributable to the translational state of the cell. Next, spots in the ROIs
corresponding to single mRNAs were tracked using TrackMate (Tinevez ef al., 2017) integrated in
KNIME, using the “Laplacian of Gaussian” detector with an estimated spot radius of 200 nm and
sub-pixel localization. Detection thresholds were adjusted based on the SNR of images and varied
between 1.25-2. For particle-linking, the parameters linking max distance (600 nm), gap closing max
distance (1200 nm), and gap closing max frame gap (2) were optimized for single-particle tracking of
mRNAs. To assay whether an mRINA is translating, the mean intensity of the SunTag channel was

measured at the coordinates of each mRNA spot, and quantified as fold-change / ROI background
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intensity. A cut-off of <1.5 fold/background was determined to classify an mRNA as non-translating
based on calibration data using the translation inhibitor harringtonine. Excluding cells with <3

mRNAs, the fraction of translating mRINAs per cell was calculated (translating/all mRNAs per ROI).

For data visualization, the fraction of translating mRNAs per cell and translation site intensities were
plotted using SuperPlots (https://huygens.science.uva.nl/SuperPlotsOfData/), showing all data points
together with the mean (£ SD) of each biological replicate (Lord et al., 2020).

RNAseq

For RNAseq, total RNA samples extracted using the RNA Miniprep kit (Agilent) were assessed for RNA
integrity using the Agilent Tapestation, and library preparation was performed using the [llumina
TruSeq Stranded mRNA reagents according to the manufacturer’s protocol. Libraries were sequenced
on the [llumina HiSeq2500 (GEO submission GSE233183: single reads, 50 cycles) or NovaSeq6000
platforms (GEO submission GSE233182: paired-end reads, 100 cycles).

For our analysis, we used a reference list of experimentally validated 5"'TOP mRNAs (Philippe et al.,
2020), expanded with additional experimentally verified 5TOP mRNAs (RACK1, EIF3K) as well as
computationally predicted 5'TOP mRNAs with known roles in translation (EIF2A, EIF2S3, EIF3L,
EIF4A2, and RPL22L1) (Philippe et al., 2020). The presence or absence of a PRTE in the 5UTR was
taken from Hsieh et al., 2012, and expanded by manual annotation for the subset of 5TOP mRNAs
not listed (Supplementary Table S2).

Sequenced reads were aligned against the human genome (GENCODE GRCh38 primary assembly,
https://www.gencodegenes.org/human/release_38.html) using R version 4.1.1 with Bioconductor
version 3.13 to execute the gAlign tool (QuasR package, version 1.32.0, Gaidatzis et al., 2014), with
default parameters except for aligner = "Rhisat2", splicedAlignment = "TRUE", allowing only uniquely
mapping reads. Raw gene counts were obtained using the qCount tool (QuasR) with a TxDb generated
from gencode.v38.primary_assembly.annotation.gtf as query, with default parameters counting only
alignments on the opposite strand as the query region. The count table was filtered to only keep genes

which had at least 1 cpm in at least 3 samples.

smFISH

For smFISH, HeLa-11ht cell lines were seeded on high precision glass coverslips placed in 12-well tissue
culture plates, grown for two days to reach ~50% confluency, and fixed using 4% paraformaldehyde
(10 minutes, room temperature). To detect endogenous mRNAs, atto633 conjugated smFISH probes
targeting human MYC mRNA were generated by enzymatic oligonucleotide labeling (Gaspar et al.,
2018), using Amino-11-ddUTP and Atto633-NHS. Quasar570 conjugated smFISH probes targeting
RPL5, RPL11, and RPL32 were purchased ready-to-use (Biosearch Technologies). Probe sequences
are listed in Supplementary Table S3. smFISH was performed as described previously (Mateju et al.,
2020). In brief, fixed cells were washed twice in PBS (5 minutes), permeabilized overnight in 70%
ethanol, washed thrice in smFISH wash buffer (2x saline-sodium citrate, 10% formamide, 5min), and

hybridized with smFISH probes (2x saline-sodium citrate, 10% formamide, 10% dextran sulfate, 125

52


https://huygens.science.uva.nl/SuperPlotsOfData/
https://www.gencodegenes.org/human/release_38.html

2.5. MATERIALS AND METHODS

nM Quasar570/atto633 smFISH probe) at 37°C for 4 hours. Coverslips were washed twice with
smFISH wash buffer (30 minutes), and mounted on glass slides using Prolong Gold mounting medium
containing DAPI. Cells were imaged using an upright spinning-disk confocal microscope equipped
with a CSU-W1 scan head (Yokogawa) and sCMOS detectors. Using a Plan Apochromat 63x 0il/NA1.4
objective, Z-stacks were obtained with a pixel size of 103 nm and Z-stack spacing of 200 nm using

single-camera sequential acquisition.

Analysis of smFISH data was performed using custom-build python scripts. Nuclei were segmented
in 3D using the triangle threshold method, merged nuclei were split by applying a seeded watershed
on the Euclidian distance transformed segmentation mask, and segmentation nuclei with an area
< 200 or a solidity < 0.5 were removed. The cytoplasm was segmented on a maximum intensity
projection by using the median as a threshold to obtain a semantic segmentation, and then splitting this
segmentation into cell instance with a seeded watershed applied to the Euclidian distance transform
of the semantic segmentation. The maximum projection of the 3D nuclei labeling were taken as
seeds for cell segmentation. mRNA spots were detected using a Laplacian of Gaussian filter to detect
diffraction limited spots, and refined by applying a h-maxima detector to remove detections below a

transcript-specific threshold.

SLAMseq

For SLAMseq, HeLa-11ht cell lines were incubated with a dilution series of S4U for 24 hours, ex-
changing S4U-containing media every 3 hours according to the manufacturer’s instructions. S4U
cytotoxicity was assessed using a luminescent cell viability assay, and the half-maximal inhibitory
concentration (IC50) was calculated at 209 uM (n=2). Based on the IC50, a trial RNAseq was conducted
with 24 hours S4U labelling using a dilution series (0, 3, 6, 12, 24 and 48 uM) of S4U and exchanging
media every 3 hours. The 12 pM S4U concentration was selected as the optimal experimental S4U

concentration with minimal effects on gene expression for all cell lines.

For assessing global RNA half-lives, HeLa-11ht cell lines were labelled with 12 pM S4U for 24 hours
(exchanging media every 3 hours), labeling was stopped using 100x excess uridine (1.2 mM), and cells
were harvested at timepoints 0, 2, 4, 6, 9, and 12 hours after the uridine quench. For isolation of total
RINA, RNA was extracted using an RNA miniprep kit (Agilent) with on-column DNase digestion,
followed by iodoacetamide treatment and ethanol precipitation of modified total RNA. For RNAsegq,
total RNA was assessed for RNA integrity using the Agilent Tapestation, and library preparation was
performed using the [llumina TruSeq Stranded Total RNA Library Prep Gold kit according to the
manufacturer’s protocol. Libraries were sequenced on the [llumina NextSeq500 (GEO submission
GSE233186: single reads, 75cycles). Samples were submitted as three independent technical replicates

(cells harvested on separate days), with the exception of one sample with only two replicates (E6_Oh).

In total ~3.7 billion SLAMseq reads were produced corresponding to ~52M reads per replicate.
S4U incorporation events were analyzed using the SlamDunk software (v0.3.4) for SLAMseq analysis
(Neumann et al., 2019). SLAMseq reads were first reverse complemented to match the hard-coded
assumed SlamDunk orientation using fastx_reverse_complement from the FASTX-toolkit (http:
//hannonlab.cshl.edu/fastx_toolkit) with default settings. The resulting fastq files were mapped to
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the reference genome (GENCODE GRCh38 primary assembly) with slamdunk map and parameters
-5 0 -ss q. The mapped reads were subsequently filtered to only retain intragenic mappings according
to the reference transcriptome (GRCh38, GENCODE v33) with a high identity using slamdunk filter
and parameters -mi 0.9. SNP variants in the samples were called with slamdunk snp with parameters
-c 1 -f 0.2. The SNP variants from all samples were combined in a single master vcf file by indexing
the individual vcf file using tabix of the htslib package (https://github.com/samtools/htslib) and
merging using vcf-merge from the VCFtools package (Danecek et al., 2011). S4U incorporation and
conversion rates were calculated separately for exonic gene segments of the reference transcriptome
using slamdunk count with default parameters and the master SNP vcf file for SNP filtering. The
exonic segments counts were then aggregated to obtain gene level total mapping reads, multimapping
reads and converted reads counts. During aggregation, total and converted counts from exonic
segment with multimappers were downweighted by the fraction of multimappers over the total
mapped reads of the exonic segment (fm). Finally, gene conversion rates were calculated as the
number of gene-level aggregated converted reads over the gene-level aggregated total read counts.
Gene conversion rates in each context were fitted to an exponential time decay model to obtain gene
half-life estimates. Fitting was performed by non-linear least squares using the R stats::nls function.
Example fit command:

fit < —nls(rates ~ exp(a + k * timepoints), control =

list(minFactor = 1077 tol = 107° maxiter = 256)

where rates are the conversion rates for the gene (including all replicates) and timepoints are the
corresponding times in hours. The half-life (in minutes) was obtained from the fitted coefficient:

t1/2 = —1/k * In(2) * 60

Half-life estimates and the fitting R2 values are listed in Suppl. Table 4 for all transcripts with R?> >

0.75 in all conditions.

Statistical Analysis

For live-cell imaging, biological replicates (n) were defined as independent days of imaging. Statistical
analyses were performed using GraphPad Prism, with n numbers and statistical tests described in the

figure legends. Technical replicates within biological replicates were pooled before statistical tests.

For RNAseq analysis of LARP1 WT cells, biological replicates (n) were defined as independent clonal
cell lines (canonical and 5'TOP mRNA cell lines, n=2). For RNAseq of LARP1 KO clones, four single-
cell derived clones were sequenced for both canonical and 5" TOP cell lines and treated as independent
biological replicates (n=8 total). For each n, three independent replicates (cells harvested on separate
days) were submitted for RNAseq and averaged before statistical tests. Differential gene expression
was calculated with the Bioconductor package edgeR (version 3.34.0, Lun et al., 2016) using the quasi-
likelihood F-test after applying the calcNormFactors function, obtaining the dispersion estimates and

fitting the negative binomial generalized linear models.

For SLAMseq analysis, biological replicates (n) were defined as independent clonal cell lines for both
LARP1 WT and LARP1 KO cells (canonical and 5 TOP mRNA cell lines, n=2). For analysis of changes
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in mRNA stability, the estimated half-lives were averaged for nl and n2, and changes in mRNA
stability were calculated between genotypes (log2 FC). Significant differences in mRNA stability
were classified with abs log2 FC > 1, excluding spurious transcripts overlapping in sequence with
known 5'TOP mRNAs (read-through transcripts AC135178.3, AP002990.1, AC245033.1, IncRNA
AL022311.1, MIR4426, MIR3654).

Data and materials availability

All data needed to evaluate the conclusions in the paper are present in the paper and/or the Sup-
plementary Materials. Sequencing data for this study has been deposited in the GEO repository
(GSE233187). All reagents generated in this study are available from the lead contact, Dr. Jeffrey A.
Chao (jeffrey.chao@fmi.ch) with a completed material transfer agreement. All original code (KNIME
workflows and Image] macros) and image analysis output files have been deposited at Zenodo and are

publicly available (https://doi.org/10.5281/zenod0.10057405).
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Chapter 3

Discussion

While the role of the 5 TOP motif in translational regulation of ribosome biogenesis has been known
for decades, the identity of the crucial regulatory factor that controls this mechanism has been much
less clear. In this thesis, I investigated the role of the regulatory factors LARP1 and 4EBP1/2 in
mediating 5'TOP translational regulation utilizing single-molecule imaging in living cells. In chapter
2, I presented evidence that 4EBP1/2 play a dominant role in 5'TOP translational repression, and

that LARP1 plays a crucial role in stabilizing 5 TOP mRNAs from degradation in mTOR active cells.

In this chapter, [ will place these findings in the context of the current research in the field, describing

their implications, discussing open questions, and outlining possible strategies for future research.

3.1 Implications of the 5’ terminal location of the 5 TOP motif

A key question regarding the selective translational regulation of 5"TOP mRNAs is the identity of
the proteins that interact with the 5'TOP motif, which at its core consists of the 5’ cap, +1 cytosine
and adjacent four pyrimidines. The structure of LARP1’s DM 15 domain bound to these residues of a
5'TOP oligonucleotide provided strong evidence for LARP1 as the key specificity factor (Lahr et al.,
2017). However, our data show that even in the absence of LARP1, 5TOP mRNAs are still selectively
regulated in their translation (Fig. 2.10). What is the identity of the additional specificity mediating

factor(s)?

First, it is possible that an unknown trans-acting factor is recruited to 5'TOP mRNAs downstream
of 4EBP1/2. This factor may not be able to bind 5'TOP mRNAs when they are actively translating
with elF4F bound to the 5" cap blocking accessibility to the 5'TOP motif, and may only be recruited
to 5"TOP mRNAs upon 4EBP1/2 activation when elF4F is released from the 5 cap. It appears
unlikely that such a factor has been missed in previous pull-down studies of RNA-binding protein
(RBP) recruited to the 5’ cap and 5 TOP mRNAs (Smith et al., 2020; Tcherkezian et al., 2014), while
previously identified pyrimidine binding proteins (TIA1 and TTIAL1/TIAR) appear to be dispensable

57



3. DiscussioN

A s elF4G

Hs elF4G

B Canonical helix

N Canonical helix

Elbow N
loop
C
NC
loop elF4E
(N
m’GTP
B Hs 4EBP1
Canonical helix
Hs 4EBP1

Canonical helix

~

" €%, elFAE

NC-loop (o
= ANA
m/GTP

Figure 3.1: Molecular architecture of eIF4E-eIlF4G and eIF4E-4EBP1 complexes. (A) Structure of elF4E
bound to the eIF4E binding regions of eIF4G (aa608-642), including the bound m’GTP cap. Adapted from
Griiner et al., 2016. (B) Structure of e[F4E bound to the eIF4E binding regions of 4EBP1 (aa49-83). Adapted
from Peter et al., 2015. For both elF4G and 4EBP1, 4E-binding motifs (4E-BM) consist of a canonical helix and
non-canonical (NC) loop connected by a flexible elbow loop.

for mTORC1-dependent translational regulation of 5'TOP mRNAs (Damgaard & Lykke-Andersen,
2011; Thoreen et al., 2012). Second, 4EBP1/2 may directly recognize the 5 TOP element, thereby
acting not only as a general inhibitor of cap-dependent translation, but also as a 5TOP RBP. Third,
elF4E may have inherent sequence preference for cap-adjacent nucleotides, binding more weakly
to 5" TOP mRNAs, thereby being selectively depleted from 5" TOP mRNAs upon mTOR inhibition.
The location of the 5'TOP motif at the 5" end of mRNAs strongly suggests that translation initiation
factors are able to contact the 5'TOP motif. To evaluate the plausibility of the second and third model,
it is useful to consider the structural architecture of e[F4E, 4EBP1/2, and eIF4G bound to 5 TOP
mRNAs (Fig. 3.1).

Co-crystal structures of the central region of elF4E bound to the 5 cap have provided insight into
how elF4E engages the 5’ cap, with the ventral surface of eIF4E wrapping around the 5" cap (Fig. 3.1).
How the cap-adjacent nucleotides interact with eIF4E is not understood at a structural level, but in

vitro experiments have reported striking differences in eIlF4E affinity to RNA ligands depending on the
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nucleotide context. In one study, while the cap m’ GpppG had a relatively weak affinity for eIF4E (561
nM), the affinity increased ~4x for a capped 10 nts oligonucleotide carrying a 5 nts 5"TOP motif (149
nM), and increased further when the +1 cytosine was replaced for a +1 adenine (72 nM) or guanosine
(39 nM), suggesting that 5'TOP mRNAs are more weakly bound to eIF4E (Tamarkin-Ben-Harush
et al., 2017). As these experiments were limited to short oligos, the role of additional, longer sequence
contexts is still unexplored. Importantly, it remains to be shown that these differences in e[F4E affinity
are sufficient to significantly affect mRINA translation rates, but these measurements are consistent
with our data showing a slightly decreased translation rate for 5TOP mRNAs in mTOR active cells
(see Fig. 2.16H).

As structural and biochemical studies of elF4E binding have mostly focused on the affinity of eIF4E
to the cap in isolation, it is largely unclear how well these measurements translate to in vivo mRNP
complexes. Importantly, eIF4G, 4EBP1/2, and PABPC1 are known to enhance elF4E affinity to the 5’
cap through allosteric stabilization of the elF4E-5’ cap interaction (Gross et al., 2003; Kahvejian et al.,
2005; O’Leary et al., 2013). Crystal structures of e[F4E-eIlF4G and eIF4E-4EBP1 complexes obtained
from elF4E (excluding the N-terminal unstructured region) co-crystallized with the conserved elF4E-
binding regions of elF4G and 4EBP1 have revealed a highly similar mode of binding (Fig. 3.1). While
different architectures of the eI[F4E-elF4G complex have been suggested (Peter et al., 2015), recent
results suggest that e[F4G and 4EBP1 share a conserved mode of binding elF4E, engaging both dorsal
and lateral surfaces of e[F4E with canonical and non-canonical (NC) motifs respectively (Griiner
et al., 2016). elF4G also possesses RNA binding activity and seems poised to contact cap-adjacent
nucleotides (Yanagiya et al., 2009), while 4EBP1/2 could engage cap-adjacent nucleotides with either
its N- or C-terminal unstructured regions (Fig. 3.2). Structures of e[F4G-eIF4E or 4EBP1/2-elF4E
complexes with capped oligonucleotides have not been solved, and it remains uncertain to what
extend cap-adjacent nucleotides can modulate the binding of these translationally relevant complexes.
As 5'TOP mRNAs were found to be selectively repressed upon eIF4G depletion, it was postulated that
5'TOP mRNAs uniquely require eIF4G to anchor elF4E to the 5 cap (Thoreen et al., 2012), though it
seems plausible that e[FAG depletion mirrors the effects of pharmacological mTOR inhibition as both

result in low levels of translationally active elF4E-eIlF4G complexes.

In addition to protein interactions, eIF4E affinity could be further modulated by post-translational
modifications. Phosphorylation of elF4E occurs on a single site on Serine 209, which is located in a
flexible loop close to the 5 cap binding pocket (highlighted in Fig. 3.2A). eIF4E Ser209 phosphorylation
has been suggested to alter 5’ cap affinity and enhance the translation of a subset of mRNAs, though
its relevance for mRNA translation remains poorly understood (Furic et al, 2010; Proud, 2015).
Interestingly, while Ser209 is phosphorylated by MAP kinase interacting serine/threonine kinase
1/2 (MNK1/2) independent of mTOR signaling, Ser209 becomes rapidly dephosphorylated upon
mTOR inhibition. As MNK1/2 are recruited to eI[F4E by binding eIF4G on translationally active
mRNAs, mTOR inhibition is thought to trigger el[F4E dephosphorylation by displacement of the
MNK1/2-eIF4G complex (Proud, 2015). Therefore, mTOR inhibition is temporally coupled with
elF4E dephosphorylation, raising the possibility that el[F4E dephosphorylation may contribute to
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5'TOP translational repression.

Evidence for direct mRNA binding by 4EBP1/2 is currently inconclusive, with findings from recent
studies arguing both in support and against this hypothesis. Support for this model comes from two
studies, one utilizing RBP-RNA proximity labeling (Jin et al., 2020), the other utilizing RBP-RNA
crosslinking (Wolin et al., 2023). The first study utilized targets of RNA binding proteins identified by
editing (TRIBE) to map the interactions of tagged 4EBP1 with mRNAs, finding an enrichment of RNA
editing events in a subset of transcripts which carry a PRTE. The second study utilized multiplexed
CLIP, finding a strong selective increase of 5'TOP mRNAs crosslinked with 4EBP1 upon mTOR
inhibition. Together, these findings suggest that 4EBP1/2 may be able to directly bind and repress the
translation of 5'TOP and PRTE-containing mRNAs upon mTOR inhibition. A limitation of these
studies is the uncertainty whether the interactions measured correspond to direct 4EBP1/2-mRNA
interactions, or are instead indirect interactions bridged by other factors such as eIF4E or LARP1.
Findings arguing against a role of 4EBP1/2 in directly interacting with the 5'TOP motif come from
studies utilizing eIF4E-RNA crosslinking (Jensen et al., 2021) and live-cell imaging of single elF4E
and 4EBP1/2 molecules (Gandin et al., 2022), which described the dissociation of eI[F4E-4EBP1/2
complexes from mRNAs upon mTOR inhibition. Biochemically, both 4EBP1/2 and elF4G peptides
enhance the affinity of eIF4E to the 5’ cap (Siddiqui et al., 2012), which appears counterintuitive for
elF4E dissociation, but the removal of eIF4G and concurrent loss of stabilizing mRNA and protein
interactions (notably PABPC1) may be sufficient to dissociate 4EBP1/2-eIF4E from mRNAs in the

context of physiological mRNP complexes involving additional factors such as RNA helicases.

Given the current lack of clear evidence of direct mRNA binding by 4EBP1/2, it appears premature to
classify 4EBP1/2 as a RBP, and further biochemical studies are needed to interrogate 4EBP1/2-mRNA
associations. Overall, current evidence leans towards 4EBP1/2 being recruited to 5'TOP mRNAs by
directly binding eIF4E, and our results support a model in which differences in 4EBP1/2 recruitment
and/or 4EBP1/2-eIF4E dissociation kinetics are sufficient to drive differential translational regulation
of 5'TOP and canonical mRNAs.
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Hs elFAE B Hs 4EBP1

Figure 3.2: Structure Predictions of translation factors with potential cap-adjacent nucleotide contacts.
The AlphaFold structure predictions for the ENSEMBL canonical isoforms of full-length human (A) eIF4E, (B)
4EBP1, and (C) eIF4G are shown. For (A), the phosphorylated Ser209 of eIF4E is highlighted, and the mRNA
cap is added in accordance with co-crystal structures. For (B, C), the eIF4E binding sites are highlighted (green
box). Residue color represents model confidence (dark blue = very high, light blue = high, yellow = low, orange

= very low).
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3.2 LARP1 binding and stabilization of actively translating 5 TOP
mRNAs

4EBP1/2 and LARP1 are often described as analogous proteins, which both become dephosphorylated,
undergo conformational switching, and are recruited to mRINAs upon mTOR inhibition. In contrast
to 4EBP1/2, LARP1 possesses multiple RNA binding domains and can in principle associate with
mRNAs in an mTOR-independent manner due to its interactions with PABPC1 and the polyA tail,
which has been linked to stabilizing mRNAs by inhibiting deadenylation (Park et al, 2023). While the
recruitment of LARP1 to mRNA 3’ ends is still poorly understood, more is known about the induced
recruitment to 5" TOP mRNAs upon mTOR inhibition. LARP1 is a highly phosphorylated protein, and
electrophoretic mobility shift assays (EMSAs) with phosphomimetic mutants have indicated a cluster
of dephosphorylated residues that could enable LARP1’s DM15 domain to bind the 5 TOP motif
upon mTOR inhibition (Jia et al., 2021). As we find a highly selective stabilization of 5TOP mRNAs
by LARP1 in mTOR active cells, it appears likely that LARP1 is also selectively recruited to 5'TOP
mRNAs in its phosphorylated state, and dephosphorylation may further enhance LARP1’s affinity
for 5'TOP mRNAs (Smith et al., 2020). Alternatively, a minor pool of dephosphorylated LARP1 may
persist in mTOR active cells, though this seems insufficient to stabilize all 5"TOP mRNAs, which are
estimated to constitute up to 20% of all cellular mRNAs (Meyuhas & Kahan, 2015).

How can LARP1 be recruited to actively translating 5'TOP mRNAs, in a situation where the 5" ends
are constitutively bound by elF4F? First, LARP1 may bind prior to binding of elF4F to the 5" cap, with
binding taking place in the nucleus soon after transcription (Fig. 3.3A). In this model, the 5’ cap of
5'TOP mRNAs would be bound by the cap binding complex (CBC), leaving the adjacent 5 TOP motif
accessible for LARP1 recruitment. Following mRINA export and the start of translation, LARP1 would
remain associated with the 5TOP mRNA at its 3’ end due to its interactions with PABPC1 and the
polyA tail. Arguing against this model is the exceptionally long half-lives of 5" TOP mRNAs as LARP1
would not be able to rebind 5"TOP mRNAs in the cytoplasm, necessitating a very low dissociation
rate from 5" TOP mRNAs.

Second, LARP1 may bind 5'TOP mRNAs in the cytoplasm in brief pauses of translation (Fig. 3.3B).
In our experiments, we observed a minor fraction of non-translating mRNAs in mTOR active cells
for both canonical and 5"TOP mRNAs, which likely represent temporarily inactive mRNAs. In
support of this, a recently published in vivo SunTag study of immobilized mRNAs imaged over long
timecourses revealed the presence of translational bursts intersected with brief pauses in translation,
with the inactive state suggested to represent elF4E dissociation events (Livingston ef al., 2022). Such
events would provide windows of opportunity for LARP1 binding to occur, allowing LARP1 to be
continuously recruited to 5" TOP mRNAs while mTOR is active, resulting in a steady-state enrichment
of LARP1 bound to 5" TOP mRNA 3’ ends and polyA tail stabilization. In addition, certain models
of translation initiation create additional opportune moments for LARP1 binding to occur. In the
threading model of 43S recruitment, elF4E has to dissociate from the 5’ cap to allow the mRNA to

be threaded into the 40S ribosomal subunit, creating free 5’ ends during each round of translation
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initiation (Brito Querido et al., 2023). Additionally, in the cap-severed model of translation initiation,
the 48S initiation complex dissociates elF4F from the 5’ cap as it moves along the 5'UTR, thereby
creating free 5 ends (Archer et al., 2016). Of note, current evidence favors other models of translation
initiation in which eIF4F remains associated with the 5’ cap throughout each round of translation (i.e.
the slotting model of 43S recruitment, and the 48S cap-tethered scanning model (Bohlen et al., 2020;
Brito Querido et al., 2023).

Third, LARP1 binding may be compatible with eIlF4F binding (Fig. 3.3C). While the previous section
highlighted the proximity of eIF4E and elF4G to cap-adjacent nucleotides, it remains possible that
LARP1 can recognize the 5" TOP motif while the 5" cap is bound by eIF4E. The 5 TOP motif could be
rotated away from elF4E and elF4G to engage with LARP1, while the extensive unstructured regions
of LARP1 could provide sufficient flexibility to place the 5'TOP binding domain into position without
sterically clashing with translation initiation factors. Recruitment of LARP1 to the 5TOP motif could
be aided by interactions with initiation factors (eIF4E, eIF4G), providing selectivity for binding 5"TOP
mRNAs over other mRNAs containing 5'TOP-like pyrimidine stretches in their 5’UTR (i.e. mRNAs
containing only a PRTE motif).
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Figure 3.3: Models of LARP1 recruitment to 5 TOP mRNAs in mTORCT1 active cells. (A) Binding of
LARPI1 to a newly synthesized 5" TOP mRNA in the nucleus. The 5’ cap is bound by the CBC, while LARP1 is
bound to the 5"TOP motif. LARP1 would be exported as part of the 5’ TOP mRNP, and stay associated with
the 5'TOP mRNA in the cytoplasm. (B) Binding of LARP1 during inactive states of 5 TOP mRNA translation
caused by elF4F dissociation, with LARP1 able to bind both the 5’ cap and 5’ TOP motif. (C) Simultaneous
binding of LARP1 and eIF4F to 5’ TOP mRNAs, with eIF4E bound to the 5" cap and LARP1 bound to the 5’ TOP
motif.
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3.3 The role of the PRTE in the regulation of 5TOP mRNAs

While early studies of 5" TOP mRNA reporters characterized the 5" TOP motif as both sufficient and
essential for rapid translational repression upon mTOR inhibition, it is unclear whether the remainder
of 5'TOP 5'UTRs are functionally important. Of note, 5 TOP mRNAs contain shorter than usual
5'UTRs, with an average length of only 45 nts (Davuluri et al., 2000). The shortest 5’UTR is found on
RPL23A, which possesses a minimal 5'UTR of only 12 nts and a conserved translation initiator of short
5"UTR (TISU) start codon context. The exact mechanism of translation initiation of TISU mRNAs is
not known, but due to their short 5’UTRs, ribosome assembly at the start codon likely requires eIF4F
dissociation as the 5’ cap and 5'UTR are expected to be located within the ribosome exit channel
(Sinvani et al., 2015). The majority of 5 TOP 5'UTRs contain a PRTE, including our RPL32 reporter,
which allowed us to test whether 5" TOP translational repression is fully abolished upon mutation
of the 5 TOP motif. While mutation of the 5 "TOP motif (A5’ TOP) is sufficient to abolish most of
the 5'TOP selective translational repression, the A5'TOP mRNAs are slightly but significantly more
repressed than mRNAs with both the 5'TOP and PRTE motifs mutated (A5’ TOP/PRTE), suggesting a
minor repressive role of the downstream PRTE element on its own. This difference persists in the
absence of LARP1, arguing against LARP1 binding the PRTE element to weakly repress 5’ TOP mRNAs.
The minor PRTE-specific translational repression we find may not be a significant contributor to
5'TOP translational repression in vivo, as the presence or absence of a PRTE element did not affect the
extent of 5'TOP translational repression in a global analysis of endogenous 5" TOP mRNAs (Philippe
et al., 2020). Alternatively, PRTE-mediated effects on translational repression may be too weak to be

picked up by less sensitive methods.

Aside from regulating translation, a recent study described a role of the PRTE in 5 TOP mRNA
localization, which is abolished upon loss of LARP1 (Goering et al., 2023). It is possible that LARP1
can bind to either the 5" TOP or PRTE in the 5'UTR in a manner which does not inhibit translation
initiation, allowing these elements to be utilized for intracellular mRNA targeting. Of note, ribosomal
protein mRINAs in intestinal epithelium show a distinct localization pattern, with an enrichment in
either the apical or basal side of the polarized cell in fed and starved organoids respectively (Moor
et al., 2017). It remains to be seen whether LARP1 is required for the localization of 5 TOP mRNAs

observed in intestinal cells.

3.4 Future strategies

In sections 3.1 - 3.3, I described a number of models for the regulation of 5'TOP mRNA translation
by 4EBP1/2 and LARPI. A shared limitation of these models is the lack of knowledge regarding
the dynamics of translation initiation factor binding to mRNAs: where, when, for how long, and in
what order do elF4F, 4EBP1/2 and LARP1 bind to 5 TOP mRNAs? For 4EBP1/2, it remains unclear

whether binding and eIF4G dissociation occurs predominantly at el[F4E-elF4G complexes bound to
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mRNAs or apo elF4E-elF4G complexes. For elF4F, it remains unclear how stably the eIF4E-elF4G
complex is bound to mRNAs. For mTORC1-mediated translational repression, it remains unclear

whether 4EBP1/2 and LARP1 are sequentially or simultaneously recruited to 5TOP mRNAs.

To resolve these and further questions, future strategies will focus on structural isolation of 5" TOP
mRNP complexes in either mMTORCI active or inactive cells, and imaging of single labeled molecules
of translation initiation factors bound to 5TOP mRNAs. To facilitate long-term tracking of sin-
gle molecules, 5 TOP mRNAs can be immobilizing with stemloop-mediated membrane anchoring,
enabling the imaging of translation bursts and pauses (Livingston et al., 2022). Visualizing single
molecules of translation factors is highly technically challenging, but can be performed in vivo by utiliz-
ing sparse-labeling of a subset of protein molecules and motion-blurring of free proteins. Combining
such an approach with SunTag translation site imaging will enable the visualization and quantification
of translation factor binding together with direct read-outs of downstream effects on translation. As
a sparse-labeling approach is not suitable for the simultaneous imaging of two translation factors,
studying combinatory effects of translation factor binding (such as recruitment of 4EBP1/2 and LARP1
to a 5"TOP mRNA) will require both experimental (e.g. improved fluorescent tagging strategies) and

computational advances (e.g. deep-learning based image restoration).

3.5 Conclusion

This study provides a characterization of the translational regulation of 5'TOP mRNAs mediated by key
regulatory factors. This work utilized single-molecule imaging and genome engineering as powerful
tools to directly compare and contrast the contribution of these factors to 5" TOP mRNA regulation,
advancing our understanding of how cells respond to the availability of nutrients by regulating the
biosynthesis of ribosomes. The strength of the methodology allowed for direct measurements of
translation uncoupled from effects of transcription or mRNA stability, showing that 4EBP1/2 play a
dominant role in 5"TOP mRNA translational regulation, while LARP1 facilitates the stabilization of
5'TOP mRNAs. These unexpected findings recontextualize results from earlier studies, and are in
good agreement with a current complementary study (Kajjo et al., 2024). Finally, this work provides
the basis for further investigations aimed at unraveling the intricate mechanisms of translational

regulation for 5'TOP and other cellular mRNAs.
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Supplementary Information

Supplementary Tables

Supplementary Table S1: Reagent list

Chemicals Catalogue number
JF549/646 HaloTag ligand Grimm et al,, 2015 N/A
Torinl Selleckchem S2827
PP242 Sigma-Aldrich 475988-5MG
TAK228 (INK 128/MLNO0128/Sapanisertib) Selleckchem | S2811-10MM/1ML
Rapamycin (Sirolimus) Lubioscience HY-10219-1ML
Lipofectamine 2000 Invitrogen 11668027
Opti-MEM I Reduced Serum Medium Thermo Fisher Scientific 31985062
FluoroBrite DMEM Thermo Fisher Scientific A1896701
Harringtonine MedChemExpress HY-N0862
Puromycin InvivoGen ant-pr-1
Doxycycline Sigma-Aldrich D9891-1G
Antibiotic G418 Sulfate Promega V8091
Polybrene Merck TR-1003-G
Blasticidin InvivoGen ant-bl-1
Protease Inhibitor Cocktail Bimake.com B14001
SuperNuclease Sino Biological SINOSSNPO1
4x Laemmli Sample Buffer BioRad 1610747
4x LDS Sample Buffer Thermo Fisher Scientific NPO0007
Bolt 4-12% Bis-Tris Plus Gel, 17 Well Thermo Fisher Scientific NW04127BOX
NuPAGE MES SDS Running Buffer Thermo Fisher Scientific NP0002
DTT VWR A2948.0025
4-15% TGX Pre-cast gel BioRad 4561086
Trans-Blot Turbo Nitrocellulose Transfer Pack Bio-Rad 1704158
Trans-Blot Turbo PVDF Transfer Pack Bio-Rad 1704156
BSA Sigma A2153
Tween-20 Mp Biomedicals Inc ICNA04806576
Intercept® (TBS) Protein-Free Blocking Buffer LI COR (VWR) 927-60003
DNeasy Blood & Tissue Kit QIAGEN 69504
Phusion High-Fidelity Polymerase NEB MO0530L
Zero Blunt PCR cloning kit Thermo Fisher Scientific K275040
QIAquick PCR Purification Kit QIAGEN 28106
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QIAprep Spin Miniprep Kit QIAGEN 27106
Absolutely RNA RT-PCR Miniprep Kit Agilent 400800
QuantiTect Reverse Transcription Kit Qiagen 205311
SLAMseq Catabolic Kinetics Kit Lexogen 062.24
CellTiter-Glo Luminescent Cell Viability Assay Promega G7570
TeloPrime Full-Length cDNA Amplification Kit V2 Lexogen 013.08
Fugene 6 Promega E2691
Lenti-X concentrator Clontech 631231
u-dish 35mm, high NA, glass bottom Ibidi 81158-1BI
Precision Cover Glasses, No 1.5H, 18 mm Marienfeld 0117580
Amino-11-ddUTP Lumiprobe 15040
Atto 633-NHS ATTO-tec AD 633-31
Paraformaldehyde (EM grade) Electron Microscopy Sciences 15713-S
SSC (20X, Ultrapure) Life technologies 15557036
Formamide (deionized) MP Biomedicals VWR 11FORMDO002
Dextran Sulfate (50% Solution) Millipore S4030
ProLong™ Gold Antifade Mountant with DAPI ThermoFisher Scientific P36935
Plasmids
Cas9 (pX330) Addgene 42230
Cas9-T2A-mCherry (modified from pX330) Addgene 64324
Cas9_LARP1 sgRNA1 this study N/A
Cas9-T2A-mCherry_LARP1 sgRNA2 this study N/A
Cas9-T2A-mCherry_LARP1B sgRNA1 this study N/A
Cas9-T2A-mCherry_LARP1B sgRNA2 this study N/A
pLKO.1_BlastR Addgene 26655
this study, shRNA sequence from
pLKO.1_BlastR_4EBP2 shRNA N/A
TRCN0000117814
psPAX2 Addgene 12260
vsv-G Addgene 12259
Viruses
Lentivirus EIF4EBP1 shRNA (PuroR) TRCNO0000040203 Sigma-Aldrich
Lentivirus EIF4EBP2 shRNA (BlastR) this study N/A
Cell Lines (human)
HeLa-11ht + NLS-stdMCP-stdHalo + scAB-GFP + Canonical Wilbertz et al.,, 2019 N/A
SunTag-Renilla
HeLa-11ht + NLS-stdMCP-stdHalo + scAB-GFP + Wilbertz et al.,, 2019 N/A
5'TOP-SunTag-Renilla
LARP1 KO HeLa-11ht + NLS-stdMCP-stdHalo + scAB-GFP + this study N/A
Canonical SunTag-Renilla
LARP1 KO HeLa-11ht + NLS-stdMCP-stdHalo + scAB-GFP + this study N/A
5'TOP-SunTag-Renilla
LARP1/1B KO HeLa-11ht + NLS-stdMCP-stdHalo + this study N/A
scAB-GFP + Canonical SunTag-Renilla
LARP1/1B KO HeLa-11ht + NLS-stdMCP-stdHalo + this study N/A
scAB-GFP + 5 ' TOP-SunTag-Renilla
4EBP1/2 KD HeLa-11ht + NLS-stdMCP-stdHalo + this study N/A
scAB-GFP + Canonical SunTag-Renilla
4EBP1/2 KD LARP1 KO HeLa-11ht + this study N/A

NLS-stdMCP-stdHalo + scAB-GFP + 5'TOP-SunTag-Renilla
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4EBP1/2 KD & LARP1/1B KO HeLa-11ht + this study N/A
NLS-stdMCP-stdHalo + scAB-GFP + Canonical

SunTag-Renilla

4EBP1/2 KD & LARP1/1B KO HeLa-11ht + this study N/A
NLS-stdMCP-stdHalo + scAB-GFP + 5 TOP-SunTag-Renilla

HeLa-11ht + NLS-stdMCP-stdHalo + scAB-GFP + this study N/A
A5'TOP-SunTag-Renilla

HeLa-11ht + NLS-stdMCP-stdHalo + scAB-GFP + this study N/A
A5'TOP/PRTE-SunTag-Renilla

LARP1 KO HeLa-11ht + NLS-stdMCP-stdHalo + scAB-GFP + this study N/A
A5'TOP-SunTag-Renilla

4EBP1/2 KD HeLa-11ht + NLS-stdMCP-stdHalo + this study N/A
scAB-GFP + A5'TOP-SunTag-Renilla

CRISPR Guides

LARP1 sgRNA1 GATGAGGATTGCCAGCGAGG

LARP1 sgRNA2 GCCACCCAAGAAGGACATGA

LARPIB sgRNA1 TTTCAGAGCGTCCTCAGCCA

LARP1B sgRNA2 CAGTGACAGCAAAGAAAACC

shRNA

4EBP1 GCCAGGCCTTATGAAAGTGAT

4EBP2 CGCAGCTACCTCATGACTATT

Table S1: Reagent list.
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Supplementary Table S2: Reference list of 5TOP mRNAs

Absence (0) or presence (1) of a putative pyrimidine-rich translational element is listed.

gene name PRTE gene name PRTE gene name PRTE gene name PRTE

EEF1A1 0 RPL13A 0 RPL36A 1 RPS18 0
EEF1B2 1 RPL14 1 RPL37 1 RPS19 0
EEF1D 1 RPL15 1 RPL37A 1 RPS2 1
EEF1G 1 RPL17 1 RPL38 1 RPS20 1
EEF2 1 RPL18 0 RPL39 1 RPS21 0
EIF2A 0 RPL18A 1 RPL3L 0 RPS23 0
EIF2S3 0 RPL19 0 RPL4 1 RPS24 0
EIF3A 1 RPL21 0 RPL41 1 RPS25 0
EIF3E 0 RPL22 1 RPL5 1 RPS26 0
EIF3F 0 RPL22L1 0 RPLE 1 RPS27 0
EIF3H 0 RPL23 1 RPL7 1 RPS27A 1
EIF3K 0 RPL23A 0 RPL7A 0 RP528 0
EIF3L 0 RPL24 0 RPL8 1 RP529 0
EIF4A2 0 RPL26 0 RPL9 1 RPS3 0
EIF4B 1 RPL27 1 RPLPO 1 RPS3A 1
FAU 0 RPL27A 0 RPLP1 0 RPS4X 1
GNB2L1 1 RPL28 0 RPLP2 1 RPS4Y1 0
HNRNPA1 1 RPL29 1 RPS10 1 RPS4Y2 0
NAP1L1 1 RPL3 0 RPS11 1 RPS5 1
PABPC1 1 RPL30 0 RPS12 0 RPS6 1
RACK1 0 RPL31 1 RP513 0 RPS7 0
RPL10 1 RPL32 1 RP514 1 RPS8 1
RPL10A 0 RPL34 1 RPS15 0 RPS9 1
RPL11 0 RPL35 0 RPS15A 1 RPSA 0
RPL12 1 RPL35A 0 RPS16 0 TPT1 1
RPL13 1 RPL36 1 RPS517 0 VIM 1
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Supplementary Table S3: smFISH probe sequences
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Target Sequence (5" to 3') | Species | Dye

MYC_1 atgggcaaagtttcgtggat | human | atto633
MYC_2 tgttgtaagttccagtgcaa | human | atto633
MYC_3 caaatgggcagaatagectc | human | atto633
MYC_4 tttcagagaagcgggtcectg | human | atto633
MYC_5 ctaagcagctgcaaggagag | human | atto633
MYC_6 gttttccactacccgaaaaa | human | atto633
MYC_7 ggtgaagctaacgttgaggg | human | atto633
MYC_8 tcgtagtcgaggtcatagtt | human | atto633
MYC_9 agtagaaatacggctgcacc | human | atto633
MYC_10 |aacgtaggagggcgagcaga | human | atto633
MYC_11 | cgaagggagaagggtgtgac | human | atto633
MYC_12 | aaactctggttcaccatgtc | human |atto633
MYC_13 |agaagccgctecacatacag | human | atto633
MYC_14 | cttctctgagacgagcttgg | human | atto633
MYC_15 | ttgagagggtaggggaagac | human |atto633
MYC_16 |agagaaggcgctggagtctt | human | atto633
MYC_17 | cgtcgaggagagcagagaat | human | atto633
MYC_18 | tttccttacttttccttacg human | atto633
MYC_19 | gcatttgatcatgcatttga | human |atto633
MYC_20 | gactcagccaaggttgtgag | human |atto633
MYC_21 | tggctaaatctttcagtctc human | atto633
MYC_22 | gtccaatttgaggcagttta | human |atto633
MYC_23 | aaaaagttcttttatgccca | human | atto633
RPL5_1 cgctagggggtgggaaaagg | human | Quasar® 570
RPL5_2 | catcctgeggaacagagace | human | Quasar® 570
RPL5_3 gccttattcttaacaacttt human | Quasar® 570
RPL5_4 | cacttggtatctcttaaagt | human | Quasar® 570
RPL5_5 cctctegtegtcttctaaat human | Quasar® 570
RPL5_6 | tccgagcataataatcagtt | human | Quasar® 570
RPL5_7 | ttatcttgtatcaccaagcg | human | Quasar® 570
RPL5_8 ctgtatttgggtgtgttgta human | Quasar® 570
RPL5_9 | ctctgtttgtcacacgaact | human | Quasar® 570
RPL5_10 |acgggcataagcaatctgac | human | Quasar® 570
RPL5_11 | gctgegeagactatcatatc | human | Quasar® 570
RPL5_12 | acaccatattttggcagttc | human | Quasar® 570
RPL5_13 | agcataatttgtcaggccaa | human | Quasar® 570
RPL5_14 | cagcaggccagtacaatatg | human | Quasar® 570
RPL5_15 | ccaaacctattgagaagcct | human | Quasar® 570
RPL5_16 | cttggccttcatagatcttg human | Quasar® 570
RPL5_17 | ttgtattcatcaccagtcac | human | Quasar® 570
RPL5_18 | tggctgaccatcaatgettt | human | Quasar® 570
RPL5_19 | tccaaatagcaggtgaagge | human | Quasar® 570
RPL5_20 | cagtggtagttctggcaagg | human | Quasar® 570
RPL5_21 | cttcagggcaccaaaaactt |human | Quasar® 570
RPL5_22 | tgtgagggatagacaagcct | human | Quasar® 570
RPL5_23 | taaccagggaatcgtttggt | human | Quasar® 570
RPL5_24 | ctgcattaaattccttgett human | Quasar® 570




RPL5_25 | atgatgtgcttccgatgtac | human | Quasar® 570
RPL5_26 | gtaatctgcaacattctgge | human | Quasar® 570
RPL5_27 | tcttcttccattaagtageg human | Quasar® 570
RPL5_28 | actgtttcttgtaagcatct human | Quasar® 570
RPL5_29 | ggagttacgctgttctttat human | Quasar® 570
RPL5_30 | gagctttcttatacatctce human | Quasar® 570
RPL5_31 | tggattctctcgtatagcag | human | Quasar® 570
RPL5_32 | tcttgggcttcttttcatag human | Quasar® 570
RPL5_33 | ccacctcttctttttaactt human | Quasar® 570
RPL5_34 | tgagcaagggacattttggg | human | Quasar® 570
RPL5_35 | ttcttttgagctacccgatc human | Quasar® 570
RPL5_36 | ctgagctctgaggaagettg | human | Quasar® 570
RPL5_37 | aaattgctgggtttagctct | human | Quasar® 570
RPL5_38 | agttgctgttcataagttta human | Quasar® 570
RPL11_1 | ccatgatggagagcaggaag | human | Quasar® 570
RPL11_2 | ttctecttttcaccttgatc human | Quasar® 570
RPL11_3 | agtttgcggatgcgaagttc | human | Quasar® 570
RPL11_4 | cccaacacagatgttgagac | human | Quasar® 570
RPL11_5 | tggaaaacacaggggtctgc | human | Quasar® 570
RPL11_6 | gatctgacagtgtatctagc | human | Quasar® 570
RPL11_7 | atcttttcatttctccggat human | Quasar® 570
RPL11_8 | tcgaactgtgcagtggacag |human | Quasar® 570
RPL11_9 | ttctccaagatttcttctge human | Quasar® 570
RPL11_10 | tttcttaactcatactcccg human | Quasar® 570
RPL11_11 | tccagtatctgagaagttgt | human | Quasar® 570
RPL11_12 | cctggatcccaaaaccaaag | human | Quasar® 570
RPL11_13 | tttgatacccagatcgatgt | human | Quasar® 570
RPL11_14 | tagataccaatgcttgggtc | human | Quasar® 570
RPL11_15 | agcaccacatagaagtccag | human | Quasar® 570
RPL11_16 | tcttgtctgegatgetgaaa | human | Quasar® 570
RPL11_17 | tctttgctgattctgtgttt human | Quasar® 570
RPL11_18 | atgatcccatcatacttctg | human | Quasar® 570
RPL11_19 | acgggaatttatttgccagg | human | Quasar® 570
RPL11_20 | ctttttattgctcttttgga human | Quasar® 570
RPL32_1 | gatgccgagaaggagatgg | human | Quasar® 570
RPL32_2 | acgatcttgggcttcacaag | human | Quasar® 570
RPL32_3 | gatgaacttcttggttctct human | Quasar® 570
RPL32_4 | catatcggtctgactggtge | human | Quasar® 570
RPL32_5 | cgccagttacgcttaatttt human | Quasar® 570
RPL32_6 | tacgaaccctgttgtcaatg | human | Quasar® 570
RPL32_7 | aagatctggcecttgaatct | human | Quasar® 570
RPL32_8 | tccataaccaatgttgggca | human | Quasar® 570
RPL32_9 | ttgacgttgtggaccaggaa |human | Quasar® 570
RPL32_10 | ttgcacatcagcagcacttc | human | Quasar® 570
RPL32_11 | cgatctcggcacagtaagat | human | Quasar® 570
RPL32_12 | gttcttggaggaaacattgt | human | Quasar® 570
RPL32_13 | ctctttccacgatggetttg | human | Quasar® 570
RPL32_14 | cctactcattttcttcactg human | Quasar® 570
RPL32_15 | tggccaagaagctgaagact | human | Quasar® 570
RPL32_16 | acaatctctgtggcaaacta | human | Quasar® 570
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RPL32_17
RPL32_18
RPL32_19
RPL32_20
RPL32_21
RPL32_22
RPL32_23
RPL32_24
RPL32_25
RPL32_26
RPL32_27
RPL32_28
RPL32_29
RPL32_30
RPL32_31
RPL32_32
RPL32_33
RPL32_34
RPL32_35
RPL32_36
RPL32_37
RPL32_38
RPL32_39
RPL32_40
RPL32_41
RPL32_42

ttccaaaggggcttaagcaa
tacaaatcccctccaaatgg
ctgttcaaggactgagtgtc
gatgactaaggctagtctgt
caagtctgtacccctcatac
cagaacctacctggtgtgag
ccacaagcttcttcaagtgt
aatgactacttgtggcttgg
acttgtcacctaactttaca
tctcacaagcatcacatgga
tcatctggatatttccatge
caatttaggcatcccgtaag
gtacatcatcctgttctttt
ggattacctggaagagcaat
tgcttttccagttaaccgtg
ggagggttataggagactga
tatacctgaagcagcagctg
ccttggcaaactgctgtaac
caattgtcaccagttaggtc
tctgagtaccagtcaagagg
ccctcatgacctatatacta
tcataagtaccacatcccat
acatcctgtaagcatttctg
aagctttattatacccagcg
agattcctgtctagactaga
aggttttgaacaggagacaa

human
human
human
human
human
human
human
human
human
human
human
human
human
human
human
human
human
human
human
human
human
human
human
human
human

human

Quasar® 570
Quasar® 570
Quasar® 570
Quasar® 570
Quasar® 570
Quasar® 570
Quasar® 570
Quasar® 570
Quasar® 570
Quasar® 570
Quasar® 570
Quasar® 570
Quasar® 570
Quasar® 570
Quasar® 570
Quasar® 570
Quasar® 570
Quasar® 570
Quasar® 570
Quasar® 570
Quasar® 570
Quasar® 570
Quasar® 570
Quasar® 570
Quasar® 570
Quasar® 570

Table S3: smFISH probe sequences.
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Appendix

The appendix includes the main text and figures of the publications resulting from my doctoral studies.

Towards a molecular understanding of the 5'TOP motif in regulating translation of ribosomal mRNAs
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Distinct roles of LARP1 and 4EBP1/2 in regulating translation and stability of 5 TOP mRNAs
Hochstoeger, T., Papasaikas, P., Piskadlo E., & Chao, J. A.

Science Advances., 10(7), eadi7830. (2024)
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Vertebrate cells have evolved a simple, yet elegant, mechanism for coordinated regulation of ribosome biogenesis
mediated by the 5 terminal oligopyrimidine motif (5'TOP). This motif allows cells to rapidly adapt to changes in
the environment by specifically modulating translation rate of mRNAs encoding the translation machinery. Here,
we provide an overview of the origin of this motif, its characterization, and progress in identifying the key
regulatory factors involved. We highlight challenges in the field of 5'TOP research, and discuss future approaches

that we think will be able to resolve outstanding questions.

1. Regulation of ribosome biogenesis

In order for cells to grow and proliferate they must orchestrate the
biogenesis of thousands of ribosomes, the cellular machines that carry
out protein synthesis, every minute [1,2]. This endeavor is particularly
challenging due to both the size of the macromolecular complex and the
number of components that must be appropriately put together to
generate functional ribosomes. In prokaryotes, this requires coordi-
nating the production and assembly of three ribosomal RNAs (16 S, 23 S
and 5 S rRNAs) and ~52 ribosomal proteins into two subunits (30 S
small subunit, 50 S large subunit) that join to from the active 70 S
ribosome [3]. This process becomes even more complex in eukaryotes,
not only because of the partitioning of the cell into the nucleus and
cytoplasm by the nuclear membrane, but the ribosome itself has
increased in size and contains four ribosomal RNAs (18 S, 28 S, 5 S and
5.8 S rRNAs) as well as ~79 ribosomal proteins that must be assembled
into the 40 S small subunit, 60 S large subunit and 80 S ribosome [4].
Importantly, synthesizing ribosomes at this scale utilizes considerable
cellular resources necessitating that this process must be tightly
regulated.

The production of stoichiometric levels of rRNAs and ribosomal
proteins is controlled at multiple levels. In prokaryotes, regulation of the
synthesis of rRNAs is achieved, in part, by the processing of a single pre-
rRNA transcript into three distinct rRNAs [5]. While the prokaryotic
ribosomal protein genes are located throughout the genome, many are
arranged in operons which co-regulate their expression levels: one of the

* Corresponding author.
E-mail address: jeffrey.chao@fmi.ch (J.A. Chao).
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ribosomal proteins encoded in the operon can bind to a sequence within
its own mRNA to repress the translation of all ribosomal proteins
encoded in the operon [6,7]. In eukaryotes, three of the rRNAs (18 S, 28
S and 5.8 S rRNAs) are generated from the processing of a precursor
transcript, however, the 5 S rRNA is encoded by a separate gene that is
transcribed by RNA polymerase III instead of RNA polymerase I [8,9].
While co-regulation of eukaryotic ribosomal proteins does not occur
through the arrangement of genes within operons, their coordinated
expression has been shown to be regulated by specific transcriptional
and post-transcriptional pathways that are controlled by the mTOR Kki-
nase in species ranging from plants, yeast and vertebrates [10-12].

The mTOR kinase is a central controller of cell growth, integrating
nutrient cues and adjusting cell growth accordingly [13]. In both yeast
and vertebrate cells, mTOR controls ribosome biogenesis through at
least two main mechanisms: rRNA synthesis and ribosomal protein
production [14]. While rRNA synthesis is transcriptionally regulated in
both cases, control of ribosomal protein production is achieved in
unique ways. In yeast, production of the ribosomal proteins is regulated
mostly at the transcriptional level [15], with quick adaptation mediated
by short mRNA half-lives (average half-life of ribosomal protein mRNAs:
16 min [16]). In vertebrates, production of ribosomal proteins is regu-
lated mostly at the translational level by modulating translation of
long-lived ribosomal protein mRNAs (average half-life of RP mRNAs in
humans: >9 h [17]).

mTOR control of ribosomal protein translation becomes activated
when vertebrate cells are exposed to unfavorable growth conditions (e.
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g., deprivation of amino acids, serum, oxygen or insulin) that leads to
inhibition of the mTOR kinase, resulting in a rapid translational down-
regulation of ribosomal protein mRNAs, thereby reducing the biogenesis
of new ribosomes [12]. Conversely, providing nutrients to starved cells
results in a rapid re-activation of ribosomal protein mRNA translation
[12]. This has led to the hypothesis of a molecular switch that toggles
vertebrate ribosomal protein mRNA translation by specific regulators
that recognize unique features within these transcripts and are
controlled by mTOR [18,19].

2. The 5'TOP motif

In the 1980 s, characterization of the sequences of ribosomal protein
mRNAs from a variety of vertebrates led to the observation that this class
of transcripts contained a conserved sequence motif at the 5’-end of the
transcript that is directly adjacent to the 7-methylguanosine cap [20,
21-26]. Since this motif contained a conserved cytidine in the + 1 po-
sition followed by an uninterrupted stretch of 4-15 pyrimidine nucleo-
tides it became known as the 5’ terminal oligopyrimidine (5'TOP) motif
[27]. Initial studies of the 5TOP motif determined that it was both
essential and sufficient to mediate translational control because muta-
tion of the first invariable nucleotide converts a 5TOP mRNA into a
non-5'TOP mRNA that is not rapidly repressed under stress [27], while
mutating the 5’ end of a non-5'TOP mRNA enables it to be repressed like
an endogenous 5'TOP mRNA during stress [28]. Additional sequence
analysis of mRNAs that encode translation factors and other proteins
involved in translation indicated that the 5'TOP motif is more broadly
utilized to regulate additional aspects of translation beyond only ribo-
somal proteins [12,29].

This coordinated regulation of translation, however, requires a well-
defined transcription start site. In vertebrates, ribosomal protein mRNAs
have core promoters that contain a unique consensus motif found at the
transcription start site of these genes termed the polypyrimidine initi-
ator (TCT motif) [30,31]. The TCT motif comprises nucleotides in the —
2 to + 6 positions with respect to the transcription start site and is
distinct from other core promoter motifs (e.g., TATA box). While the
mechanism by which the TCT motif functions in transcription initiation
is not fully understood, it ensures that the 5’UTR of ribosomal protein
transcripts begins with an invariable cytosine followed by a short stretch
of pyrimidine nucleotides [30]. Interestingly, the positioning of the
5'TOP motif at the 5’ end of mRNAs allows for the expression of both
5'TOP and non-5'TOP mRNAs for the same genes utilizing alternative
transcription start sites (TSS), and recent evidence suggests that many
genes indeed are expressed as both variants, with some cases of
tissue-specific expression of the 5 TOP or non-5'TOP isoform of the
transcript [32,33]. Nevertheless, the core set of 5TOP mRNAs involved
in translation were found to be constitutively expressed as 5TOP
mRNAs across 16 human tissues in a recent analysis of genome-wide
transcription initiation events [33].

While the function of the 5'TOP motif in conferring mTOR-
dependent translational regulation has been well established, the role
of sequence elements located in the 5'UTR of these transcripts is unclear.
Pyrimidine enriched translation elements (PRTE) are found downstream
of the 5’ cap in the 5'UTR of many mTOR regulated mRNAs, with a large
overlap of mRNAs that contain both a 5TOP and PRTE [34]. Using
ribosome profiling, 144 mRNAs were found to be sensitive to mTOR
inhibition. Of those, 37 possessed only a 5'TOP element, 30 possessed
only a PRTE within their 5 UTR, and 61 mRNAs possessed both a 5'TOP
and PRTE [34]. The PRTE consensus motif consists of an invariant uri-
dine at position 6 of a 9 nt long pyrimidine stretch. As the core 5'TOP
motif has been shown to be essential and sufficient for mTOR-dependent
translational regulation, research has focused on studying the 5'TOP
motif, and the function of the PRTE in contributing to this regulation
remains to be determined.
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3. Identification of trans-acting factors that regulate translation
of 5'TOP mRNAs

While the conservation of the consensus sequence within the 5'TOP
motif suggested that it could be specifically recognized by a trans-acting
factor, it has proven difficult to identify its interaction partner. Since the
5'TOP motif is located at the 5’ end of mRNAs that are bound by the
elF4F complex (eIF4E, elF4G and elF4A) during translation initiation,
the trans-acting factor could either be part of the canonical translation
initiation machinery that also has partial specificity for the 5 TOP motif,
or a specialized protein that selectively recognizes the 5'TOP motif. In
both cases, the molecule mediating 5 TOP translational regulation needs
to fulfill several criteria [18]. First, it is essential for selective 5 TOP
translational regulation to occur and loss or mutation of the factor re-
sults in 5TOP mRNAs and non-5'TOP mRNAs behaving similarly during
stress. Second, it specifically interacts with the 5 TOP motif in order to
provide a molecular link between the 5'TOP sequence and translational
regulation. Third, its role in translational regulation can be altered in
response to mTOR activity.

mTOR can globally regulate translation through phosphorylation of
elF4E binding proteins (4EBP1 and 4EBP2) and ribosomal protein S6
kinases (S6K1 and S6K2) [35]. Since both physiological and pharma-
cological inhibition of mTOR results in rapid translational repression of
5'TOP mRNAs and dephosphorylation of S6K and 4EBP1/2, they have
both been proposed to be the 5'TOP motif specificity factor. S6K activity,
however, could be uncoupled from 5'TOP regulation in S6K1/2 double
knockout mice without abolishing rapamycin-sensitive 5TOP regula-
tion indicating that it was unlikely to be the main regulator [36,37].
Additionally, selective ribosome profiling also indicated that ribosomal
protein S6, which is one of the substrates of S6K and could potentially
mediate an interaction with 5'TOP transcripts during translation initi-
ation, does not promote their translation [38]. When mTOR is inacti-
vated under unfavorable growth conditions, 4EBP1/2 become
dephosphorylated which enables their binding to eIF4E, blocking the
elF4E-eIF4G interaction and preventing the assembly of the eIF4F
complex, thus inhibiting translation initiation. While eIF4E specifically
recognizes the 5’ cap structure, its affinity for a capped oligo has also
been shown to depend on the nucleotide in the + 1 position with a
preference for adenine or guanine over cytosine [39]. While a more
detailed analysis of eIF4E’s sequence specificity has not been performed,
this suggests that while elF4E is a canonical translation factor, it may
allow for selective reduction in 5TOP mRNA translation when mTORC1
is inhibited and the pool of active eIF4E is reduced. Interestingly, while
5'TOP mRNAs are translated when mTOR is active, they have been
found to be less efficiently translated than other housekeeping tran-
scripts even in growing cells, as estimated by polysome analysis [12].
This suggests that their initiation is partially impaired which could result
from reduced elIF4E affinity, however, it is also possible that mTOR is
inactive in a subpopulation of cells even under nutrient rich conditions,
which cannot be resolved by bulk methods such as polysome analysis.
Consistent with a specific role of eIF4E, 4EBP1/2 double-knockout MEFs
demonstrated an involvement of 4EBP1/2 in regulating 5TOP mRNA
translation, as loss of 4EBP1/2 resulted in a rescue of 5'TOP translational
repression upon Torinl treatment [29]. A follow-up study, however,
demonstrated that under long-term oxygen deprivation or serum star-
vation, 4EBP1/2 double-knockout MEFs retain strong 5'TOP trans-
lational regulation indicating that an additional factor must be involved
[40]. Miloslavski and colleagues were, however, able to replicate the
initial finding by Thoreen et al. that loss of 4EBP1/2 is sufficient to
rescue short-term pharmacological inhibition of 5'TOP translation
indicating that different 5'TOP binding partners might function
sequentially or with differing kinetics in order to repress translation.

Since the 5'TOP motif contains a stretch of sequential pyrimidines
this sequence could be bound by a number of RNA-binding proteins that
share this RNA-binding specificity. Among them, TIA1 and TIAR were
reported to mediate translational repression of 5TOP mRNAs under



T. Hochstoeger and J.A. Chao

amino acid starvation [41], but not hypoxia [40]. Knockdown of the
TIA1 and TIAR also failed to rescue 5'TOP translational repression upon
Torinl treatment indicating that it may not be a general translational
repressor of 5"TOP mRNA translation but could play a more specialized
role [29].

More recently, LARP1 has emerged as the putative key specificity
factor that regulates translation of 5TOP mRNAs. LARP1 was first
implicated in 5'TOP translational regulation in a proteomic screen for 5’
cap binding proteins whose binding is regulated by mTOR [42]. Early
studies found that LARP1 also associates with PABP and has a stimula-
tory effect on mRNA translation [43,44]. More recently, it has become
clear that LARP1 also plays a key role specifically in 5'TOP translational
repression [45,46]. Importantly, a crystal structure revealed the specific
binding of the LARP1 DM15 domain to the 5 cap and the five nucleo-
tides of the 5'TOP motif [47]. This structure suggested that the LARP1
DM15 domain directly binds the 5 cap and 5'TOP motif and thereby
competes with eIF4E and blocks translation initiation. The
5'TOP-binding activity of LARP1 is also regulated by mTORC1 via direct
binding of LARP1 to Raptor (regulatory associated protein of mTORC1)
and phosphorylation of LARP1 by the mTOR kinase on residues adjacent
to the DM15 domain has been suggested to induce a conformational
rearrangement of LARP1 and inhibit its binding to the 5'TOP motif [48].
A pull-down of endogenously tagged eIF4E cross-linked to mRNA 5’ ends
(cap crosslinking and immunoprecipitation, capCLIP) also showed that
5'TOP mRNA reads are specifically depleted upon mTOR inhibition,
consistent with a model in which LARP1 specifically competes with
elF4E for binding to these mRNAs [49].

Although LARP1 knockout leads to a reduction in the translational
repression of 5’TOP mRNAs, experiments by several research groups
have consistently found that there is only a partial rescue of 5'TOP
mRNAs translation during mTORC1 inhibition [33,48]. LARP1 was
deleted by CRISPR-Cas9 by two research groups in HEK293T cells
independently, which made it possible to study 5'TOP translational
repression in the absence of any LARP1 protein [33,48]. Both research
groups found that loss of LARP1 is not sufficient for a full rescue of
translational repression, suggesting the existence of one or more addi-
tional specificity mediating factors which are regulated downstream of
mTORC]I, but can function independent of LARP1 binding to the 5'TOP
motif. It is possible that knockout of LARP1 leads to the upregulation of
compensatory proteins that can mediate some 5TOP translational
repression in its stead. In order to identify a potential compensatory role
of the LARP1 homologue LARP1B (also called LARP2), LARP1/LARP1B
double knockout HEK cells were generated [33]. LARP1B, however, was
not found to contribute to 5'TOP translational repression and therefore
cannot explain the persistent sensitivity of 5TOP mRNAs to mTORC1
inhibition. While there are other LARP family members, they do not
contain the DM15 domain that recognizes the 5'TOP motif [50].
Consequently, the possible role of an additional factor that contributes
to 5'TOP-specific regulation during mTORC1 inhibition has not been
fully resolved.

4. Mechanism of LARP1’s interaction with 5'TOP transcripts

LARP1 is a large multidomain protein (1096 amino acids) that con-
tains a La-module and the DM15 domain, however, most of the protein is
predicted to be disordered [51]. While the DM15 domain’s interaction
with the 5'TOP motif has been extensively biochemically and structur-
ally characterized, how the rest of the protein may contribute to regu-
lation of 5'TOP transcripts is less well understood [47,52].

In vitro RNA-binding studies of the LARP1 La-motif have identified a
sequence preference for both poly(A) RNAs as well as pyrimidine-rich
sequences that are similar to the 5'TOP motif, but lack the 5’ cap [53].
Interestingly, it was found that the La-motif may interact with poly(A)
RNA and the pyrimidine sequence simultaneously suggesting that this
domain has at least two distinct RNA-binding surfaces. The La-module,
consisting of a La-motif followed by an RNA recognition motif (RRM), is
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the common characteristic of the family of La and related proteins
(LARPs), and combines two distinct RNA-binding activities. While it was
assumed that LARP1 shares this domain architecture, recent experi-
ments demonstrate that LARP1 only contains the La-motif, and the
downstream region thought to be an RRM is unfolded [54].

The in vivo RNA-binding specificity of full-length LARP1 has also
been determined using photoactivatable ribonucleoside-enhanced
crosslinking and immunoprecipitation (PAR-CLIP), which determined
that LARP1 binds to pyrimidine-rich sequences in the 5UTR of tran-
scripts and this interaction is enhanced upon mTOR inhibition [55]. The
exact 5'TOP sequence, however, was not specifically identified by
PAR-CLIP and the pyrimidine nucleotides were located distally from the
cap in the 5'UTR though this discrepancy might arise for technical
reasons associated with library preparation or biases caused by T1
RNase digestion. Interestingly, LARP1 was also found to bind to the
3'UTR of transcripts, albeit with limited sequence specificity. Addi-
tionally, LARP1 also contains a PABP-interacting motif-2 (PAM2)
downstream of the La-motif that enables it to interact with the made-
moiselle domain of PABPC1 [56]. This interaction with PABPC1 and,
potentially, the polyA tail has been found to protect poly(A) tail length
and stabilize the mRNA [44,56,57].

It remains unclear if the La-module and DM15 domain are able to
simultaneously interact with the 5'TOP motif, PRTE, 3'UTR, poly(A) tail
and PABCI of the same transcripts or if any of these interactions are
mutually exclusive and how the combination of the interactions affects
5'TOP regulation. While the La-motif and DM15 domain are separated
by ~400 amino acids that do not contain any known globular domains,
AlphaFold predicts that this region may not be entirely disordered and
could bring the La-motif and DM15 domain in close physical proximity
(Fig. 1) [58]. Though this conformation requires experimental valida-
tion, nonetheless, it suggests that the function of the individual domains
may be more tightly coupled than previously appreciated and provides a
framework for further characterization. It should be noted, however,
that the individual isolated La-motif and DM15 domains have been
shown to retain functionality indicating that they can function autono-
mously to some extent [46,48].

Though the regulation of 5'TOP translation and LARP1 has been well
described, loss of LARP1 has also been found to result in a specific
decrease in the mRNA stability of 5TOP mRNAs [44,59]. As 5'TOP
mRNAs are some of the most stable mRNAs in mammalian cells, it is
tempting to speculate that LARP1 functions to protect this class of
mRNAs from degradation and directly contributes to their high stability.
This raises the question of how LARP1 is specifically recruited to these
mRNAs to mediate stability under nutrient-rich conditions, when the
DM15 domain is phosphorylated and unable to bind the 5 TOP motif
[48]. Consequently, it has been suggested that LARP1 binds to 5 TOP
mRNAs via its La-motif to either the 5TOP or PRTE (in a
cap-independent manner that does not block eIF4E) and the poly(A) tail
and PABP, potentially circularizing mRNAs to allow translation while
protecting them from decay (see Fig. 2). While evidence exists for the
close-loop model in promoting translation and stability in yeast, current
single-molecule RNA imaging in human cells has indicated that trans-
lating mRNAs are less compact than translationally-inhibited ones [60,
61]. Therefore, LARP1 may specifically promote a closed-loop confir-
mation for only 5"TOP mRNAs to selectively promote their stability.

While the closed-loop model of 5"TOP mRNPs provides an explana-
tion for their enhanced stability, it is not entirely clear where the
specificity for 5'TOP transcripts comes from when mTORC1 is active and
elF4E is presumably bound to the 5’ cap. Additionally, it is not known if
elF4E and LARP1 can simultaneously interact on the same 5'UTR since
there are conflicting reports of an indirect RNA-mediated interaction
between these proteins [42,45,55]. Recent structural studies of the
human 48 S preinitiation complex have suggested that initiation occurs
via a cap-tethered mechanism that results in a “blind spot” of ~30 nu-
cleotides adjacent to the 5'-cap, which could enable translation initia-
tion to be compatible with LARP1 binding [62]. A recent study showed
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1 MATQVEPLLP GGATLLQAEE HGGLVRKKPP PAPEGKGEPG PNDVRGGEPD GSARRPRPPC

61 AKPHKEGTGQ QERESPRPLQ LPGAEGPAIS DGEEGGGEPG AGGGAAGAAG AGRRDFVEAP
121 PPKVNPWTKN ALPPVLTTVN GQSPPEHSAP AKVVRAAVPK QRKGSKVGDF GDAINWPTPG
181 EIAHKSVQPQ SHKPQPTRKL PPKKDMKEQE KGEGSDSKES PKTKSDESGE EKNGDEDCQR
241 GGQKKKGNKH KWVPLQIDMK PEVPREKLAS RPTRPPEPRH IPANRGEIKG SESATYVPVA
301 PPTPAWQPEI KPEPAWHDQD ETSSVKSDGA GGARASFRGR GRGRGRGRGR GRGGTRTHFD
361 YQFGYRKFDG VEGPRTPKYM NNITYYFDNV SSTELYSVDQ ELLKDYIKRQ IEYYFSVDNL \
421 ERDFFLRRKM DADGFLPITL IASFHRVQAL TTDISLIFAA LKDSKVVEIV DEKVRRREEP
481 EKWPLPPIVD YSQTDFSQLL NCPEFVPRQH YQKETESAPG SPRAVTPVPT KTEEVSNLKT
541 LPKGLSASLP DLDSENWIEV KKRPRPSPAR PKKSEESRFS HLTSLPQQLP SQQLMSKDQD
601 EQEELDFLF MDGRK NTFTAWSDEE SDYEID QTP HYMRRHPGGD
661 RTGNHTS EKFEPEYS QIKQEVENFK KVNMISREQF
721 DTLTPEPPVD PNQEVPPGPP RFQQVPTDAL ANKLFGAPEP STIARSLPTT VPESPNYRNT
781 RTPRTPRTPQ LKDSSQTSRF YPVVKEGRTL DAKMPRKRKT RHSSNPPLES H DSRE
841 HRPRTASISS SPSEGTPTVG SYGCTPQSLP KFQHPSHELL KENGFTQHVY HKYRRRCLNE
901 RKRLGIGQSQ EMNTLFRFWS FFLRDHFNKK MYEEFKQLAL EDAKEGYRYG LECLFRYYSY
961 GLEKKFRLDI FKDFQEETVK DYEAGQLYGL EKFWAFLKYS KAKNLDIDPK LQEYLGKFRR
1021 LEDFRVDPPM GEEGNHKRHS VVAGGGGGEG RKRCPSQSSS RPAAMISQPP TPPTGQPVRE
1081 DAKWTSQHSN TQTLGK
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La-motif

Fig. 1. : AlphaFold prediction of full-length human LARP1 structure. The known structured domains of the La-motif and DM15 are shown in magenta and cyan,
respectively. Note the extensive disordered regions shown in blue. Additional predicted structural elements are marked in orange (with connecting loops in green)
and could bring the La-motif and DM15 domain in close proximity. Shown here is the 1096 aa isoform, which is the main isoform expressed in human cells (see [51]).
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Fig. 2. : Interaction of LARP1 with a 5TOP mRNA. Under nutrient-rich con-
ditions (top), mTORCI is active and phosphorylates both 4EBP1/2 and LARP1.
The EIF4F complex (composed of 4E, 4 G, and 4 A) can bind the ™G cap and
recruit the 43 S preinitiation complex. Under these conditions, LARP1’s La-
motif can bind to either the 5TOP motif or the poly(A)-tail and LARP1's
PAM2 motif can bind the mademoiselle domain of PABP. Under nutrient star-
vation (bottom), mTORCI is inactive and 4EBP1/2 and LARP1 are dephos-
phorylated. 4EBP1/2 sequesters 4E, thereby blocking translation initiation,
while LARP1 can bind the ™G cap with its DM15 domain and its La-motif and
PAM2 could bind to the poly(A)-tail and PABP, respectively. Simultaneous
binding of a single LARP1 molecule to both mRNA ends is possible under both
active and inactive mTORC1 and could serve to protect the mRNAs from
degradation. Further research will be needed to verify the existence of such
LARP1-mediated 5 TOP mRNA closed loops and their functional implication.
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that LARP1 has a protective effect on 5TOP mRNA levels under pro-
longed mTOR inhibition, which is thought to preserve these mRNAs for
reactivation of translation in a closed-loop conformation via DM15
binding to the 5'TOP and La-motif binding to the poly(A)tail/PABP [63].
It is possible that the closed-loop conformation only becomes relevant
under mTOR inhibition, when LARP1 can circularize 5TOP mRNAs
without interference from translation initiation, thereby protecting
them from the decay machinery.

5. Outlook

While the biological importance of the regulation of translation and
stability of 5 TOP mRNAs during normal cell growth and disease has
long been appreciated, the molecular mechanisms that enable this spe-
cific control have been challenging to elucidate. Any inhibition of a core
cellular process that impacts ribosome biogenesis can be expected to
have global pleiotropic effects making it difficult to isolate specific
pathways, particularly when studying prolonged deprivation of amino
acids or growth factors. While acute pharmacological inhibition of
mTOR mitigates some of these experimental complications, the inhibi-
tion of translation or changes in mRNA stability are usually determined
using ensemble techniques that measure the average change of all the
5'TOP mRNAs in thousands or even millions of cells. Consequently,
cellular heterogeneity can mask differences between models for 5'TOP
regulation and has prevented a detailed kinetic analysis of the effect of
mTOR inhibition.

The recent development of single-molecule methods for directly
imaging mRNAs and their translation and degradation provides an op-
portunity to further characterize the regulation of 5TOP mRNAs [64,
65]. Using these approaches, it will be possible to directly measure both
the fraction of individual mRNAs undergoing active translation as well
as their ribosome occupancy in living cells [64]. Previously, we have
characterized the localization and translation of 5'TOP reporter mRNAs
in cells treated with sodium arsenite, which activates the integrated
stress response, but does not inhibit mTOR, [66]. These experiments
showed that stable association of a 5'TOP reporter mRNA to stress
granules and processing bodies required both LARP1 and the 5'TOP
motif indicating the potential of this system to characterize LARP1- and
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5'TOP-dependent regulation. We anticipate that single-molecule imag-
ing will enable quantification of the magnitude and timing of 5'TOP
regulation during mTOR inhibition and how the trans-acting factors
LARP1 and 4EBP1/2 exert their effects. Using these tools, it will be
possible to precisely compare and contrast the efficiency of translational
repression of a 5'TOP reporter in cells depleted of either LARP1 or
4EBP1/2 and long-term imaging of mRNA reporters will also enable
researchers to precisely quantify translation parameters of 5TOP
mRNAs (e.g., initiation rates and bursting kinetics) [67]. Finally, further
advances in imaging technologies may soon make it possible to directly
observe binding of individual trans-acting factors to the 5'TOP motif in
order to measure their impact on the translation status of individual
mRNAs.

In parallel, advances in pull-down assays such as capCLIP will shed
further light onto the regulators involved in displacing eIF4E from 5'TOP
mRNAs upon mTOR inhibition. It will be interesting to see whether the
specific displacement of eIF4E can still occur in absence of either LARP1
or 4EBP1/2, which will allow functional separation of the role of the
cap-binding regulators of 5'TOP translation, and clarify whether their
action is coupled or independent from each other.
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Distinct roles of LARP1 and 4EBP1/2 in regulating
translation and stability of 5'TOP mRNAs

Tobias Hochstoeger'?, Panagiotis Papasaikas’, Ewa Piskadlo', Jeffrey A. Chao'*

A central mechanism of mTOR complex 1 (mTORC1) signaling is the coordinated translation of ribosomal protein
and translation factor mRNAs mediated by the 5’-terminal oligopyrimidine motif (5'TOP). Recently, La-related
protein 1 (LARP1) was proposed to be the specific regulator of 5’TOP mRNA translation downstream of mTORC1,
while elF4E-binding proteins (4EBP1/2) were suggested to have a general role in translational repression of all
transcripts. Here, we use single-molecule translation site imaging of 5'TOP and canonical mRNAs to study the
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translation of single mRNAs in living cells. Our data reveal that 4EBP1/2 has a dominant role in repression of trans-
lation of both 5'TOP and canonical mRNAs during pharmacological inhibition of mTOR. In contrast, we find that
LARP1 selectively protects 5'TOP mRNAs from degradation in a transcriptome-wide analysis of mRNA half-lives.
Our results clarify the roles of 4EBP1/2 and LARP1 in regulating 5'TOP mRNAs and provide a framework to further
study how these factors control cell growth during development and disease.

INTRODUCTION

For cellular homeostasis, ribosome biogenesis needs to be tightly
coupled to nutrient availability. In eukaryotic cells, mechanistic target
of rapamycin complex 1 (mTORC1) is the central signaling hub that
integrates nutrient cues to match cell growth by stimulating or in-
hibiting ribosome biogenesis (1, 2). When nutrients are available, active
mTORCI1 promotes translation by the phosphorylation of key sub-
strates such as ribosomal S6 kinases (S6K1/2) and eukaryotic transla-
tion initiation factor 4E-binding proteins (4EBP1/2) that stimulate
eukaryotic initiation factor 4F (eIF4F) assembly and translation. When
nutrients are limited, mMTORCI substrates are dephosphorylated,
allowing 4EBP1/2 to bind and sequester the cap-binding eukaryotic
translation initiation factor 4E (eIF4E), thereby inhibiting mRNA
translation initiation. In addition, the La-related protein 1 (LARP1)
has recently been described as a direct mTORCI1 substrate and
translational regulator (3-7). While mTORC1-dependent transla-
tion regulation acts on all mRNAs via multiple routes, it exerts a
much more rapid and pronounced effect on ribosomal protein and
translation factor mRNAs (~100 mRNAs) that carry a 5'-terminal
oligopyrimidine motif (5'TOP, 4 to 15 pyrimidines) directly adjacent
to the 5" cap (8).

While it has been well established that the 5"TOP motif is both
essential and sufficient for rapid mTORCI-mediated translational
regulation (9, 10), the underlying molecular mechanism has been
challenging to resolve (11). Both 4EBP1/2 and LARP1 have been
found to contribute to 5'TOP translational inhibition, as loss of either
factor partially relieved 5"TOP translational repression in cells acutely
treated with the mTOR inhibitor Torinl (4, 5, 12-14). Although
binding of 4EBP1/2 to eIF4E reduces cap-dependent translation of
all transcripts, e[F4E may have lower affinity for 5TOP mRNAs,
which could make them more sensitive to mTORCI1 inhibition (15,
16). Recently, cocrystal structures of LARP1 bound to both the 5’
cap and the first five nucleotides of a 5'TOP oligo suggested that
LARP1 could specifically repress 5'TOP mRNAs upon mTORCI
inhibition, leading to a model in which dephosphorylated LARP1
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specifically binds the 5’ end of 5'TOP mRNAs to prevent assembly
of the eIF4F complex (17).

An additional layer of ribosome biogenesis control is the pool of
5'TOP mRNAs available for translation, which are among the most
highly expressed and stable transcripts in eukaryotic cells (18, 19).
LARP1 has been found to associate with poly(A)-binding protein
cytoplasmic 1 (PABPC1) and inhibit deadenylation of mRNA
transcripts (20-23). It is, however, unclear how LARP1 is recruited
to the mRNAs it stabilizes, the importance of the 5"TOP motif for
target selection, and the relevance of mMTORC1 activity in this process.
Crosslinking studies have found LARP1 associates with thousands
of mRNAs including 5"TOP mRNAs, and a subset of these transcripts
have increased binding upon mTORCI inhibition (7, 24, 25). In
contrast, polyA tail sequencing in mTOR active cells has found
LARP1 to inhibit mRNA deadenylation globally but that 5"TOP
transcripts were among the most strongly affected transcripts upon
LARP1 depletion (26).

In this study, we sought to clarify the roles of LARP1 and 4EBP1/2
in regulating the translation and stability of 5" TOP mRNAs. Direct
measurements of translation of 5'TOP and non-5"TOP (canonical)
mRNAs using single-molecule SunTag imaging revealed a dominant
role of 4EBP1/2 in mediating 5'TOP translational repression. In
contrast, we find a highly selective role of LARP1 in protecting
5'TOP mRNAs from degradation by measuring transcriptome-wide
changes in mRNA half-lives using metabolic mRNA labeling (SLAM-
seq). Our study provides insights into the distinct roles of LARP1
and 4EBP1/2 in mediating 5'TOP regulation and a framework for
further investigations into the mechanisms by which these factors
regulate cell growth under normal physiological conditions and
disease.

RESULTS

Single-molecule imaging of translation during

mTOR inhibition

To study the regulation of translation during mTOR inhibition, we
engineered a HeLa cell line that expresses fluorescent proteins for
single-molecule imaging of mRNA [nuclear localized MS2 coat pro-
tein (MCP)-Halo] and translation [single-chain-variable fragment
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(scFv)-GFP], together with the reverse tetracycline-controlled trans-
activator to enable induction of reporter mRNAs (27). Into this cell
line, we integrated two different constructs into a single genomic
locus under the control of a doxycycline-inducible promoter. The
reporter mRNAs were identical except for their 5" untranslated region
(5'UTR), where one contains the full-length 60S ribosomal protein
L32 (RPL32) 5'UTR that begins with a 5"TOP motif, and the other

has a canonical 5'UTR that does not contain a 5'TOP sequence. The
coding sequence encodes 24 GCN4 epitope tags for translation site
imaging [SunTag; (28)] followed by Renilla luciferase for bulk measure-
ments of translation and the FK506 binding protein 1A (FKBP1A)-
derived destabilization domain to reduce the accumulation of mature
proteins (29). In addition, the 3'UTR contains 24 MS2 stem loops
for mRNA imaging (Fig. 1A). The 5’-end of both reporter mRNAs
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Fig. 1. Single-molecule imaging recapitulates 5'TOP translational repression. (A) Schematic representation of reporter mRNAs for single-molecule imaging of trans-
lation. The 5'TOP reporter contains the full-length RPL32 5’UTR, whereas the canonical reporter has a control 5'UTR of similar length. Black arrows indicate transcription
start sites. (B) Representative images of canonical and 5'TOP reporter mRNAs (MCP-Halo foci, magenta) undergoing translation (scFv-GFP foci, green) in the absence or
presence of mTOR inhibitor Torin 1 (250 nM, 1 hour). Scale bars, 5 um. (C) Translation site intensities of canonical and 5'TOP reporter mRNAs quantified in absence or pres-
ence of Torin 1 (250 nM, 1 hour). SunTag intensities are plotted for all MRNAs (colored circles) overlaid with the mean + SD (>1089 mRNAs per condition, n = 3). (D) Fraction
of mMRNAs undergoing translation quantified per cell for canonical and 5'TOP reporter in the absence or presence of Torin 1 (250 nM, 1 hour). Values are plotted for each
cell (colored circles) overlaid with the mean + SD (>162 cells per condition, n = 3). For statistics, unpaired t tests were performed, with statistical significance claimed when
P < 0.05 (ns, not significant; *P < 0.05; ***P < 0.001).

Hochstoeger et al., Sci. Adv. 10, eadi7830 (2024)

16 February 2024 20of14

202 ‘ST Yoe |\ uo By ewreyd sisenoN e BIoaouaios mmm//:sdiy wodj papeojumod



SCIENCE ADVANCES | RESEARCH ARTICLE

was sequenced to determine the transcription start sites. All 5'TOP
transcripts contained a 5'TOP motif and the canonical transcripts
initiated with AGA, which is similar to the most common transcription
start site (fig. S1) (30). To inhibit mTOR, we used the adenosine triphos-
phate (ATP)-competitive inhibitor Torinl, which has been widely
used to study the translation of 5'TOP mRNAs. For both the 5" TOP
and canonical mRNA reporter cell lines, Torinl treatment for
1 hour resulted in inhibition of mMTORC1 as seen by 4EBP1 dephos-
phorylation, consistent with previous results (fig. S2) (24, 31).

To observe the effect of mTORC1 inhibition on translation, we
induced expression of the reporter mRNAs in both cell lines and
imaged them in either the presence or absence of Torinl. Treatment
with Torin1 was found to strongly repress translation of most 5'TOP
transcripts as seen by the disappearance of scFv-GFP spots that co-
localized with mRNA spots, whereas the canonical mRNAs were
largely unaffected (Fig. 1B). For quantification of single mRNAs and
their translation, we used a high-throughput image analysis pipeline that
tracks individual mRNAs and measures the corresponding SunTag
intensities. mRNA trajectories were determined using single-particle
tracking of MCP-Halo spots, and scFv-GFP intensities at those same
coordinates were quantified for each mRNA as background-corrected
mean spot intensity (SunTag intensity). Using this analysis pipeline,
we quantified the translation of >1000 mRNAs for both the 5'TOP
and canonical mRNA cell lines (Fig. 1C), which revealed a broad
distribution of SunTag intensities for both types of transcripts indi-
cating a heterogeneity of ribosomes engaged in translation of indi-
vidual transcripts (27, 28). The average SunTag intensity for the
5'TOP mRNAs was slightly lower compared to the canonical mRNAs
indicating fewer ribosomes engaged in translation when mTOR is
active (Fig. 1C). The mean SunTag intensity for the 5'TOP mRNAs
decreased markedly upon Torin1 treatment, whereas the mean SunTag
intensity of the canonical mRNAs decreased only slightly.

While changes in SunTag intensity indicate differences in ribosome
number, translation site imaging can also be used to quantify the
fraction of transcripts actively translating within a cell. Puromycin
treatment, which inhibits translation due to premature termination,
was used to measure SunTag spot intensities in the absence of trans-
lation to calibrate a threshold for identifying translating mRNAs
(>1.5-fold over background; fig. S3). Quantifying translation as the
fraction of translating mRNAs per cell revealed slightly fewer trans-
lating 5'TOP mRNAs (mean: 74%) compared to the canonical
mRNAs (mean: 86%) when mTOR is active (Fig. 1D). Upon 1-hour
Torin] treatment, the fraction of translating 5'TOP mRNAs per cell
decreased drastically (mean: 16%), although many cells retained a
minor fraction of translating 5"TOP mRNAs. In contrast, the fraction
of translating canonical mRNAs decreased only slightly upon Torinl
treatment (mean: 77%). To determine whether the remaining fraction
of translating 5"TOP mRNAs after 1-hour Torinl treatment repre-
sented stalled ribosomes, Torinl-treated cells were cotreated with
harringtonine, which stalls ribosome at the start codon and allows
elongating ribosomes to run-oft. Addition of harringtonine abolished
the remaining translation sites in the Torin1-treated 5'TOP cell line
within 10 min (fig. S4), demonstrating that the low number of
5"TOP mRNAs that colocalize with SunTag signal are still actively
translating.

To verify our findings with other mTOR inhibitors, we repeated
the imaging of canonical and 5'TOP mRNAs with the allosteric
mTOR inhibitor Rapamycin (32) and the ATP-competitive mTOR
inhibitors PP242 and TAK228 (33, 34). While PP242 and TAK228

Hochstoeger et al., Sci. Adv. 10, eadi7830 (2024) 16 February 2024

treatment closely mirror the response seen for Torinl treatment,
Rapamycin treatment did not significantly alter the translation of
either canonical or 5'TOP mRNAs (fig. S5). Rapamycin insensitivity
has been described for a number of cell lines including HeLa (35),
and, in agreement with previous studies (31, 36), we find that Rapamycin
selectively inhibits S6K1 phosphorylation, while levels of phosphor-
ylated 4EBP1 remain high (fig. S6). Together, our data capture both
inter- and intracellular variability in the translation of canonical and
5"TOP mRNAs in the presence and absence of mMTOR inhibitors, pro-
viding direct translation measurements independent of effects aris-
ing from transcriptional regulation or mRNA stability.

LARP1 KO partially rescues translation of 5'TOP mRNAs
during Torin1 treatment

Recently, LARP1 has been found to specifically bind the 5"TOP motif
in an mTOR-dependent manner to regulate translation (3, 17, 24).
To further investigate the role of LARPI in translational repression
of 5"TOP mRNAs during mTOR inhibition, we generated LARP1
CRISPR-Cas9 knockouts (KOs) in the 5'TOP and canonical mRNA
cell lines. Genomic DNA sequencing confirmed frameshift muta-
tions in all alleles of LARPI exon 4 that are upstream of any domain
of known function (amino acids 205 to 240) (fig. S7, A and B). Loss
of LARP1 protein in the KO cell lines was confirmed by Western
blot analysis using two LARP1 antibodies targeting either the N- or
C-terminal regions, which did not detect alternative LARP1 isoforms
(fig. S7C). Loss of LARP1 did not disrupt the regulation of other
mTORCI targets, as seen by dephosphorylation of 4EBP1, S6K1,
and RPS6 upon 1-hour Torin1 treatment (fig. S7D). Consistent with
earlier reports in human embryonic kidney (HEK) cells, deletion of
LARP1 in HeLa cells resulted in decreased cell proliferation (4, 5).

Following the validation of the LARP1 KO cell lines, we quanti-
fied the translation of 5’'TOP and canonical mRNAs (>600 mRNAs
per condition) in the absence of LARP1 (fig. S8A). Analysis of SunTag
intensities of the canonical and 5 TOP mRNAs revealed similar
translation levels in the LARP1 KO compared to wild type (WT),
indicating that LARP1 does not regulate 5"TOP mRNA translation
in cells when mTOR is active. Upon 1-hour Torinl treatment, canoni-
cal mRNAs decreased slightly in mean SunTag intensity, whereas the
5'TOP mRNAs decreased more strongly (Fig. 2A). Calculating the
fraction of translating mRNAs per cell revealed that the canonical
mRNAs show a mild response to Torinl in the absence of LARP1
(mean untreated: 87%, mean 1-hour Torinl: 75%; Fig. 2B), mirroring
the response observed for the canonical mRNAs in LARP1 WT
cells. The 5"TOP mRNAs in LARP1 KO cells displayed a partial rescue
of translation upon Torinl treatment (mean untreated: 79%, mean
1-hour Torinl: 41%) compared to LARP1 WT cells (mean 1-hour
Torinl: 16%). The incomplete rescue of 5" TOP mRNA translation in
the absence of LARP1 suggested the existence of additional trans-
acting factors in mediating 5'TOP translational repression.

One possible trans-acting factor that could repress 5"TOP mRNAs
in the absence of LARPI is the homolog LARPIB (also called
LARP2), which shares the DM 15 domain that binds the 5'TOP mo-
tif, although it is lowly expressed in HeLa cells. To test this possibil-
ity, we used CRISPR-Cas9 to generate KOs of LARP1B in the LARP1
KO background (fig. S9A). Genomic DNA sequencing of the edited
alleles identified frameshift mutations in all alleles of LARP1B exon
4, and polymerase chain reaction (PCR) confirmed loss of WT LARPIB
mRNA (fig. S9, B and C). Western blot analysis confirmed un-
perturbed mTORCI signaling in the LARP1/1B KO cells, as seen by
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Fig. 2. Loss of LARP1 partially alleviates 5'TOP translational repression during Torin1 treatment. (A) Quantification of translation site intensities in LARP1 KO cells +
Torin1 (250 nM, 1 hour). SunTag intensities are plotted for all mRNAs overlaid with the mean + SD (>652 mRNAs per condition, n = 3). (B) Fraction of mRNAs undergoing
translation quantified per cell in LARP1 KO cells + Torin1 (250 nM, 1 hour). Values are plotted for each cell (colored circles) overlaid with the mean + SD (>91 cells per
condition, n = 3). (C) Quantification of translation site intensities in LARP1/1B KO cells + Torin1 (250 nM, 1 hour). SunTag intensities are plotted for all mRNAs (colored
circles) overlaid with the mean + SD (>218 mRNAs per condition, n = 3). (D) Fraction of mRNAs undergoing translation quantified per cell in LARP1/1B KO cells +
Torin1 (250 nM, 1 hour). Values are plotted for each cell (colored circles) overlaid with the mean + SD (>30 cells per condition, n = 3). For statistics, unpaired t tests were
performed, with statistical significance claimed when P < 0.05 (*P < 0.05, **P < 0.01, ****P < 0.0001). (E) Time course of fraction of translating mRNAs per cell for
canonical and 5'TOP reporter cell lines in the presence (WT) or absence of LARP1/1B (KO). Cells were treated with 0-, 30-, 60-, 120-, and 240-min Torin1. Values are plotted
as the mean + SEM (>30 cells per condition, n = 3).
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dephosphorylation of 4EBP1, S6K1, and RPS6 upon 1-hour Torinl
treatment (fig. S9D).

Following the validation of the LARP1/1B KO cell lines, we quan-
tified the translation of 5'TOP and canonical mRNAs (>200 mRNAs
per condition) in the absence of LARP1/1B (fig. S8B). Both the
distribution of SunTag intensities (Fig. 2C) and the fraction of trans-
lating canonical and 5"TOP mRNAs per cell (Fig. 2D) responded
similarly to Torinl treatment (1 hour) as obtained for LARP1 KO
cells, suggesting that LARP1B does not affect 5"TOP translational
regulation. These results are consistent with an earlier study in HEK
cells, which also found that translational repression of endogenous
5"TOP transcripts could not be rescued further by combinatory deletion
of LARP1/1B (37), arguing against functional redundancy of LARP1
and LARP1B.

While we did not observe a rescue of 5 TOP translation when
cells were treated with Torinl for 1 hour, we could not exclude the
possibility that the effect of loss of LARP1/1B might be more pro-
nounced at other time points. To characterize the kinetics of Torin1-
mediated translational inhibition, we performed SunTag imaging of
the canonical and 5'TOP cell lines at additional time points (30 min,
2 hours, and 4 hours; Fig. 2E). For both WT and LARP1/1B KO
cells, the canonical mRNAs showed a gradual decrease in transla-
tion during the first hour of Torinl treatment that remained low at
later time points. To test whether prolonged mTOR inhibition is re-
quired to repress canonical mRNA translation, we quantified trans-
lation of canonical mRNAs in WT cells treated with Torin1 for
24 hours. The majority of canonical mRNAs remained translating at
this longer time point (fig. S10). 5’TOP mRNAs in WT cells de-
creased in translation within 1 hour of Torin1 to a minor fraction of
translating mRNAs (30-min Torinl: 39%, 1-hour Torinl: 16%) and
remained at this level at the 2-hour (14%) and 4-hour (19%) time
points (Fig. 2E). In LARP1/1B KO cells, translation of 5TOP
mRNAs also decreased with no change in the timing of repression
but a decrease in its extent (30-min Torinl: 50%, 1-hour Torinl:
30%); however, at the 2-hour (42%) and 4-hour (46%) time points,
we observed a slight increase in translation. These results sug-
gested that while LARP1 may contribute to translational repression
of 5"TOP mRNAs, it is not the dominant regulatory factor during
mTOR inhibition.

4EBP1/2 knockdown rescues translation of 5'TOP mRNAs
during Torin1 treatment

4EBP1/2 are thought to generally repress translation during mTORC1
inhibition but have also been previously implicated in specifically
affecting 5'TOP mRNAs (12). Using lentiviral infection, stable short
hairpin RNA (shRNA)-mediated knockdown (KD) cell lines were
generated in the WT and LARP1/1B KD background for both 5" TOP
and canonical mRNA cell lines. Western blot analysis confirmed the
depletion of 4EBP1/2 levels in all four cell lines (fig. S11, A and B).
Furthermore, the dephosphorylation of RPS6 and residual 4EBP1
upon 1-hour Torinl indicated that mTORC1 signaling was unper-
turbed in the 4EBP1/2 KD cell lines (fig. S11, C and D).

Having validated the 4EBP1/2 KD cell lines, we measured the
translation of canonical and 5TOP mRNAs in the absence of
4EBP1/2 (fig. S12). In untreated cells, the reduction of 4EBP1/2
resulted in increased SunTag intensities for both canonical and
5'TOP mRNAs in cell lines with WT LARP1 (Fig. 3A, >1000 mRNAs
per condition) and LARP1/1B KO (Fig. 3C, >700 mRNAs per con-
dition) compared to cells with WT levels of 4EBP1/2 (Fig. 1C).
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This suggested that when mTOR is active, 4EBP1/2 can still weakly
repress translation initiation presumably through fluctuations in
mTOR signaling during cell growth. Unexpectedly, the SunTag
intensities of both canonical and 5"TOP mRNAs were not reduced
upon 1-hour Torinl treatment in 4EBP1/2 KD cell lines with WT
LARP1 (Fig. 3A) or LARP1/1B KO (Fig. 3C). Analyzing the fraction
of translating canonical mRNAs revealed no change in translation
upon Torinl treatment for cells with WT LARP1 (Fig. 3B) and
LARP1/1B KO (Fig. 3D), in contrast to the previously observed
mild decrease in translation of canonical mRNAs upon 1-hour Torin1
(Fig. 1D). The fraction of translating 5'TOP mRNAs was not sig-
nificantly reduced by Torinl treatment in 4EBP1/2 KD cell lines
with WT LARP1 (Fig. 3B; untreated: 77%, treated: 70%) or LARP1/1B
KO (Fig. 3D; untreated: 79%, treated: 77%), indicating a full rescue
of translation compared to the previous partial rescue observed in
LARP1 KO cells. To exclude the possibility that translational repression
is delayed in the absence of 4EBP1/2, we investigated the kinetics of
mTOR inhibition in the 4EBP1/2 KD cell lines (Fig. 3E), which revealed
that canonical and 5 TOP mRNAs remain similarly insensitive to
Torinl treatment at prolonged Torinl treatment (2 and 4 hours).
These experiments indicate that despite the difference in magnitude
of translational repression during Torinl treatment, 4EBP1/2 is
responsible for the weak inhibition of canonical mRNAs and the
stronger inhibition of 5TOP mRNAs. Our data support a model
where 5"TOP mRNAs are intrinsically more sensitive to 4EBP1/2-
mediated translational regulation, which results in a minor difference
in translation when mTOR is active and a pronounced difference in
translation when mTOR is inhibited.

Alternatively, our data could potentially be explained by the pres-
ence of additional cis-acting sequence elements within the RPL32
5'UTR of our 5'TOP mRNA reporter that were absent in the 5'UTR
of the canonical mRNAs. The RPL32 5'UTR is 50 nucleotides in
length and contains the 5'TOP motif (positions +1 to +11) as
well as a pyrimidine-rich translational element (PRTE) at positions
+38 to +47 (fig. S13A). A PRTE is found in the 5"'UTRs of the majority
of 5"TOP mRNAs and has been proposed to also be an alternative
binding site for LARPI, although its contribution to translational
regulation during mTOR inhibition remains largely unknown (7).
To further dissect the contribution of the 5'TOP and PRTE motifs,
we generated two additional live-cell imaging cell lines carrying a
single-copy genomic integration of modified RPL32 5'UTR reporters,
one where only the 5'TOP motif was mutated (A5'TOP) and one
where the 5’TOP and the PRTE motifs were mutated (A5 ' TOP/
PRTE; fig. S13A). We confirmed the sequence of the 5’UTRs in the
A5'TOP and A5'TOP/PRTE mRNAs by 5'-end sequencing and
imaged their translation in the absence or presence of Torinl. We
found that both the A5"TOP and A5'TOP/PRTE mRNAs responded
only weakly to Torin1 treatment, with a similar decrease in the frac-
tion of translating mRNAs per cell as observed for the canonical
mRNAs (fig. S13, B, C, and H), which is consistent with previous
reports that the 5"TOP motif is both necessary and sufficient for the
selective translational repression upon mTOR inhibition (9, 10).

Next, we generated both CRISPR-Cas9 LARP1 KO and shRNA-
mediated 4EBP1/2 KD cell lines carrying the A5'TOP mRNAs and
validated the loss of the respective protein and unperturbed mTORC1
signaling by Western blot (fig. S14, A and B). Similar to our previous
experiments with canonical mRNAs (Figs. 2B and 3B), we found
that loss of LARP1 did not alleviate the mild translational repression
of A5'TOP mRNAs upon Torinl treatment (fig. S13, D and E) and

50f14

202 ‘ST Yoe |\ uo By ewreyd sisenoN e BIoaouaios mmm//:sdiy wodj papeojumod



SCIENCE ADVANCES | RESEARCH ARTICLE

A 4EBP1/2 KD B 4EBP1/2 KD
Canonical 5'TOP Canonical 5TOP
ns ns ns ns
—— —
8 1.00

P )

e

Mean spot int/background
N

Cutoff

Translating/total mMRNAs per cell

0 0.00 .

-
- + - + - + - +
1-hour Torin1 1-hour Torin1
Cc 4EBP1/2 KD & D 4EBP1/2 KD &
LARP1/1B KO LARP1/1B KO
Canonical 5TOP Canonical 5TOP
ns ns ns ns
| 1 1
8 1.00
, : 3 '5‘ rea x
° F = o) ® W
56 ‘ So75| o= e =
S s @ ® =
[3) 14 "
8 E *
z 4 E 050 =
5-3- E" L J ®
% % 2 -
g 2 c 0.25 B
Cutoff |‘_E
0 0.00 o
- + - + - + - +
1-hour Torin1 1-hour Torin1
E § 1.00 Canonical
3 —A— 4EBP1/2 KD
£ 078 v 4EBP12KD&
o4 LARP1/1B KO
E 0504
IS
s 5TOP
2 0.254 —@— 4EBP1/2KD
8 4EBP1/2 KD &
§ 0.00 1 I ! ! ! B ARP11B KO
= 0 60 120 180 240
Torin1 (min)

Fig. 3. Loss of 4EBP1/2 is sufficient to alleviate 5'TOP translational repression during Torin1 treatment. (A) Quantification of translation site intensities of reporter
mMRNAs in 4EBP1/2 KD cells + Torin1 (250 nM, 1 hour). SunTag intensites are plotted for all mMRNAs (colored circles) overlaid with the mean + SD (>1344 mRNAs per condi-
tion, n =5). (B) Fraction of mRNAs undergoing translation quantified per cell for reporter mRNAs in 4EBP1/2 KD cells + Torin1 (250 nM, 1 hour). Values are plotted for each
cell (colored circles) overlaid with the mean + SD (>204 cells per condition, n = 5). (C) Quantification of translation site intensities of reporter mRNAs in 4EBP1/2 KD_
LARP1/1B KO cells +1 hour Torin1 (250 nM). SunTag intensities are plotted for all mMRNAs overlaid with the mean + SD (>783 mRNAs per condition, n = 3). (D) Fraction of
mMRNAs undergoing translation quantified per cell of reporter mRNAs in 4EBP1/2 KD_LARP1/1B KO cells +Torin1 (250 nM, 1 hour). Values are plotted for each cell (colored
circles) overlaid with the mean + SD (>97 cells per condition, n = 3). For statistics, unpaired t tests were performed, with statistical significance claimed when P < 0.05.
(E) Time course of fraction of translating mRNAs per cell for canonical and 5'TOP reporters in 4EBP1/2 KD cells with WT LARP1 or with LARP1/1B KO. Cells were treated with
0-, 30-, 60-, 120-, and 240-min Torin1. Values are plotted as the mean + SEM (>97 cells per condition, n =3 to 5).
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that depletion of 4EBP1/2 fully alleviated Torin1-mediated transla-
tional repression (fig. S13, F to H).

LARP1 KO results in global decreased mRNA stability of
5'TOP mRNAs

In addition to its role in 5"TOP translational repression, LARP1 has
been reported to protect mRNAs from degradation (20, 21, 26, 38,
39). It is now unclear whether this protective role of LARP1 is restricted
to 5'TOP mRNAs, TOP-like mRNAs, or affects all mRNAs (37). To
study the effect of LARP1 and 4EBP1/2 loss on global gene expres-
sion in growing cells when mTOR is active, we extracted total RNA
from our cell lines and performed RNA sequencing (RNA-seq). The
canonical and 5"TOP mRNA cell lines of the same genotype were se-
quenced together as biological replicates since expression of different
reporter mRNAs should not have a global effect on gene expression
and combining the independently generated cell lines reduces poten-
tial off-target effects caused by either CRISPR KO or shRNA KD.

To determine the effect of LARP1 loss on gene expression, we
compared the transcriptome of LARP1 KO and WT cells (12,403
transcripts, counts per million (CPM) > 1, pseudogenes excluded).
As expected, LARP] transcript levels were down-regulated in the
KO cell lines to 30% of WT levels (table S1). Volcano plot analysis of
the transcriptome changes of KO versus WT cell lines (biological
replicates: n = 2 for LARP1 WT, n = 8 for LARP1 KO) revealed that
the most significantly affected mRNAs are endogenous 5"TOP mRNAs,
which are almost all down-regulated in the LARP1 KO cells (Fig. 4A,
blue circles). Analyzing all known 5'TOP mRNAs (table S2), 70 of
94 5'TOPs are found to be significantly down-regulated [log, fold
change (FC) < —0.5, —log;o P value > 5], as well as 85 significantly
down-regulated non-5"TOP RNAs and 40 significantly up-regulated
non-5"TOP RNAs (orange circles). In contrast, previously identified
TOP-like mRNAs, which were predicted to be translationally regu-
lated by LARP1 based on sequence similarity (37), were mostly un-
affected in their expression.

To determine whether depletion of 4EBP1/2 also affected the lev-
els of 5"TOP transcripts, we compared the transcriptome of 4EBP1/2
KD cells to WT cells (13,832 transcripts, CPM > 1, pseudogenes
excluded). Consistent with shRNA KD of 4EBP1/2, we found the
levels of these two transcripts to be reduced by 91% (4EBPI) and
71% (4EBP2) and that LARPI expression was unaltered in both cell
lines. A small number of transcripts showed significantly altered ex-
pression; however, these do not include known 5" TOP mRNAs (65
transcripts; Fig. 4B, orange circles, absolute log, FC > 0.5, —log 10 P
value >5, table S3). In addition, the altered mRNAs did not match
mRNAs described to be sensitive to eIF4E levels in mice (40). In
contrast to the dominant role of 4EBP1/2 in regulating translation
during mTOR inhibition, these results indicate that LARP1 regu-
lates levels of 5"TOP transcripts when mTOR is active (Fig. 4C). To
validate our RNA-seq results with an orthogonal approach, we per-
formed single-molecule fluorescence in situ hybridization (smFISH)
on three endogenous 5'TOP transcripts (RPL5, RPL11, and RPL32)
and a non-5'TOP control (MYC), which confirmed the selective de-
crease of 5'TOP mRNAs in the LARP1 KO cell lines, with no change
of 5'TOP mRNAs in the 4EBP1/2 KD cell lines (fig. S15).

The selective down-regulation of endogenous 5'TOP mRNAs we
observed in the absence of LARP1 suggested that LARP1 specifi-
cally stabilizes 5TOP mRNAs. To confirm that the changes in
steady-state expression were caused by mRNA destabilization and
were not due to changes in transcription, we performed global

Hochstoeger et al., Sci. Adv. 10, eadi7830 (2024) 16 February 2024

mRNA half-life measurements using metabolic 4-thiouridine label-
ing [SLAM-seq (19)]. WT and LARP1 KO cells of both canonical
and 5'TOP cell lines were incubated with 4-thiouridine for 24 hours,
followed by washout and harvesting of cells over a 12-hour time
course. Half-lives of mRNAs were calculated using a single-exponential
decay fit for 9837 transcripts (R* > 0.75, pseudogenes excluded, ta-
ble S4). In agreement with previous measurements of mammalian
mRNA half-lives, the global median half-life for both WT and
LARP1 KO HelLa cell lines was ~4 hours (fig. S16A), indicating that
loss of LARP1 does not globally destabilize all mRNAs. Correlation
analyses showed a high correlation in mRNA half-lives among the
four cell lines (r = 0.90 to 0.94), allowing us to compare the mRNA
half-lives in WT versus LARP1 KO cell lines (Fig. 4D, n = 2). In
agreement with our RNA-seq results, nearly all 94 5"TOP mRNAs
detected in the SLAM-seq experiment have decreased mRNA stability,
with 66 5'TOP mRNAs changing by >2-fold (Fig. 4D). A few 5'TOP
mRNAs seem largely unaffected by LARP1 loss (including PABPCI),
suggesting the potential involvement of additional stabilizing factors
for these transcripts. Furthermore, the length of the 5 TOP motif or
presence of a PRTE motif within the 5"UTR does not correlate with
the change in mRNA half-lives (fig. S16B). Only six non-5TOP
mRNAs were found to be destabilized >2-fold, and three of these
transcripts (NOP53, LGALSI, and SLC25A6) have annotated transcrip-
tion start sites that contain 5" TOP motifs, suggesting that they
could be similarly regulated in HeLa cells. Taken as a whole, our
results support a model of LARP1-mediated stabilization that is
highly selective for 5" TOP mRNAs.

DISCUSSION

In this study, we used single-molecule imaging to study the regula-
tion of translation of 5'TOP mRNAs upon mTOR inhibition that al-
lowed us to directly quantify the effect of LARP1 and 4EBP1/2. By
imaging and quantifying the translation status of individual mRNAs,
we find that 4EBP1/2 plays a dominant role compared to LARPI in
mediating 5" TOP translational repression during short-term (30 min
to 4 hours) pharmacological inhibition of mTOR in HeLa cells. Pre-
viously, studies that used genome-wide ribosome or polysome profil-
ing determined that LARP1 and 4EBP1/2 regulate 5'TOP translation
during mTOR inhibition (3, 4, 12, 13, 37, 41, 42); however, the mag-
nitude of their respective contributions was difficult to measure due
to the inherent limitations of these approaches. We believe that this
highlights the power of single-molecule imaging methods for quan-
tifying translation in living cells to determine the specific effects of
translation factors.

While our results indicate that 4EBP1/2 is the critical factor in
mediating 5"TOP translational repression, the underlying molecular
mechanism is not entirely clear. Although we cannot exclude the
possibility of a still unknown factor acting downstream of 4EBP1/2,
we favor a model where the translation of 5'TOP mRNAs is more
sensitive to active eIF4E levels. In vitro experiments have determined
that eIF4E binds with ~3-fold weaker affinity to m’GTP-capped oli-
gonucleotides with a +1 cytosine than either purine, which is con-
sistent with translation of 5'TOP mRNAs being slightly lower than a
non-5"TOP mRNA when mTOR is active and then preferentially
repressed when available eIF4E levels become extremely limited
during mTOR inhibition (16, 43, 44). This model is also in line
with previous work that found inducible overexpression of eIF4E to
specifically up-regulate the translation of 5" TOP mRNAs (45), as
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Fig. 4. Loss of LARP1 results in selective destabilization of 5'TOP mRNAs. (A) Differential gene expression analysis of LARP1 KO cells compared to WT cell lines. Sig-
nificantly down- and up-regulated mRNAs are highlighted (—logo P value >5 and absolute log, FC > 0.5) indicating all classical 5'TOP mRNAs (blue circles) as well as all
significant non-5'TOP mRNAs (orange circles). For WT, data are the average of n = 2 biological replicates (canonical and 5'TOP reporter cell lines, averaged). For LARP1 KO,
data are the average of n = 8 biological replicates (four KO clones of each reporter cell line). (B) Differential gene expression analysis of 4EBP1/2 KD reporter cell lines
compared to WT reporter cell lines. Significantly down- and up-regulated mRNAs are highlighted (orange circles, —logjo P value >5 and absolute log, FC > 0.5). 5'TOP
mRNAs (blue) are unaffected by 4EBP1/2 KD. Data shown for n = 2 biological replicates (canonical and 5'TOP reporter cell lines, averaged). (C) FC of 5'TOP mRNAs shown
in (A) and (B). Mean FC (logy) in LARP1 KO cells = —0.68, in 4EBP1/2 KD cells = —0.06. (D) Correlation plot of mRNA half-lives in LARP1 KO compared to WT reporter cells.
Experimental setup of global mRNA stability analysis using s*U labeling (SLAM-seq) shown on top, with 24 hours s*U labeling, washout, and time point collection. RNAs
with significantly decreased stability (log, FC < —1) are highlighted for 5"TOP mRNAs (blue circles) and non-5'TOP mRNAs (orange circles), as well as nonsignificantly
down-regulated 5'TOP mRNAs (magenta circles). (E) List of all RNAs highlighted in (D), ranked by log; FC for 5’TOP mRNAs and non-5'TOP mRNAs separately.

well as recent work that showed that 5" TOP mRNAs are less sensi-
tive to mTOR inhibition in acutely PABPC1-depleted cells where
global mRNA levels are reduced (46).

In the x-ray structure of human eIF4E in complex with m7pppA,
the C-terminal tail of eIF4E adopts a conformation that enables
Thr*® to form a hydrogen bond with the exocyclic amine of the ad-
enine base (47). While the position of the e[F4E C-terminal tail has
not been determined when bound to longer RNA sequences, phos-
phorylation of Ser” is known to enhance translation, indicating
that additional residues in this region may have functional roles
(48). Alternatively, other canonical translation factors (e.g., eIF4G
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or 4EBP1/2) may also contribute to 5"TOP specificity through ad-
ditional interactions (49, 50).

While LARP1 may not be the key repressor in 5 TOP transla-
tional regulation, our data support a major role of LARP1 in mediating
5'TOP mRNA stability when mTOR is active. Previous work estab-
lished a link between LARP1 and mRNA stability, with LARP1
binding both PABP and the polyA tail and inhibiting deadenylation
(20-22, 24, 38, 39, 51, 52). It has been unclear whether this protec-
tive role is restricted to 5"TOP mRNAs as binding to PABP/polyA is
anticipated to not be selective, and crosslinking studies have found
LARPI1 complexed with thousands of mRNAs (7, 24, 25). Our results
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show a highly selective destabilization of nearly all 5’TOP mRNAs
upon loss of LARP1, with virtually all other mRNAs being largely
unaffected. Similarly, a recent study found that loss of LARPI re-
sulted in rapid deadenylation of short polyA tails of all mnRNAs, with
5'TOP mRNAs being more affected than other types of mRNAs
(26). It is possible that differences in LARP1 depletion or measure-
ment of mRNA stability or polyA-tail length may account for the
differences in specificity for 5'TOP mRNAs between the studies.

Previous studies have focused on the role of LARP1 in protecting
5"TOP mRNAs in mTOR inhibited cells, as LARP1 has been shown
to be recruited to 5'TOP mRNAs upon mTOR inhibition (24, 51).
Our findings raise the intriguing question of how LARP1 can be
specifically recruited to 5"TOP mRNAs when mTOR is active. While
it has been proposed that LARP1 can interact with its La motif with
both the 5"TOP motif and PABP (39), it is not clear that this interaction
is compatible with eIF4F binding and translation initiation. Recent
structural work of the human 48S preinitiation complex suggests
that there could be a “blind spot” of ~30 nucleotides adjacent to the
cap that might allow LARP1 to bind the 5'TOP sequence without
blocking initiation, although this model requires biochemical and
structural characterization (53). We do not observe any correlation
between change in mRNA half-lives with either length of 5"TOP
motif or the presence of a PRTE in the 5'UTR, suggesting that the
position of the pyrimidines directly adjacent to the cap is necessary
for this effect on mRNA stability. LARP1 was shown to promote the
localization of ribosomal mRNAs in a PRTE-dependent manner but
did not require the stricter 5* TOP motif, suggesting that LARP1’s
interaction with ribosomal mRNAs and its functional consequence
could be context dependent (54).

While our translation site imaging experiments are limited to the
characterization of four reporter mRNAs (canonical, 5"TOP, A5'TOP,
and A5'TOP/PRTE), we have shown that the results are consistent
with previous studies that characterized endogenous ribosomal pro-
tein mRNAs; however, single-molecule experiments in living cells
allow more accurate quantification of the effect of loss of LARP1 and
4EBP1/2. We anticipate that similar results would be obtained
with 5"TOP sequences derived from ribosomal protein mRNAs other
than RPL32, although the magnitude of the difference in translational

repression could be different if compared to another non-5"TOP
transcript. In addition, the continued development of methodologies
for imaging translation of single mRNAs for extended time periods
and the interplay of translation with mRNA decay will enable the dy-
namics of mMTOR regulation to be quantified in greater detail (55, 56).

MATERIALS AND METHODS

Materials

All antibodies used in this study are listed in Table 1. All chemicals,
plasmids, viruses, cell lines, single guide RNA (sgRNA), and shRNA
used in this study are listed in table S5.

Cell culture

The HeLa-11ht cell lines expressing either RPL32 5'TOP SunTag or
non-5"TOP canonical SunTag mRNAs used in this study were previ-
ously generated in the Chao lab (27), and the corresponding plas-
mids are available from Addgene (#119946 and #119945). The
reporter cell lines were grown in 10% fetal calf serum-Dulbecco’s
modified Eagle’s medium (FCS-DMEM) medium containing glu-
cose (4.5 g/liter), penicillin and streptomycin (100 pg/ml), 4 mM L-
glutamine, and 10% fetal bovine serum (FBS) at 37°C and 5% CO,. To
maintain the reverse tetracycline-controlled transactivator (rtTA2-M2)
for inducible expression, the medium was supplemented with G418
(0.2 mg/ml). HEK293T cells used for lentivirus production were
grown in 10% FCS-DMEM medium containing glucose (4.5 g/liter),
penicillin and streptomycin (100 pg/ml), 4 mM L-glutamine, and
10% FBS at 37°C and 5% CO,.

Validation of transcription start sites for 5'TOP and
canonical SunTag transcripts

For mapping of transcription start sites, total RNA was converted
into full-length adapter-ligated double-stranded cDNA using the
TeloPrime Full-Length cDNA Amplification Kit V2 (Lexogen), which
uses a cap-specific adapter selective for intact mRNAs. cDNA
5’'-terminal sequences were amplified by PCR using a gene-specific
primer and TeloPrime forward primer, cloned into the pCR-Blunt
vector (Thermo Fisher Scientific), and sequenced.

Table 1. Antibodies. IgG, immunoglobulin G.

Primary antibodies Provider Catalog no.
LARP1 Bethyl Labs A302-087A
i 70180
3873
2983

IRDye 800CW Goat anti-Rabbit IgG
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CRISPR KO cell line generation

To generate LARP1 CRISPR KO clones, parental HeLa-11ht cell
lines expressing the reporter mRNAs were transiently cotransfected
with two Cas9 plasmids, each containing Cas9 and a sgRNA target-
ing a sequence within exon 4 of LARPI, enhancing efficiency of KO
cell line generation (57, 58). Transient transfections were performed
following the manufacturer’s instructions using Lipofectamine 2000
(Invitrogen) and Opti-MEM (Thermo Fisher Scientific). Two days
after transient transfections, highly transfected cells were single-cell-
sorted into 96-well plates for monoclonal selection (10% highest
mCherry-positive cells, using Cas9-T2A-mCherry). Single clonal
cell populations were screened for loss of LARP1 by immunostaining
(Bethyl Labs, #A302-087A) in 96-well plates. For both 5"TOP and
canonical SunTag cell lines, four KO clones each were verified by
Western blot for loss of LARP1 protein expression.

To generate LARP1B CRISPR KO clones, the LARP1 KO reporter
cell lines were similarly cotransfected with two Cas9 plasmids carry-
ing two different sgRNAs targeting sequences within exon 4 of
LARPIB. Following the same steps as described for generating
LARP1 KO cell lines, clonal cell populations were screened by PCR
for the presence of truncated LARPIB alleles and subsequently veri-
fied by genomic DNA sequencing and cDNA amplification.

shRNA stable KD cell lines
To generate 4EBP1/2 KD cells, two lentiviruses expressing different
resistance genes were used that contained shRNA sequences from
the RNAi Consortium public library that were previously described
(12). The 4EBP1 shRNA lentivirus carrying puromycin resistance
was purchased as lentiviral particles (Sigma-Aldrich). The 4EBP2
shRNA was cloned into the pLKO.1_BlastR lentiviral backbone
(59). To produce 4EBP2 shRNA lentivirus, HEK293T cells were co-
transfected with the 4EBP2 shRNA, the psPax2 envelope, and the
vsv-G packaging plasmids using Fugene6 (Promega) according to
the manufacturer’s instructions. The supernatant containing viral
particles was harvested daily for the next 4 days, centrifuged at 500g
for 10 min, and filtered through a 0.45-pm filter to remove cell debris.
The viral particles were concentrated by precipitation using the Lenti-X
concentrator (Clontech) and resuspended in cell culture medium.
For infection of HeLa cells expressing the reporter mRNAs,
10,000 cells were seeded in 12-well dishes and co-infected the next
day with 4EBP1 and 4EBP2 shRNA viruses in medium supplemented
with polybrene (4 pg/ml; Merck). Cells were grown until confluency
and reseeded into six-well dishes before addition of puromycin (1 pg/
ml; InvivoGen) and blasticidin (5 pg/ml; InvivoGen). Uninfected
HeLa-11ht cells were used to determine the minimal antibiotic con-
centrations that resulted in lethality within 2 to 5 days. Double-
resistant cell lines with dual integration of 4EBP1/2 shRNAs were
validated by Western blot for efficient stable KD of the targeted
proteins.

Genomic DNA extraction

For genotyping of CRISPR-edited cell lines, cells were harvested by
trypsinization, and the genomic DNA was extracted using the
DNeasy kit (Qiagen) according to the manufacturer’s instructions.
Primers specific to the target genes were designed using the Primer-
Blast tool (https://ncbinlm.nih.gov/tools/primer-blast/). Genomic
DNA was amplified using Phusion High-Fidelity polymerase (New
England Biolabs), PCR products were cleaned using a PCR purifica-
tion kit (Qiagen), and purified PCR products were cloned into the
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pCR-Blunt vector (Thermo Fisher Scientific). For each cell line, a
minimum of 10 clones were isolated and analyzed by Sanger se-
quencing to identify all edited alleles.

SDS-PAGE and Western blotting

For protein extraction, cells were harvested by trypsinization and
lysed in radioimmunoprecipitation assay bufter (150 mM NaCl, 50 mM
tris, 0.1% SDS, 0.5% sodium deoxycholate, and 1% Triton X-100)
supplemented with 1X protease inhibitor (Bimake.com) and Super-
Nuclease (Sino Biological). Cell lysate was centrifuged at 12,000 rpm
for 10 min to remove cell debris, and the supernatant was loaded on a
4 to 15% gradient gel using loading buffer supplemented with 100 mM
dithiothreitol. Following SDS—polyacrylamide gel electrophoresis
(SDS-PAGE), proteins were transferred onto nitrocellulose or
polyvinylidene difluoride (PVDF) membranes by semi-dry trans-
fer (Trans-Blot Turbo) and blocked in 5% bovine serum albumin-
TBST bulffer (tris-buffered saline supplemented with 0.1% Tween
20) for 1 hour at room temperature (RT). Primary antibodies
were incubated overnight at 4°C in TBST or Intercept blocking
buffer (LI-COR) supplemented with 0.1% Tween 20. The next day,
the membrane was washed three to five times in TBST and incu-
bated for 1 hour at RT with the fluorescent secondary antibodies
diluted 1:10,000 in Intercept blocking buffer with 0.1% Tween 20
(supplemented with 0.01% SDS for PVDF membranes). Follow-
ing three to five washes in TBST, membranes were transferred to
phosphate-buffered saline (PBS), and antibody fluorescence was
detected at 700 and 800 nm using an Odyssey infrared imaging
system (LI-COR).

Total RNA extraction and cDNA synthesis

For total RNA extraction, cells were harvested by trypsinization and
lysed in RNA lysis buffer following the RNA Miniprep kit (Agilent).
Genomic DNA contamination was reduced by on-column deoxyri-
bonuclease (DNase) digestion as described in the manual, and purified
RNA was stored at —80°C. For validation of LARP1B CRISPR KO,
total RNA was reverse-transcribed to cDNA, which was used as the
template for cDNA amplification of edited LARPIB transcripts.
LARPIB transcripts were amplified as described above for genomic
DNA validation.

Live-cell imaging

For live-cell imaging, cells were seeded at low density (20 to 30,000)
in 35-mm glass-bottom p-dishes (Ibidi) and grown for 2 to 3 days.
On the day of imaging, the cells were incubated with JF549 or JF646
dyes [HHMI Janelia Research Campus; (60)] to label the MCP-Halo
coat protein for 30 min, unbound dye was removed (three washes,
PBS), and cells were kept in culture medium until imaging. For in-
duction of reporter mRNAs, doxycycline (1 pg/ml; Sigma-Aldrich)
was added to each dish at appropriate time points before each imaging
session (30 min) to ensure the same duration of doxycycline induction
at the start of imaging for all dishes of an experiment.

At the start of imaging of each dish, culture medium was replaced
with FluoroBrite imaging DMEM (Thermo Fisher Scientific) supple-
mented with 10% FCS, 2 mM glutamine, and doxycycline (1 pg/ml).
To inhibit mTOR, cells were treated with 250 nM Torinl, 100 nM
Rapamycin, 2.5 pM PP242, or 250 nM TAK228 (INK128) for the
specified duration, and the inhibitor was maintained throughout
the imaging session. To inhibit translation, cells were treated with pu-
romycin (100 pg/ml) 5 min before the start of imaging, which was
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maintained throughout imaging. To allow elongating ribosomes to
run-off, cells were treated with harringtonine (3 pg/ml) 10 min before
the start of imaging, which was maintained throughout imaging.
For all experiments, the start of the 30-min imaging window was
recorded as the time point shown in the figures (e.g., imaging 60 to
90 min after Torinl addition = 60-min time point).

Cells were kept at 37°C and 5% CO, throughout image acquisition.
All dual-color live-cell imaging was performed on an inverted Ti2-E
Eclipse (Nikon) microscope equipped with a CSU-W1 scan head
(Yokogawa), two back-illuminated EMCCD cameras iXon-Ultra-888
(Andor) with chroma ET525/50 m and ET575lp emission filters and
an MS-2000 motorized stage (Applied Scientific Instrumentation).
Cells were illuminated with 561 Cobolt Jive (Cobolt), 488 iBeam
Smart, 639 iBeam Smart (Toptica Photonics) lasers, and a VS-
Homogenizer (Visitron Systems GmbH). Using a CFI Plan Apo-
chromat Lambda 100X oil/numerical aperture (NA) 1.45 objective
(Nikon), images were obtained with a pixel size of 0.134 pm. To allow
for simultaneous tracking of mRNA and translation sites, both
channels were simultaneously acquired by both cameras at 20 Hz for
100 frames in a single Z plane (5-s movies).

Live-cell data analysis

For image analysis, the first 5 to 14 frames of each movie (500 ms)
were selected for single-particle tracking. First, images were corrected
for any offset between the two cameras using TetraSpeck fluorescent
beads acquired on each imaging day. Using the FIJI (61, 62) descriptor-
based registration plugin (63) in affine transformation mode, a
transformation model was obtained to correct the bead offset and
applied to all images of an imaging day using a custom macro (64).
Subsequently, fine correction of remaining offsets between images
were corrected for each dish individually using the FIJI translate
function run in a custom macro, correcting for offsets occurring
progressively throughout an imaging session.

Single-particle tracking and translation site quantification were
performed as described previously (64). In short, using the KNIME
analytics platform and a custom-build data processing workflow,
regions of interest (ROIs) were manually annotated in the mRNA
channel, selecting cytosolic regions with multiple bright spots. An-
notation solely in the mRNA channel excludes any bias in selection
attributable to the translational state of the cell. Next, spots in the
ROIs corresponding to single mRNAs were tracked using TrackMate
(65) integrated in KNIME, using the “Laplacian of Gaussian” detector
with an estimated spot radius of 200-nm and subpixel localization.
Detection thresholds were adjusted on the basis of the signal-to-
noise ratio of images and varied between 1.25 and 2. For particle
linking, the parameters linking max distance (600 nm), gap closing
max distance (1200 nm), and gap closing max frame gap (2) were
optimized for single-particle tracking of mRNAs. To assay whether
an mRNA is translating, the mean intensity of the SunTag channel
was measured at the coordinates of each mRNA spot and quantified
as FC/ROI background intensity. A cutoff of <1.5 fold/background
was determined to classify an mRNA as nontranslating based on
calibration data using the translation inhibitor harringtonine. Ex-
cluding cells with <3 mRNAs, the fraction of translating mRNAs
per cell was calculated (translating/all mRNAs per ROI). For data
visualization, the fraction of translating mRNAs per cell and translation
site intensities were plotted using SuperPlots (https://huygens.sci-
ence.uva.nl/SuperPlotsOfData/), showing all data points together
with the mean (+SD) of each biological replicate (66).
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RNA sequencing

For RNA-seq, total RNA samples extracted using the RNA Mini-
prep kit (Agilent) were assessed for RNA integrity using the
Agilent Tapestation, and library preparation was performed using the
Nlumina TruSeq Stranded mRNA reagents according to the manu-
facturer’s protocol. Libraries were sequenced on the Illumina
HiSeq2500 (GEO submission GSE233183: single reads, 50 cycles) or
NovaSeq6000 platforms (GEO submission GSE233182: paired-end
reads, 100 cycles).

For our analysis, we used a reference list of experimentally vali-
dated 5 TOP mRNAs (37), expanded with additional experimen-
tally verified 5'TOP mRNAs (RACKI and EIF3K) as well as
computationally predicted 5 TOP mRNAs with known roles in
translation (EIF2A, EIF2S3, EIF3L, EIF4A2, and RPL22L1) (37). The
presence or absence of a PRTE in the 5'UTR was taken from Hsieh
et al. (14) and expanded by manual annotation for the subset of
5'TOP mRNAs not listed (table S2).

Sequenced reads were aligned against the human genome (GEN-
CODE GRCh38 primary assembly, https://gencodegenes.org/human/
release_38.html) using R version 4.1.1 with Bioconductor version 3.13
to execute the qAlign tool [QuasR package, version 1.32.0, (67)],
with default parameters except for aligner = “Rhisat2;” splicedAlign-
ment = “TRUE,” allowing only uniquely mapping reads. Raw gene
counts were obtained using the qCount tool (QuasR) with a TxDb
generated from gencode.v38.primary_assembly.annotation.gtf as query,
with default parameters counting only alignments on the opposite
strand as the query region. The count table was filtered to only keep
genes which had at least 1 cpm in at least three samples.

Single-molecule fluorescence in situ hybridization
For smFISH, HeLa-11ht cell lines were seeded on high-precision glass
coverslips placed in 12-well tissue culture plates, grown for 2 days to
reach ~50% confluency, and fixed using 4% paraformaldehyde (10 min,
RT). To detect endogenous mRNAs, atto633-conjugated smFISH
probes targeting human MYC mRNA were generated by enzymatic
oligonucleotide labeling (68), using Amino-11-ddUTP and Atto633-
NHS. Quasar570-conjugated smFISH probes targeting RPL5, RPL11,
and RPL32 were purchased ready-to-use (Biosearch Technologies).
smFISH was performed as described previously (64). Briefly, fixed
cells were washed twice in PBS (5 min), permeabilized overnight in
70% ethanol, washed thrice in smFISH wash buffer (2x SSC, 10%
formamide, 5 min), and hybridized with smFISH probes (2x SSC,
10% formamide, 10% dextran sulfate, 125 nM Quasar570/atto633
smFISH probe) at 37°C for 4 hours. Coverslips were washed twice
with smFISH wash buffer (30 min) and mounted on glass slides using
Prolong Gold mounting medium containing 4',6-diamidino-2-
phenylindole. Cells were imaged using an upright spinning-disk
confocal microscope equipped with a CSU-W1 scan head (Yokogawa)
and sCMOS detectors. Using a Plan Apochromat 63X 0il/NA 1.4
objective, Z-stacks were obtained with a pixel size of 103 nm and
Z-stack spacing of 200 nm using single-camera sequential acquisition.
Analysis of smFISH data was performed using custom-build
Python scripts. Nuclei were segmented in three-dimensional (3D) using
the triangle threshold method, merged nuclei were split by applying
a seeded watershed on the Euclidian distance transformed segmen-
tation mask, and segmentation nuclei with an area < 200 or a solidity
< 0.5 were removed. The cytoplasm was segmented on a maximum
intensity projection by using the median as a threshold to obtain a
semantic segmentation and then splitting this segmentation into cell
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instance with a seeded watershed applied to the Euclidian distance
transform of the semantic segmentation. The maximum projection
of the 3D nuclei labeling was taken as seeds for cell segmentation.
mRNA spots were detected using a Laplacian of Gaussian filter to
detect diffraction limited spots and refined by applying a h-maxima
detector to remove detections below a transcript-specific threshold.

SLAM-seq

For metabolic labeling (SLAMseq), HeLa-11ht cell lines were incu-
bated with a dilution series of 4-thiouridine (S4U) for 24 hours, ex-
changing S4U-containing media every 3 hours according to the
manufacturer’s instructions. S4U cytotoxicity was assessed using a
luminescent cell viability assay, and the half-maximal inhibitory
concentration (ICsg) was calculated at 209 pM (n = 2). On the basis
of the ICsy, a trial RNA-seq was conducted with 24-hour S4U labeling
using a dilution series (0, 3, 6, 12, 24, and 48 pM) of S4U and ex-
changing media every 3 hours. The 12 pM S4U concentration was
selected as the optimal experimental S4U concentration with minimal
effects on gene expression for all cell lines.

For assessing global RNA half-lives, HeLa-11ht cell lines were
labeled with 12 pM S4U for 24 hours (exchanging media every
3 hours), labeling was stopped using 100X excess uridine (1.2 mM),
and cells were harvested at time points 0, 2, 4, 6, 9, and 12 hours after
the uridine quench. For isolation of total RNA, RNA was extracted
using an RNA miniprep kit (Agilent) with on-column DNase digestion,
followed by iodoacetamide treatment and ethanol precipitation of
modified total RNA. For RNA-seq, total RNA was assessed for RNA
integrity using the Agilent Tapestation, and library preparation was
performed using the Illumina TruSeq Stranded Total RNA Library
Prep Gold kit according to the manufacturer’s protocol. Libraries
were sequenced on the Illumina NextSeq500 (GEO submission
GSE233186: single reads, 75 cycles). Samples were submitted as
three independent technical replicates (cells harvested on separate
days), with the exception of one sample with only two replicates
(E6_0Oh).

In total, ~3.7 billion SLAMseq reads were produced corresponding
to ~52 M reads per replicate. 4-Thiouridine incorporation events
were analyzed using the SlamDunk software (v0.3.4) for SLAMseq
analysis (69). SLAMseq reads were first reverse complemented to
match the hard-coded assumed SlamDunk orientation using fastx_
reverse_complement from the FASTX-toolkit (http://hannonlab.
cshl.edu/fastx_toolkit) with default settings. The resulting fastq files
were mapped to the reference genome (GENCODE GRCh38 primary
assembly) with slamdunk map and parameters -5 0 -ss q. The
mapped reads were subsequently filtered to only retain intragenic
mappings according to the reference transcriptome (GRCh38, GEN-
CODE v33) with a high identity using slamdunk filter and parameters
-mi 0.9. Single-nucleotide polymorphism (SNP) variants in the
samples were called with slamdunk snp with parameters -c 1 - 0.2.
The SNP variants from all samples were combined in a single master
vcf file by indexing the individual vcf file using tabix of the htslib
package (https://github.com/samtools/htslib, v1.9, 07/2018) and merg-
ing using vcf-merge from the VCFtools package (70). 4-Thiouridine
incorporation and conversion rates were calculated separately for
exonic gene segments of the reference transcriptome using slamdunk
count with default parameters and the master SNP vcf file for SNP
filtering. The exonic segments counts were then aggregated to obtain
gene-level total mapping reads, multimapping reads, and converted
reads counts. During aggregation, total and converted counts from
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exonic segment with multimappers were downweighted by the fraction
of multimappers over the total mapped reads of the exonic segment
(fm). Last, gene conversion rates were calculated as the number of
gene-level aggregated converted reads over the gene-level aggregated
total read counts.

Gene conversion rates in each context were fitted to an exponential
time decay model to obtain gene half-life estimates. Fitting was per-
formed by nonlinear least squares using the R stats::nls function.
Example fit command: fit < - nls[rates ~ exp(a + k*time points)
,control = list(minFactor = le-7, tol = le-05,maxiter = 256)] where
rates are the conversion rates for the gene (including all replicates)
and time points are the corresponding times in hours. The half-life
(in minutes) was obtained from the fitted coefficient [t;, = —1/
k*In(2)*60]. Half-life estimates and the fitting R?values are listed in
table S4 for all transcripts with R* > 0.75 in all conditions.

Statistical analysis

For live-cell imaging, biological replicates (1) were defined as inde-
pendent days of imaging. Statistical analyses were performed using
GraphPad Prism, with #» numbers and statistical tests described in
the figure legends. Technical replicates within biological replicates
were pooled before statistical tests.

For RNA-seq analysis of LARP1 WT cells, biological replicates
(n) were defined as independent clonal cell lines (canonical and
5"TOP mRNA cell lines, n = 2). For RNA-seq of LARP1 KO clones,
four single-cell derived clones were sequenced for both canonical
and 5'TOP cell lines and treated as independent biological replicates
(n = 8 total). For each n, three independent replicates (cells har-
vested on separate days) were submitted for RNA-seq and averaged
before statistical tests. Differential gene expression was calculated
with the Bioconductor package edgeR [version 3.34.0, (71)] using
the quasi-likelihood F test after applying the calcNormFactors function,
obtaining the dispersion estimates and fitting the negative binomial
generalized linear models.

For SLAM-seq analysis, biological replicates (1) were defined as
independent clonal cell lines for both LARP1 WT and LARP1 KO
cells (canonical and 5" TOP mRNA cell lines, n = 2). For analysis of
changes in mRNA stability, the estimated half-lives were averaged for
nl and n2, and changes in mRNA stability were calculated between
genotypes (log, FC). Significant differences in mRNA stability were
classified with abs log, FC > 1, excluding spurious transcripts overlap-
ping in sequence with known 5"TOP mRNAs (read-through transcripts
AC135178.3, AP002990.1, AC245033.1, IncRNA AL022311.1, MIR4426,
and MIR3654).

Supplementary Materials
This PDF file includes:

Figs.S1to S16

Table S2

Legend:s for tables S1, S3 to S6

Legends for movies S1 to S20

Other Supplementary Material for this manuscript includes the following:
Tables S1, S3 to S6
Movies S1 to S20
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