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Abstract 

In human cells, the control of ribosome biogenesis is in part owed to a 5’ terminal oligo-pyrimidine tract (TOP), 

which is harbored by mRNAs encoding e.g. ribosomal proteins. The TOP-motif enables La-Related Protein 1 

(LARP1) to specifically stabilize TOP mRNAs. In addition, conditions such as shortage of nutrition or abrogated 

growth signaling, inactivate Mammalian Target Of Rapamycin Complex 1 (mTORC1), thereby inducing a 

prominent LARP1-mediated translational repression of TOP mRNAs. TOP mRNA translation is suggestively 

overseen by several TOP-specific regulators. Moreover, the mTORC1-targeted sites in LARP1 and the 

mechanism and diversity of LARP1-mediated stabilization of transcripts remain poorly characterized. Therefore, 

this thesis aims to reevaluate TOP-specific regulators, while focusing on how mTORC1 controls LARP1. 

Additionally, the present study investigates a decay-related mechanism that targets TOP mRNAs, and it also 

assesses the diversity and biological relevance of LARP1-mediated control of non-TOP mRNA expression. 

 I emphasize that, among known regulators, LARP1 is the most prominent TOP-specific translational 

regulator, although other uncharacterized mechanisms likely complement LARP1. To efficiently control LARP1, 

mTORC1 may depend on interacting with an interface on LARP1 that comprises residues S550, S554, S689, 

T692 and S697. I verify that 26 serines and threonine residues in LARP1 are likely targeted for phosphorylation 

by mTORC1. Among these, the phosphorylation of LARP1 at S747, T768, S770, S772, S774, S776, T779, 

S784, T788, and S791 results in the release of LARP1 from the TOP-motif and rescues TOP mRNA translation, 

thus strongly suggesting that mTORC1 targets these sites to control LARP1-mediated translational repression of 

TOP mRNAs. Such detailed characterization of mTORC1-mediated control of LARP1 is unprecedented.  

 I verify that select TOP mRNAs likely experience an endoribonucleolytic cleavage immediately 

downstream of the TOP-motif, thereby committing the cleaved transcripts to decay. These TOP mRNAs are 

targeted by an yet unknown endoribonuclease in a co-translational manner that also depends on the TOP-motif. 

Moreover, the presented data suggests that LARP1 is capable of stabilizing TOP mRNAs by inhibiting the 

endoribonucleolytic event, at least during mTORC1 inactivation. This thesis presents the first identification of 

TOP mRNA decay intermediates, which arise in a LARP1-regulated TOP-dependent manner. 

 Finally, I verify that numerous non-TOP transcripts experience a LARP1-dependent post-transcriptional 

regulation of their abundance and translation, during proliferative conditions and mTORC1 inactivation. I 

emphasize that select LARP1-regulated candidates should be investigated in future studies, due to their relation 

to ribosome biogenesis (NPM1), mTORC1 signaling (YWHAE, MID1, Rheb, NDRG1) and resource 

homeostasis (PKM, MTR, QARS). In parallel, this bioinformatical study also assesses TOP mRNAs, thereby 

providing the first individual analysis of LARP1-dependent changes in both transcript abundance and translation 

for TOP and non-TOP mRNAs.  
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Resumé 

I humane celler kan ribosombiogenese kontrolleres til dels grundet en 5’ terminal oligo-pyrimidin sekvens 

(TOP), som findes i mRNAer, der koder for f.eks. ribosomale proteiner. TOP-motivet gør det muligt for La-

Related Protein 1 (LARP1) at stabilisere TOP mRNAer specifikt. Udover det medfører tilstande, såsom 

næringsmangel eller ophørt vækstsignalering, en inaktivering af Mammalian Target Of Rapamycin Complex 1 

(mTORC1), hvilket inducerer en markant LARP1-medieret translationsundertrykkelse af TOP mRNAer. 

Antydningsvis, styres translationen af TOP mRNA af flere TOP-specifikke translationelle regulatorer. 

Derudover er de mTORC1-phosphoryleret steder på LARP1 og mekanismen samt diversiteten for LARP1-

medieret stabilisering af transkripter dårligt karakterieseret. Således er formålet for denne afhandling, at 

reevaluere TOP-specifikke regulatorer, medens der fokuseres på, hvordan mTORC1 kontrollerer LARP1. Dette 

studie søger en nedbrydningsrelateret mekanisme, der målrettet påvirker TOP mRNAer, og studiet vurderer også 

diversiteten og den biologiske relevans for LARP1-medieret kontrol over udtrykket af ikke-TOP mRNAer. 

 Min afhandling understreger at, blandt kendte regulatorer, er LARP1 den mest markante TOP-specifikke 

translationsregulator, selvom andre ukarakteriseret mekanismer sandsynligvis også bidrager til dette. For 

effektivt at kontrollere LARP1, interagerer mTORC1 muligvis med en flade på LARP1, hvori aminosyreresterne 

S550, S554, S689, T692 og S697 indgår. Jeg verificerer, at 26 serin- og threoninrester i LARP1 sandsynligvis 

phosphoryleres af mTORC1. Blandt disse medfører phosphorylering af LARP1 på S747, T768, S770, S772, 

S774, S776, T779, S784, T788S and S791, at LARP1 løsriver sig fra TOP-motivet, hvilket kraftigt antyder, at 

disse steder phosphoryleres af mTORC1 for at kontrollere LARP1-medieret translationsundertrykkelse af TOP 

mRNAer. Denne detaljeret karakterisering af phosphoryleringsmedieret kontrol af LARP1 er hidtil uset. 

 Jeg verificerer, at udvalgte TOP mRNAer muligvis udsættes for en endoribonukleolytisk kløvning umid-

delbart efter TOP-motivet, hvorved det kløvede transkript er dømt til at blive nedbrudt. Disse TOP mRNAer 

påvirkes af en endnu ukendt endoribonuklease på en co-translationel måde, der også afhænger af TOP-motivet. 

Derudover antyder mit data, at LARP1 kan stabilisere TOP mRNAer ved at inhibere den endoribonukleolytiske 

hændelse, hvertfald under mTORC1 inaktivering. Derved fremlægges den første identificering af TOP mRNA 

nedbrydningsmellemprodukter, som forekommer på en LARP1-reguleret TOP-afhængig måde. 

 Til slut verificerer jeg, at talrige ikke-TOP transkripter pådrager sig LARP1-afhængig post-

transkriptionel regulering af deres mængde og translation under proliferative tilstande og mTORC1 inaktivering. 

Jeg understreger, at udvalgte LARP1-reguleret kandidater bør undersøges nærmere, grundet deres relation til 

ribosombiogenese (NPM1), mTORC1-signalering (YWHAE, MID1, Rheb, NDRG1) og ressourcehomeostase. 

Dette bioinformatiske studie vurderer også TOP mRNAer, hvorved der leveres den første individuelle analyse af 

LARP1-afhængige ændringer i både transkriptmængde og translation for TOP- og ikke-TOP mRNAer.  
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Preface 

This dissertation summarizes the research that was carried out, during my PhD in the laboratory of Ass. Prof. Dr. 

Christian Kroun Damgaard at the Department of Molecular Biology and Genetics, Aarhus University, Denmark. 

My PhD involved a collaboration with Ass. Prof. Dr. Tommy Alain, who kindly invited me to his laboratory to 

partake in his and Dr. Bruno D. Fonseca’s research at the Children’s Hospital Of Eastern Ontario Research 

Institute, Ottawa, Canada.  

 My research throughout this PhD has been focused on investigating the mTORC1-LARP1 axis and its 

capability to control ribosome biogenesis, by regulating TOP mRNA translation and abundance in human cells. 

More than 5 years ago, a collaboration between the laboratories of C. Damgaard and T. Alain presented the first 

identification of LARP1 as a bona fide mTORC1-regulated translational repressor of TOP mRNAs. However, 

prior to our research, a publication suggested that LARP1 stimulates TOP mRNA translation. Hence, the 

investigation of LARP1-mediated translational control over TOP mRNAs exhibited a perplexing outset, which at 

current date has not been accounted for. Accordingly, the field that elaborates on the mTORC1-LARP1 axis is 

still considered controversial. I initiated this study to address some of the disputes that involve LARP1. 

 An understanding of post-transcriptional control of mRNA translation and abundance is necessary, 

before embarking on an investigation of the mTORC1-LARP1 axis. Therefore, my introductory chapter briefly 

examines mechanisms of translation initiation and mRNA decay. Moreover, the mTORC1-mediated control of 

global translation is described in detail. To shape my own understanding of the controversies regarding the 

mTORC1-LARP1 axis, I provide an extensive review of the post-transcriptional TOP-dependent and TOP-

independent regulation of mRNA expression by LARP1, as well as how these functions are controlled by 

mTORC1. Ultimately, a summary of my review will be followed by the aims of this thesis. 

 The obtained results from my research and the collaboration with Dr. Tommy Alain’s laboratory are 

presented as two manuscripts and a bioinformatical investigation in three separate chapters (chapter II to IV). 

Due to the obligatory structure of scientific manuscripts in chapter II and III, the aim of study and my 

contributions will precede the introductory information, which is integrated in the manuscripts in these chapters. 

In contrast, a manuscript has not yet been drafted on the bioinformatical investigation, thus chapter IV will 

initially present the relevant background information. Save for this, the structure is identical in the three 

chapters, as they briefly introduce relevant knowledge to understand the subsequent analysis and discussion of 

the main findings for the given study. The discussion will emphasize, how our main results contribute to the 

understanding of the mTORC1-LARP1 axis, while it will also elaborate on future proceedings that could further 

our knowledge in this field. Each of chapter II, III and IV is finished off with an appendix, which contain the 

respective supplementary information. In chapter V, I provide a unifying discussion, which summarize how this 
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thesis addresses its aims. Moreover, this chapter presents the conclusions that can be drawn from this thesis and 

finally considers future perspectives within the field of the mTORC1-LARP1 axis. 

 This thesis presents following projects: 

 Chapter II: mTORC1 promotes TOP mRNA translation through site-specific phosphorylation of the 

translation repressor LARP1. 

 Chapter III: Select TOP-mRNAs undergo LARP1-regulated endoribonucleolytic cleavage immediately 

downstream of the TOP-motif 

 Chapter IV: LARP1-regulated non-TOP mRNAs encode regulators of ribosome biogenesis, mTORC1 

activity and resource homeostasis 

The manuscript in chapter II was recently resubmitted to Nuclear Acid Research after addressing the comments 

from our peers. The study in chapter III has not yet been submitted to a journal, while the bioinformatical 

investigation presented in chapter IV is at a preliminary stage.  
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CHAPTER I 

Review of the mTORC1-LARP1 axis  

In this chapter, I will provide a general introduction to translation initiation. A thorough review will then 

examine how Mammalian Target Of Rapamycin Complex 1 (mTORC1) manages ribosome biogenesis by 

regulating the expression of messenger RNAs (mRNAs) with a 5’ terminal oligo-pyrimidine tract (TOP) through 

the mTORC1 effector protein, La-Related Protein 1 (LARP1). Thereafter, the cytoplasmic mRNA decay 

machinery will briefly be described. Lastly, I will summarize my review of the mTORC1-LARP1 axis and 

conclude this chapter with my aim of thesis.  

The vital expenditures of ribosome biogenesis is managed by mTORC1 

The environment surrounding all living cells is ever-changing, thus any living cell must be equipped to endure a 

transition from optimal conditions – favoring cellular growth and proliferation – to potentially harmful 

circumstances, which favor preservation and survival. The process of translation within growing cancer cells has 

been estimated to account for 25% of the total cellular energy expenditure (Proud, 2002; Schmidt, 1999). 

Furthermore, the continuous use of nucleotide triphosphates, during synthesis of ribosomal ribonucleic acids 

(rRNAs) and transfer RNAs (tRNAs), establishes a transcriptome consisting of ~80% rRNA and ~15% tRNA in 

mammalian cells (Lindberg and Lundeberg, 2010). Understandably, ribosome biogenesis and the activity of the 
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translation machinery poses a threat to the homeostasis of mammalian cells that reside in conditions, which 

demand preservation rather than proliferation. 

 In vertebrate cells, mTORC1 is a key factor in controlling metabolic processes. Extracellular cues, such 

as nutrient availability and presence of growth factors are sensed by receptor proteins, which accordingly trigger 

a cascade of internal signaling events that carry the message from receptor to mTORC1. The kinase activity is 

adjusted according to the received signal, thereby altering the phosphorylation pattern on effector proteins 

downstream of mTORC1 that ultimately integrates the appropriate response to the cellular environment. Several 

axes of the mTORC1-network converge to control the expression of all components necessary for ribosome 

biogenesis (Chauvin et al., 2014; Fonseca et al., 2018; Iadevaia et al., 2012, 2014; Michels et al., 2010; 

Nandagopal and Roux, 2015). In the following section, I will review the process of translation initiation, which 

will be fundamental to understand, how both global translational control and the profound co-regulatory 

translational repression of mRNAs that encode proteins of the translational machinery is governed by mTORC1-

mediated phosphorylation of translational regulators. The mTORC1-mediated regulation of rRNA and tRNA 

biosynthesis is beyond the scope of this study and has been excellently reviewed elsewhere (Iadevaia et al., 

2014; Mayer and Grummt, 2006).  

Translation initiation involves tightly controlled initiation factors 

Before a growing cell can transition to proliferation, the process of ribosome biogenesis must produce sufficient 

ribosomes for two individual cells. Consequently, the translational machinery deploys a vast amount of resources 

to supply the required ribosomal proteins (RPs). The expression program of RPs in human cells is designed to 

maintain an ample availability of cognate transcripts. Hence the limiting step of RP synthesis is mainly attributed 

to the process of translation initiation on RP mRNAs. Accordingly, translation initiation is governed by 

eukaryotic translation initiation factors (eIFs) that are tightly controlled by mTORC1 in response to cues that 

stimulates cellular growth. Thereby, the mTORC1 signaling network competently balances RP synthesis with 

the demands for ribosome biogenesis arising from cellular growth. Before going in details with the mTORC1-

mediated control of translation, it is important to be familiar with the eIFs, which recruit ribosomes to the 5’ 

untranslated region (UTR) of mRNAs to initiate translation through canonical cap-dependent mechanisms, as 

reviewed in full detail by Jackson et al. and Hinnebusch et al. (Hinnebusch and Lorsch, 2012; Jackson et al., 

2010). To stay focused on the aspect of mTORC1-mediated control that will be outlined in later sections, I will 

only briefly review the eIFs, which are most directly perturbed upon mTORC1 inactivation. Moreover, as 

effectors downstream of mTORC1 targets cap-dependent eIFs to confer translational control, I will also provide 

an overview of the alternative cap-independent mechanisms of translation initiation that acts to circumvent the 

influence of mTORC1 (as recently reviewed elsewhere (James and Smyth, 2018; Kwan and Thompson, 2019)). 
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Classical canonical translation initiation and recent revisions 

Canonical cap-dependent translation initiation requires that an array of eIFs associate with the 5’ cap of mRNAs, 

from where they recruit and dock ribosomal subunits onto the 5’ UTR. Notably, the cap-binding protein 

Eukaryotic Translation Initiation Factor 4E (eIF4E) anchors the eIF4E-eIF4G-eIF4A complex, also known as 

eIF4F, to the m
7
G cap moiety of mRNAs (Fig. 1.1A, light grey shapes at m

7
G) (Gingras et al., 1999; Jackson et 

al., 2010; Oberer et al., 2005). The helicase activity of eIF4A dissolves secondary structures within the 5’ UTR  

(Andreou and Klostermeier, 2014; Asano et al., 2001; Rogers et al., 2001), thereby easing the recruitment of the 

43S ribosomal initiation complex onto the 5’ UTR through an eIF3-mediated bridge between eIF4G and the 43S 

complex (Fig. 1.1A, 43S recruitment) (Asano et al., 2001; Hinnebusch, 2006). In relation to this study, it is 

important to emphasize that the 43S initiation complex encompass the 40S ribosomal subunit and a complex 

consisting of the guanosine triphosphate (GTP)-charged eIF2 and the methionyl initiator tRNA, also collectively 

known as the eIF2-GTP-Met-tRNAi
Met

 ternary initiation complex (Fig. 1.1A, 43S initiation complex) (Kapp and 

Lorsch, 2004; Passmore et al., 2007). As the 43S-complex scans for start-codons, the ternary complex is 

responsible for the successful recognition of the AUG-triplet (Fig. 1.1A, 5’ UTR scanning), which triggers the 

recruitment of the 60S ribosomal subunit (Fig. 1.1A, Subunit joining), thus concluding the translation prone 

80S ribosome (Fig. 1.1A, Translation) (Hinnebusch, 2011; Pestova and Kolupaeva, 2002; Pisarev et al., 2006). 

The classical view of the organization of eIFs comprise an interaction between eIF4G and Poly(A)-Binding 

Protein (PABP), which brings the poly-adenylated 3’ end of mRNAs into proximity of the 5’ cap, presumably 

facilitating the recycling of ribosomes, which have terminated translation at the stop codon (Kahvejian et al., 

2005; Pisarev et al., 2007).  

 Technical advances have recently made it possible to challenge the closed-loop model and even AUG-

dependent initiation of translation, as reviewed elsewhere (Kearse and Wilusz, 2017; Vicens et al., 2018). Deep 

sequencing of RNA fragments from ribosome profiling has been carried out on cells treated with the translation 

inhibitor harringtonine, which inhibits translation at the point of subunit joining and start-codon recognition 

(Ingolia et al., 2011). This assay demonstrated that ribosomes are also capable of initiating translation at other 

codons than AUG, thereby founding an initiation-mediated mechanism that partly can explain how the cell 

produces a diverse set of protein isoforms (Ingolia et al., 2011; Kearse and Wilusz, 2017). Moreover, when 

disregarding the initiation efficiency at each start-codon, it was found that non-AUG translation start sites 

outnumbers those of canonical AUG sites, suggesting that the formation of protein isoforms by means of non-

AUG translation initiation could be a common feature in the formation of protein isoforms (Ingolia et al., 2011; 

Kearse and Wilusz, 2017).  

 The closed-loop model, which is constituted by the eIF4G-PABP interaction, has been suggested to 

mediate a series of 5’ end events that are regulated by elements in the 3’ UTR – a phenomenon called 5’ to 3’ 



8 

 

mRNA communication. The existence of such communication is underlined by translation initiation at the 5’ end 

being stimulated by the length of poly(A) tails (Gallie, 1991; Gebauer et al., 1994; Wells et al., 1998), while 

shortening poly(A) tails and motifs within the 3’ UTR are capable of recruiting mRNA decay factors that targets 

the 5’ cap moiety  (Lai et al., 1999; Lykke-Andersen and Wagner, 2005; Muhlrad et al., 1994). Although the 

closed-loop model seems imperative to properly control gene expression, the perturbation of the eIF4G-PABP 

interaction within S. cerevisiae did not alter viability, thus suggesting that the closed-loop is less essential than 

previously anticipated (Kessler and Sachs, 1998; Park et al., 2011). Recently, two studies succeeded in resolving 

the localization of mRNA terminals by combining super-resolution microscopy with fluorescent tracking of 

single molecules in situ. Both studies emphasized that actively translating ribosomes expands the molecular 

sphere occupied by the mRNA being translated, thereby dissolving the co-localization of the 5’ and 3’ end of the 

mRNA (Adivarahan et al., 2018; Khong and Parker, 2018). It was gathered that the closed loop conformation 

was likely transient or only valid in specific contexts that disfavored translation, thereby leaving only a short 

temporal window open, where effective 5’ to 3’ communication can occur (Adivarahan et al., 2018; Khong and 

Parker, 2018; Vicens et al., 2018). 

Alternative translation initiation 

Cap-independent translation initiation elements are often harbored by mRNAs encoding stress-responsive 

proteins, which consequently maintain their expression, during stress-mediated inhibition of cap-dependent 

initiation complexes (Kwan and Thompson, 2019). Internal ribosomal entry sites (IRES) are complex secondary 

structures within the 5’ UTR of mRNAs, and they were originally identified in mRNAs of viruses, due to being 

capable of recruiting ribosomes despite of translational inhibition during viral infections (Jang et al., 1988; 

Pelletier and Sonenberg, 1988). An array of transcripts have been predicted to comprise an IRES based on their 

putative complex architecture within their 5’ UTRs and prevailing translation during cellular stress (Jackson, 

2013; Qin and Sarnow, 2004). However, the exact mechanism that recruits 43S initiation complexes to human 

IRES is still a matter of discussion (James and Smyth, 2018). In contrast, the successful recruitment of 43S to 

virus-related IRES has been owed to e.g. IRES Trans-Acting Factors (ITAFs), which stabilizes the IRES 

architecture (Gosert et al., 2000; Kafasla et al., 2009), the docking of eIFs on the IRES to facilitate 43S 

recruitment (Fig. 1.1B) (Kafasla et al., 2009) and also direct interaction between the IRES and 40S (Jan and 

Sarnow, 2002). 

Current views propose that mRNA methylations of N
6
 in adenosine (m

6
A) is the most frequent 

modification of all known post-transcriptional modifications of mRNAs (Desrosiers et al., 1974; James and 

Smyth, 2018; Wei and Moss, 1977). This recurrent modification has been shown to facilitate translation during 

dfd 
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basal conditions, likely owing to the enhanced recruitment of eIFs to the mRNA, during basal conditions in a 

manner dependent on YT521-B-Homology (YTH) Domain-Containing Family Protein 1 and 3 (YTHDF1/3) 

(Coots et al., 2017; Wang et al., 2015) or ATP Binding Cassette Subfamily F Member 1 (ABCF1) (Coots et al., 

2017). Specifically, YTHDF1 was found to bind m
6
A nucleotides and eIF3 in tandem, thereby facilitating the 

docking of 43S particles onto mRNAs (Wang et al., 2015). Moreover, during stress responses, another YTH-

related protein, YTHDF2, preserves methylated adenosines preferentially within the 5’ UTR of mRNAs 

encoding stress-responsive proteins (Zhou et al., 2015). As a result, the expression of heat-shock proteins 

prevails during cellular stress, likely due to m
6
A nucleotides in the 5’UTR recruiting eIF3 in a direct (Meyer et 

al., 2015) or indirect, YTHDF1-mediated manner (Fig. 1.1C) (Wang et al., 2015). Similar to non-AUG 

translation initiation, the presence of m
6
A nucleotides within open reading frames (ORFs) was hypothesized to 

initiate translation at downstream sites, which could diversify the protein isoforms derived from a single mRNA 

(James and Smyth, 2018). In relation to the alternative functions of eIF3, structures within the 5’ UTR of 

mRNAs were suggested to prevent the assembly of the canonical eIF4F-dependent translation initiation 

complex, whereas eIF3 enhanced its association with the mRNA through an interaction with either the secondary 

structure, the 5’ cap moiety or both (Fig. 1.1D) (Lee et al., 2015, 2016). Interestingly, the capacity to bind 5’ 

caps was owed to a cap-binding pocket within the eIF3d-subunit of eIF3, thereby displaying a propensity in 

substituting eIF4E, during highly specific circumstances that involved proximity of a secondary structures to the 

5’ cap (Lee et al., 2016). However, eIF3 did not initiate translation as sufficient as the process of canonical cap-

dependent translation initiation.  

mTORC1 controls global translation 

When cellular resources are low or growth signaling seizes, the criteria necessary for mTORC1 activation are 

not met. The resulting deactivation of mTORC1 reprograms metabolic dynamics in order to disfavor energy 

consummation by anabolic processes. To diminish energy consumption it would be profitable to hamper 

processes with excessive energy demands at the earliest possible stage. Translational regulation in human cells 

utilizes such early interference, as the control of translation by mTORC1 relies heavily on inhibiting essential 

aspects of canonical cap-dependent translation initiation. Comprehensive studies by M. Laplante, D. Sabatini, C. 

Thoreen and J. Blenis reviewed the minute details of mTORC1-mediated regulation of translation initiation 

(Laplante and Sabatini, 2012; Ma and Blenis, 2009; Thoreen, 2017). A close inspection of the constituents 

within the mTORC1 heteromer will facilitate the appreciation of how mTORC1 recruits and phosphorylates its 

downstream effectors to implement translational control. Furthermore, this insight will provide a better 

understanding of the mechanisms regarding the drug-mediated inhibition of mTORC1 by Torin 1 and rapamycin 

(Fig. 1.2) – two compounds that are essential to this study. Finally, the knowledge gained on mTORC1 subunits 
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will support my examination of how stimuli from growth factors, amino acids and energy availability regulate 

the kinase activity of mTORC1, thereby ultimately instigating an appropriate mTORC1-mediated control of 

translation initiation (Fig. 1.2; Fig. 1.3). 

The composition of mTORC1 

The kinase mTOR (Fig. 1.2, dark blue) is the sole contributor of kinase activity within both mTORC1 and 

mTORC2, which are functionally distinct, due to unique association partners (mTORC2 composition and 

function have been reviewed elsewhere (Saxton and Sabatini, 2017)). The kinase activity of mTOR is promoted 

and inhibited by Mammalian Lethal With SEC13 Protein 8 (mLST8) and DEP Domain-Containing mTOR-

Interacting Protein (DEPTOR), respectively (Fig. 1.2A, light blue and grey, respectively) (Gao et al., 2011; 

Kim et al., 2003; Peterson et al., 2009). The key unique component in mTORC1 is Regulatory-Associated 

Protein of mTOR (RAPTOR) (Fig. 1.2, light blue), which bridges two mTOR subunits in each mTORC1 

multiplex (Kim et al., 2002; Yip et al., 2010) (Fig. 1.2B). Moreover, RAPTOR exhibits high affinity for a penta-

peptide TOR Signaling (TOS)-motif, which is found within several of the most extensively studied mTORC1 

substrates. By associating with the TOS-motif, RAPTOR recruits substrates and facilitates their phosphorylation 

by mTORC1 (Nojima et al., 2003; Schalm and Blenis, 2002). That is the case for e.g. Proline-Rich AKT 

Substrate 40 kDa (PRAS40) (Oshiro et al., 2007), eIF4E-Binding Protein 1 (4E-BP1) (Schalm et al., 2003) and 

p70 Ribosomal Protein S6 Kinase 1 (S6K1) (Schalm and Blenis, 2002). PRAS40 in its non-phosphorylated form 

is regarded as a repressive constituent of mTORC1 (Fig. 1.2A, grey) (Sancak et al., 2007). An internal positive 

feedback loop leads to mTORC1-mediated phosphorylation of RAPTOR and PRAS40, thus enhancing 

RAPTOR function and expelling PRAS40 from mTORC1 (Oshiro et al., 2007; Wang et al., 2007, 2009). The 

adenosine triphosphate (ATP)-competitive inhibitor, Torin 1, specifically inhibits the kinase activity of mTOR 

(Fig. 1.2A, red), thereby enabling it to inhibit both mTORC1 and mTORC2 (Thoreen et al., 2009). Unlike Torin 

1, rapamycin display mTORC1-specific allosteric inhibition. Specifically, rapamycin forms an FK506-binding 

protein 12 (FKBP12)-rapamycin-mTOR ternary complex, which negatively affects RAPTOR’s recruitment of 

substrates and also destabilizes the mTOR-RAPTOR interaction (Fig. 1.2, yellow) (Baretić and Williams, 2014; 

Oshiro et al., 2004; Yip et al., 2010). However, the effects of rapamycin treatment are somewhat obscured by 

negative feedback, which activates positive mTORC1 regulators in the upstream signaling network in response 

to mTORC1 inactivation by rapamycin (O’Reilly et al., 2006). 
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Rheb and mTORC1 getting in touch at the lysosome 

The array of extra- and intracellular conditions, which regulate mTORC1 activity, are reflected by the multitude 

of factors indirectly controlling mTORC1. In essence, activation of mTORC1 depends on the ability of the 

lysosome-associated Ragulator-RagA-RagB-RagC-RagD-GTPase complex (hereafter, Ragulator-Rag) and Ras 

Homologue Enriched In Brain (Rheb) to recruit mTORC1 to the lysosomal surface and to activate its kinase 

domain, respectively. A recent study by K. Condon and D. Sabatini (Condon and Sabatini, 2019) reviews current 

knowledge on how nutrients and growth factors control mTORC1 activity (Fig. 1.3). 

 The main switch controlling mTORC1 kinase activity is the lysosome-associated G-protein Rheb, which 

in its GTP-bound state activates mTOR (Inoki et al., 2003; Long et al., 2005; Yang et al., 2017). The lysosome 

surface also comprise Ragulator-Rag, which mediates the contact between Rheb and mTORC1 by retaining 

mTORC1 at the lysosome – a function dependent on charging RagA/B with GTP and RagC/D with guanosine 

diphosphate (GDP) (Sancak et al., 2008, 2010) (Fig. 1.3, mTORC1 in red on the surface of blue lysosome). 

The stimulatory connection between mTORC1, Rheb and Ragulator-Rag is efficiently shut down by GTP 
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hydrolysis in Rheb or RagA/B or by exchanging GDP with GTP in RagC/D. Thus, it comes as no surprise that 

growth factor stimuli, nutrient supplies and energy levels exert tight control of Rheb and Ragulator-Rag by 

modulating GTPase-activity and their cognate guanine exchange factors (GEFs) to stimulate their charging with 

GTP. 

 Signals from insulin and growth factors are received at the cell surface and are conveyed through the 

Phosphoinositide 3-Kinase (PI3K) and Akt Serine/Threonine Kinase 1 (AKT1) network (Fig. 1.3, network of 

green factors in the top-right). The PI3K-related effectors p90 Ribosomal Protein S6 Kinase 1 (RSK1) (Roux 

et al., 2004), extracellular signal-regulated kinase (ERK) (Ma et al., 2005) and AKT1 converge to collectively 

inhibit the complex Tuberous Sclerosis Complex Subunit 1 and 2 (TSC1/2), which functions as a GTPase-

activation protein (GAP) (Inoki et al., 2002; Manning et al., 2002). As a result, TSC1/2 is unable to activate the 

inherent GTPase activity within Rheb, which consequently adopts its GTP-bound state and activates mTORC1 

(Tee et al., 2003). Furthermore, AKT1 is able to phosphorylate the mTORC1-inhibitor PRAS40, which 

segregates it from mTORC1 and relieves its inhibitory effect (Sancak et al., 2007). In contrast to growth factor 

stimuli, the occurrence of energy insufficiency advocates mTORC1 inactivation. During low energy conditions, 

adenosine monophosphate (AMP) accumulates and activate 5’ AMP-activated protein kinase (AMPK) (Fig. 1.3, 

yellow box in the top-center), which transfers a stimulatory phosphorylation onto TSC1/2, thus activating GTP 

hydrolysis and the formation of Rheb-GDP (Shaw et al., 2004). Consequently, mTORC1 is inactivated.  

 The regulatory cascades instigated by amino acid starvation has so far been coupled to the complex 

GTPase-Activating Protein Activity Toward Rags 1 (GATOR1) encouraging the GTPase activity within RagA/B 

of Ragulator-Rag, which leaves the complex unable to recruit mTORC1 to the lysosome (Bar-Peled et al., 2013; 

Sancak et al., 2010) (Fig. 1.3, purple shape on surface of blue lysosome). Furthermore, the multimer Kaptin, 

ITFG2, C12orf66 And SZT2-Containing Regulator Of mTORC1 (KICSTOR) is essential for confining 

GATOR1 to the lysosomal surface and enabling the cell to mount a proper response to amino acid availability 

(Wolfson et al., 2017). It has been elucidated that Ragulator-Rag is positively regulated by the sensor molecules 

S-Adenosylmethionine Sensor Upstream Of mTORC1 (SAMTOR) (Gu et al., 2017), Sestrin2 (SESN2) 

(Wolfson et al., 2016) and Cytosolic Arginine Sensor Of mTORC1 (CASTOR1) (Chantranupong et al., 2016), 

which monitor the levels of methionine, leucine and arginine, respectively. The exact mechanisms of how 

signals are conveyed from activated sensors onto Ragulator-Rag remains elusive, but GATOR2 has been shown 

to be necessary for Sestrin2 and CASTOR1-mediated signaling (Chantranupong et al., 2016; Wolfson et al., 

2016). Additionally, the lysosomal transmembrane protein, Solute Carrier Family 38 Member 9 (SLC38A9), 

senses levels of leucine and arginine within the lysosome cavity, and upon activation it charges RagA/B with 

GTP, thereby stimulating Ragulator-Rag function (Jung et al., 2015; Shen and Sabatini, 2018). 
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mTORC1 controls global translation initiation  

The kinase mTOR is a Ser/Thr kinase, which efficiently phosphorylates e.g. 4E-BP1 and S6K1 (Fig. 1.4A) as 

they display both a TOS-motif and mTORC1-specific phosphorylation sites  (Burnett et al., 1998; Hsu et al., 

2011; Nojima et al., 2003). However, if growth factor or nutrient stimuli fail to activate mTORC1, 4E-BP1 

assumes its dephosphorylated and activated state (Burnett et al., 1998; Pause et al., 1994). The affinity for eIF4E 

allows 4E-BP1 to effectively dismantle the eIF4F complex and to disrupt the cap-dependent docking of 43S 

initiation complexes onto 5’ UTRs (Fig. 1.4B, 4E-BP1) (Gingras et al., 2001; Thoreen et al., 2012). 

Furthermore, the kinase activity of S6K1 is no longer enforced by mTORC1. As a consequence, the S6K1-

mediated stimulatory phosphorylation of eIF4B is abrogated, thereby preventing eIF4B from enhancing eIF4A 

activity (Rogers et al., 2001; Shahbazian et al., 2006). The inhibitory effect on eIF4A is potentiated by 

Programmed Cell Death Protein 4 (PDCD4): as PDCD4 no longer becomes targeted for degradation through 

S6K1-mediated phosphorylation, it is free to exert its inhibitory effect on eIF4A (Fig. 1.4, compare S6K1 in A 

and B) (Dorrello et al., 2006; Yang et al., 2003).  

 It is important to note that translational regulation is also achieved through mTORC1-independent 

mechanisms. Importantly, the kinase General Control Non-derepressible 2 (GCN2) senses amino acid 

deprivation, as uncharged tRNAs activate the protein kinase domain of GCN2 (Dong et al., 2000). The activated 

GCN2 phosphorylates the eIF2α-subunit of eIF2, thereby impeding the formation of the eIF2-GTP-Met-

tRNAi
Met 

ternary complex, which in turn prevents the completion of the 43S initiation complex (Kapp and 

Lorsch, 2004; Kedersha et al., 2002). Despite of the lack of ternary complex, the incomplete 43S subunit docks 

onto 5’ UTRs, performs AUG-scanning, stalls at the start-codon and forms a translational incompetent 48S-

mRNA-protein (48S* mRNP) complex  (Fig. 1.5B, GCN2 and 48S*) (Anderson and Kedersha, 2002; Kedersha 

et al., 2002).  

 Although high rates of translation is disadvantageous to cells with limited resources, it remains crucial 

that housekeeping and stress response proteins are still produced, which means that translational inhibition by 

mTORC1 does not bring protein synthesis to a complete stop. In contrast to housekeeping genes, it is redundant 

to continue the expression of ribosomal proteins, during conditions that favor preservation and repression of 

ribosome activity. As a consequence, vertebrate cells have evolved a co-regulatory translational repression 

mechanism that targets mRNAs encoding translation-related proteins. 
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mTORC1 controls TOP mRNA translation – a historical review 

The 80S ribosome particle is a 4300kDa structure encompassing four rRNA molecules, which intertwine 80 

unique ribosomal proteins with a total size of approximately 1274 kDa (Khatter et al., 2015). Although the final 

assembly of the two ribosomal subunits, i.e. translation initiation, initiates the massive energy consumption of 

the actively translating ribosome, it is important to note that producing ribosomal proteins in itself takes quite a 

toll on cellular reserves. Thus, the transcription of genes encoding translation-related proteins is programmed to 

produce mRNAs harboring a TOP-motif (Fig. 1.5A, 5’ TOP). The TOP-motif is targetable by effectors 

downstream of mTORC1 to control resource expenditures specifically related to synthesizing components of the 

translational machinery. I will provide a historical review, which emphasizes genuine regulators of TOP mRNA 

translation among all of the effectors that have been proposed to be relevant for the control of TOP mRNAs. 

The regulators of TOP mRNA translation 

The TOP-motif in TOP mRNAs is characterized by an invariant terminal C nucleotide followed by 4-15 pyrimi-

dines (Hamilton et al., 2006). 73% of all transcription start sites (TSSs) involves a purine, whereas only 19% 

harbors a terminal C (Meyuhas and Kahan, 2015). The atypical transcription of TOP mRNAs calls for a so-

called TCT-promoter system in which pyrimidines within the core promoter region (-2 to +6) ensure correct 

polymerase II initiation (Parry et al., 2010). More than two decades ago, it was discovered that, during mitogenic 

arrest, the TOP-motif and GC-rich regions downstream of the TOP-motif conferred translational repression of 

TOP mRNAs (Fig. 1.5) (Avni et al., 1994, 1997; Levy et al., 1991).  

 Soon after, it was shown that ectopically expressed reporter mRNAs harboring a 5’ TOP UTR 

conjugated to a downstream heterologous RNA (i.e. TOP reporter mRNAs) were unable to associate with 

polysomes upon overexpression of a dominant negative S6K1 (Jefferies et al., 1997). However, the stimulatory 

role of S6K1 specifically on TOP mRNA translation was contested and rejected, as the change in translational 

efficiency of TOP mRNAs upon serum starvation, amino acid deprivation or rapamycin treatment was 

unaffected in S6K1-deficient cells and S6K1
-/-

/S6K2
-/-

 double knockout mice (Pende et al., 2004; Stolovich et al., 

2002; Tang et al., 2001). Previous to the investigation of S6K1, in vitro RNA-binding studies provided evidence 

for binding of the La Autoantigen specifically to TOP-motifs, which prompted further investigation into this 

protein as a possible translational regulator of TOP mRNAs (Pellizzoni et al., 1996). 

 The family of La related proteins owe their RNA-binding capacity to the La module – an RNA-binding 

structure comprised of the La-motif and a classical RNA recognition motif (RRM), which are both conserved 

throughout the eukaryotic varieties of La related proteins (Alfano et al., 2004; Bousquet-Antonelli and Deragon, 

2009). Primed by the association between La Autoantigen and TOP-motifs in vitro, it was found that the X. 

sdfsdf 
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laevis La Autoantigen was incorporated in polysomes and facilitated TOP mRNA translation, when ectopically 

expressed in human cells (Cardinali et al., 2003; Crosio et al., 2000). However, to investigate the nature of the 

effector controlling TOP mRNA translation, oligos harboring a TOP-motif were added to an in vitro translation 

system to titrate the regulator of TOP mRNA translation (Biberman and Meyuhas, 1999). As the addition of 

TOP-oligos promoted TOP mRNA translation, due to the TOP-oligos attenuating a TOP-specific regulator, this 

assay established that TOP mRNAs are mainly controlled by a repressor. In agreement with TOP mRNAs being 

subdued to a repressor, the human La Autoantigen was rejected as a stimulator of TOP mRNA translation, as it 

exhibited phosphorylation-regulated docking onto TOP mRNAs in vivo and acted as a translational inhibitor of 

TOP mRNAs in vitro (Schwartz et al., 2004; Zhu et al., 2001). Other studies using mainly in vitro binding 
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assays, suggested that proteins including Zinc Finger Protein 9 (ZNF9) (Pellizzoni et al., 1997, 1998) and AU-

Rich Element RNA-Binding Protein 1 (AUF1) (Kakegawa et al., 2007) could potentially regulate TOP mRNA 

translation. But these investigations did not produce unequivocal evidence in vivo.  

 In the decade following the controversies of La Autoantigen, the regulation of TOP mRNAs was linked 

to the field of micro RNA (miRNA)-mediated regulation. Upon transfection into human cells, miRNA-10a 

(miR-10a) displayed preferential interaction with TOP mRNAs and constitutively elevated steady state levels of 

ribosomal proteins dependent on mTORC1 signaling (Ørom et al., 2008). However, miR-10a increased the ratio 

of polysome-associated TOP mRNAs upon amino acid starvation, whereas a feasible mTORC1-directed TOP-

specific regulator would be expected to preserve energy, during resource deficient conditions, by disrupting TOP 

mRNA translation. In addition to that, other groups hampered miRNA formation, and they could not recapitulate 

the stimulatory function of miRNA on TOP mRNA translation (Patursky-Polischuk et al., 2014), suggesting that 

the initial stimulatory role of exogenous miR-10a is likely indirect. Meanwhile, T-Cell-Restricted Intracellular 

Antigen-1 (TIA-1) and T-Cell-Restricted Intracellular Antigen-1 Related (TIAR; hereafter collectively called 

TIA/R) were becoming promising candidates for translational repression of TOP mRNAs, due to growing 

evidence emphasizing their association with pyrimidine-rich sequences (Dember et al., 1996; Kim et al., 2007) 

and their repression of translation (Mazan-Mamczarz et al., 2006; Piecyk et al., 2000). 

 As previously outlined, cellular stress that activates GCN2 facilitates the formation of translational 

stalled mRNP complexes dependent on the phosphorylation of eIF2α. The formation of such suppressed mRNP 

complexes recruits TIA/R, which dynamically orchestrate the phase separation of silenced mRNP complexes 

within stress granules (SGs) (Kedersha et al., 2000, 2002, 1999). Importantly, the profound co-regulatory 

repression of TOP mRNA translation was found to be dependent on the association between TIA/R and the 5’ 

UTR of TOP mRNAs, and this interaction was dependent on GCN2-mediated phosphorylation of eIF2α and 

mTORC1 shutdown caused by amino acid deprivation (Fig. 1.5B, GCN2, TIA/R and 48S*) (Damgaard and 

Lykke-Andersen, 2011; Ivanov et al., 2011). The TOP-mRNP complexes were consequentially sequestered in 

SGs, from where they could likely be reintroduced into the translational machinery upon alleviation of cellular 

stress and resumed growth signaling (Buchan and Parker, 2009; Kedersha et al., 2000; Tang et al., 2001). 

Subsequently, another study confirmed the role of TIA/R in the repression of TOP mRNA translation upon 

amino acid starvation, but found that other types of stress (e.g. serum starvation, or hypoxia) did not require 

these proteins to hamper TOP mRNA translation (Miloslavski et al., 2014). Though the initial findings explained 

the phospho-eIF2α-mediated co-regulation of TOP mRNA translation (Damgaard and Lykke-Andersen, 2011), 

the question regarding the responsible suppressor of TOP mRNA translation upon selectively inhibiting 

mTORC1 remained unanswered (Miloslavski et al., 2014; Thoreen et al., 2012).  
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 To establish the magnitude of the mTORC1-regulated transcriptome, comprehensive global screens of 

changes in mRNA translational efficiency, upon the combination of mTORC1 inactivation and 4E-BP1 

knockout, were used to expand the array of characterized TOP mRNAs and TOP-like mRNAs based on their 

sensitivity to mTORC1 inactivation (Thoreen et al., 2012). Furthermore, the study also contested previously 

identified regulators of TOP mRNA translation, thus deeming TIA/R and S6K1 dispensable for repression of 

TOP mRNA translation, during drug-mediated inactivation of mTORC1. Importantly, they found that knocking 

out 4E-BP1 rendered TOP mRNA translation refractory to mTORC1 inactivation, likely owing to TOP mRNAs 

being hypersensitive to abrogation of the eIF4F complex by 4E-BP1 (Thoreen et al., 2012). Other studies 

challenged these results by overexpressing eIF4E in quiescent cells or cells treated with mTOR inhibitors, and as 

a result they disconnected the supposed relation between eIF4E/4E-BP1 and the co-regulatory repression of TOP 

mRNA translation (Huo et al., 2012; Shama et al., 1995). A recent reassessment of the hypersensitivity of TOP 

mRNAs towards 4E-BP1 suggested that structured 5’ UTRs of select TOP mRNAs were responsible for their 

discrepant regulation by 4E-BP1 (Meyuhas and Kahan, 2015; Miloslavski et al., 2014). 

 Taken together, this historical review summarizes an array of conflicting results in the process of 

identifying the mTORC1-regulated effector that controls TOP mRNA translation. It was established that TOP 

mRNAs were mainly controlled by a repressor (Biberman and Meyuhas, 1999), thereby casting more doubt on 

the TOP-specific stimulatory effects of  S6K1, human La Autoantigen and miR-10a, when aiming to identify the 

major mTORC1-regulated effector of TOP mRNA translation. In contrast, the translation inhibitors 4E-BP1 and 

TIA/R exhibited promising features. But, on one hand the mTORC1-regulated repression of TOP mRNA 

translation by 4E-BP1 is refractory to the overexpression of a compensatory activator (eIF4E), and its effect is 

likely only directed towards a subset of TOP mRNAs. On the other hand, TIA/R likely exert translational 

repression of the majority of TOP mRNAs. However, the shortcomings of TIA/R in repressing TOP mRNA 

translation upon drug-mediated inhibition of mTORC1, or cellular stressors other than amino acid starvation, 

ultimately rejects that TIA/R are the major mTORC1-regulated TOP mRNA repressors. Eventually, it was the 

process of elucidating the mTORC1 phosphoproteome that sparked the field of mTORC1-mediated regulation of 

TOP mRNAs. Due to the significance of these findings and their relevance to this dissertation, the historical 

review of a final TOP mRNA regulator is found in a distinct section below. 

Establishing the mTORC1 phosphoproteome and identifying LARP1 as a target 

In 2011, the lab of D. Sabatini and J. Blenis presented back-to-back publications with high-throughput 

phosphoproteomic screenings in the search of phosphorylation substrates of mTORC1 (Hsu et al., 2011; Yu et 

al., 2011). Indeed, both studies identified the Growth Factor Receptor-Bound Protein 10 (GRB10) as a potential 

mTORC1-directed tumor suppressor, which intercepts growth signaling within the PI3K axis of the mTORC1 
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signaling network. However, Sabatini’s group furthermore scrutinized the peptide consensus motif of mTOR 

phosphorylation sites through phosphoproteomic positional scanning of peptide libraries phosphorylated by 

mTORC1 in vitro (Hsu et al., 2011). They established that the Ser/Thr kinase activity of mTORC1 prefers 

phosphorylation sites that are devoid of surrounding polar residues and bordered by an upstream glycine as well 

as a downstream hydrophobic residue, albeit with a consensus that disfavored a downstream glycine or 

isoleucine (Hsu et al., 2011). Further characterization of phosphorylation sites underlined that the resemblance of 

a phosphorylation site to the consensus sequence correlated with its rapamycin sensitivity, i.e. high consensus 

similarity enhanced mTORC1-mediated phosphorylation and concomitantly conferred rapamycin resistance to 

the site (Kang et al., 2013). It was this meticulous inspection of rapamycin sensitive phosphorylation sites that 

initially verified mTORC1-mediated phosphorylation of LARP1. 

 Prior to identifying LARP1 as an mTORC1 substrate, the very first biological relevance of LARP1 was 

its positive impact on fertility and reproduction in C. elegans (Nykamp et al., 2008) and D. melanogaster  

(Blagden et al., 2009). The structural architecture of LARP1 was found to be conserved throughout the 

eukaryotic kingdom: LARP1 comprises the genuine La-motif, an atypical RRM domain (RRML5) and a C-

terminal domain with three tandem repeats, which later became known as the DM15 domain (Bousquet-

Antonelli and Deragon, 2009; Nykamp et al., 2008). Examining the biology of human LARP1 demonstrated that 

it associates with PABP and LARP1 was shown to activate global translation, possibly due to LARP1-mediated 

deactivation of 4E-BP1 (Burrows et al., 2010). Eventually, LARP1 was found to associate directly with the 3’ 

terminus and poly(A)-sequence of poly(A)-tailed mRNA (Fig. 1.5A, LARP1 and poly(A)) (Al-Ashtal et al., 

2019; Aoki et al., 2013). Importantly, the localization at the 3’ end of mRNAs was linked to a vivid LARP1-

dependent stabilization of at least a subset of TOP mRNAs – the first established connection between LARP1 

and TOP mRNAs (Aoki et al., 2013). 

Is LARP1 a translational repressor, activator or both? 

Studies of LARP1-mediated TOP mRNA regulation took off shortly after the connection was established. Two 

studies were published in consecutive years both underlining that LARP1 regulates TOP mRNA translation 

(Fonseca et al., 2015; Tcherkezian et al., 2014). However, LARP1 was reported both as an activator 

(Tcherkezian et al., 2014) and as a repressor of TOP mRNA translation (Fonseca et al., 2015). At present date 

the field of LARP1 as a TOP mRNA regulator is still referred to as controversial (Berman et al., 2020), even 

though the pioneer study addressing LARP1 as an activator of translation initiation on TOP mRNAs stands alone 

in its view. In the following, I will go through how the capabilities of LARP1 in regulating TOP mRNAs have 

been unraveled. Doing so, I will emphasize how the bimodal function of LARP1 in negatively regulating 

translation initiation, yet positively regulating mRNA stability, could be the source of dispute in the field of TOP 
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mRNA regulation by LARP1. The initial two reports on LARP1 as a TOP mRNA regulator by the Damgaard 

and Alain laboratories and the Roux laboratory (Fonseca et al., 2015; Tcherkezian et al., 2014) exemplifies the 

two opposing sides within the field of LARP1 biology and they deserve a thorough review, which is found 

below.  

The divergence and convergence of the initial LARP1 conflict 

P. Roux’s laboratory approached their identification of LARP1 by screening for proteins that could affect 

translation, i.e. analyzing proteins associating with the 5’ cap in a mTORC1-regulated fashion by examining 

eluates from in vitro m
7
GTP pull-down using liquid chromatography tandem mass spectrometry (LC-MS/MS) 

(Tcherkezian et al., 2014). As a result, they found that the direct or protein-mediated association of LARP1 with 

the 5’ cap increased with rising mTORC1 activity. Extensive co-immunoprecipitation assays and polysome 

profiling placed LARP1 at the center of the translational machinery, as it was shown to associate with RAPTOR 

(i.e. mTORC1), eIF4A, polysomes and PABP, of which the two latter interactions were shown to be dependent 

on the DM15 domain. In agreement with the stimulatory function of LARP1 on translation, depleting LARP1 in 

a proliferative context reduced global protein expression and diminished proliferation in a manner similar to the 

effects of drug-mediated inactivation of mTORC1. To establish its role in specifically regulating TOP mRNAs, 

RNA co-immunoprecipitation displayed that LARP1 preferentially binds TOP mRNA over non-TOP mRNA in 

proliferating cells. Most importantly, the translation efficiency of an array of non-TOP mRNAs and TOP 

mRNAs were analyzed in LARP1-depleted lysates from fully supplemented cells by polysome profiling. Doing 

so, they found that LARP1-depletion prohibits TOP mRNA association with polysomes in growing cells, thus 

instigating reduced steady state levels of ribosomal proteins by hampering translational output derived from TOP 

mRNAs. 

 As I see it, the laboratory of P. Roux emphasized the LARP1-mediated effects on TOP mRNAs that 

occur during basal conditions. Indeed, they indicate that basal conditions impart a LARP1-mediated 

augmentation of the protein expression of TOP mRNAs, as demonstrated by LARP1-depletion deteriorating both 

steady state levels of endogenous ribosomal proteins and polysome association of endogenous TOP mRNAs. At 

the time of the publication from Tcherkezian et al., LARP1 had been characterized as a bona fide mTORC1 

phosphorylation substrate (Hsu et al., 2011; Kang et al., 2013). Nevertheless, Tcherkezian et al. did not address 

the crucial link between LARP1 and mTORC1, i.e. analyzing the correlation between translational output of 

TOP mRNAs and mTORC1 activity in a LARP1-depleted context. A door was left open in the wake of P. 

Roux’s research: Does mTORC1 even regulate LARP1 and how would LARP1 respond to input from the 

mTORC1 signaling network? This question was addressed in the following year by B. Fonseca (Fonseca et al., 

2015). 
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 The Damgaard and Alain laboratories focused on the relation between mTORC1 and putative unknown 

downstream effectors, and identified LARP1 by screening for proteins associating with RAPTOR in RAPTOR 

immunoprecipitations followed by LC-MS/MS. An array of co-immunoprecipitations with full-length and 

truncated LARP1 recapitulated that LARP1 binds RAPTOR and PABP, but also revealed that these interactions 

were dependent on a Tryptophan/Aspartate Repeats 40 Amino Acids-Long (WD40) domain in RAPTOR and a 

PABP-Interacting Motif 2 (PAM2)-like domain proximal to the La-motif in LARP1, respectively. Focusing on 

the role of mTORC1, B. Fonseca et al. performed drug-mediated inhibition of mTORC1, which demonstrated 

that LARP1 preferentially binds RAPTOR while mTORC1 is active, whereas the interaction with PABP is 

unaffected. By performing RNA co-immunoprecipitation, it was shown that LARP1 associates with TOP 

mRNAs in a manner enhanced by mTORC1 inactivation. Polysome profiling was then used to address the 

regulatory effect on TOP mRNA translation upon mTORC1 inactivation in a LARP1-depleted context. 

Knockdown of LARP1 partially relieved the translational repressive effect on TOP mRNAs induced by 

mTORC1 inhibition, suggesting that LARP1 indeed inhibits TOP-mRNA translation, when mTORC1 is 

inactive. Reporter mRNA and 5’ UTR fragments with or without a TOP-motif were analyzed through polysome 

profiling and electrophoretic mobility shift assays (EMSA), respectively, thus demonstrating that LARP1 

associates with the TOP-motif causing repression of TOP mRNA translation efficiency. To further the 

mechanism of LARP1-mediated repression of TOP mRNAs, RNA co-immunoprecipitation was performed by 

pulling down eIF4G from lysates enriched or depleted from LARP1, thereby showing that TOP mRNA 

translation efficiency was likely suppressed by LARP1, due to the dissociation of eIF4G from TOP mRNAs as it 

becomes outcompeted by LARP1. In addition, Fonseca et al. recapitulated the stabilizing effect of LARP1 on 

TOP mRNAs. 

 Fonseca et al. interrogated the capability of mTORC1 to regulate translation efficiency of TOP mRNAs 

through its downstream effector, LARP1. In the process, they deliver solid data showing that both basal 

conditions and conditions that inactivate mTORC1 confer a constitutive LARP1-mediated repression of TOP 

mRNA translation efficiency as well as TOP mRNA stabilization. But more importantly, the repressive effect of 

LARP1 on TOP mRNA translation efficiency was demonstrated to be potentiated by inhibition of mTORC1, 

thereby establishing LARP1 as a bona fide mTORC1-regulated repressor of TOP mRNA translation (Fig. 1.5, 

LARP1). The established LARP1-dependent dynamics during basal conditions were in grave contrast to the 

research of the Roux laboratory, who suggested that LARP1 stimulates TOP mRNA translation efficiency during 

said conditions (Fonseca et al., 2015; Tcherkezian et al., 2014). The study of the Damgaard and Alain 

laboratories did not provide an examination of endogenous non-TOP mRNAs, thus preventing the evaluation of 

TOP-specificity in the presented function of LARP1. Similarly, the effect on steady-state levels of endogenous 

ribosomal proteins in the wake of LARP1-mediated translational repression of TOP mRNAs was not included. 
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However, this gap in their investigation can be somewhat compensated through a careful reassessment of their 

polysome profile analysis of LARP1-depleted or LARP1-enriched lysates from cells growing under basal 

conditions (cf. Fig. 7 and Fig. 10 (Fonseca et al., 2015)). In the polysome profile presented by Fonseca et al., the 

quantification of TOP mRNAs residing in subpolysomes and polysomes were normalized to the abundance of 

TOP mRNAs in the respective input samples. By doing so, they emphasized the translation efficiency of TOP 

mRNAs, as per usual when analyzing polysome profiles (Fonseca et al., 2015). However, the translation 

efficiency for a given pool of transcripts does not communicate the number of ribosomes engaging it, which can 

be largely defined by the absolute number of transcripts residing on polysomes. To distinguish this absolute 

measure of translation from other translation-related terms, I will refer to it as “absolute translation”. As Fonseca 

et al. normalizes the absolute translation of TOP mRNAs to the steady-state levels of TOP mRNAs, which are 

both influenced by LARP1, a secondary conclusion derived from their data is only vaguely discernible. 

Specifically, the data presented by Fonseca et al. show that LARP1 in proliferating cells is capable of enhancing 

the absolute translation of TOP mRNAs, even though LARP1 reduces their translation efficiency (Fig. 7 and Fig. 

10 (Fonseca et al., 2015)). This secondary conclusion is in accordance with LARP1 enhancing the steady-state 

levels of RPs during basal conditions, as outlined by Tcherkezian et al. (Tcherkezian et al., 2014). 

 Taken together, it seems that the bimodal functions of LARP1 on one side represses the translation 

efficiency of TOP mRNAs, but on the other, LARP1 also stabilizes TOP mRNAs, thus increasing TOP mRNA 

steady-state levels and possibly compensating for the reduced translational efficiency. In addition, LARP1 likely 

has both a PABP-dependent function (e.g. TOP-mRNA stability and recruitment to mRNA) and a PABP-

independent function that requires direct TOP-motif interaction (e.g. TOP-mRNA translational repression), 

which are all controlled by mTORC1. From this thorough review, I find that the conflict, which arose from the 

two pioneer studies on LARP1 as a regulator of TOP mRNA translation, exists solely by virtue of contrasting 

results on whether LARP1 stimulates or represses the translation efficiency of TOP mRNAs specifically during 

basal conditions (Fonseca et al., 2015; Tcherkezian et al., 2014). The question is: has the field of LARP1 biology 

been able to provide an explanation to this discrepancy?  

 Based on an excerpt from a time lapse on the expression of RPs in the wake of LARP1 knockdown in 

cancer cells (Berman et al., 2020), LARP1 depletion was found to initially cause a repression of RP synthesis 

(<48h), which was followed by a phase of increased RP synthesis (>72h). Speculatively, time dependent 

variations in RP mRNA translation efficiency could explain, why contradictory results are obtained, when 

studying the translation efficiency of TOP mRNAs in LARP1-depleted cells. However, since Tcherkezian et al. 

and Fonseca et al. utilized a similar transduction-based LARP1 knockdown protocol, when interrogating the 

translational efficiencies of TOP mRNAs, it is unlikely that their contrasting results were conceived due to 

differential time-dependent effects of LARP1 knockdown (Fonseca et al., 2015; Tcherkezian et al., 2014). 
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Ultimately, the overwhelming amount of data establishing LARP1 as an mTORC1-regulated repressor of TOP 

mRNA translation efficiency (Fonseca et al., 2015; Lahr et al., 2017; Philippe et al., 2018, 2020) strongly 

challenges the role of LARP1 as a stimulator of TOP mRNA translation efficiency (Tcherkezian et al., 2014). In 

the following I will provide a full review of studies that addresses LARP1-mediated control of the expression of 

TOP and non-TOP mRNAs.  

Characterizing the TOP-LARP1 interaction 

In vitro assays provide solid characterization of molecular interactions and the resulting immediate effects, if 

they are properly controlled through e.g. mutational studies and competition assays. However, it comes at the 

expense of a poor assessment of the interplay of related endogenous co-factors, which often modulate the 

observed effects. Utilizing an array of co-crystallizations and in vitro assays, the labs of A. Berman, J. Durrant 

and C. Thoreen dissected the association of LARP1 with the TOP-motif and the resulting effect on TOP mRNA 

translation (Cassidy et al., 2019; Lahr et al., 2015, 2017; Philippe et al., 2018).  

 Crystallization of the LARP1 DM15 domain elucidated the concave structure of the DM15 domain, 

which is delineated by a helix-turn-helix module within each of the three tandem repeats of the DM15 domain 

(Lahr et al., 2015). Comprehensive molecular simulations of co-crystallized DM15 fragments in complex with 

pyrimidine oligos or 5’ cap analogues pin-pointed the residues responsible of the LARP1-TOP interaction: 

R840, R879 and H800 provide non-selective association with the phosphate backbone of RNA (Lahr et al., 

2015); a highly dynamic 5’ cap-binding pocket comprises E886, which forms base-pairing with m
7
G (Cassidy et 

al., 2019); finally, the recognition of a 5’ terminal C on TOP mRNAs is governed by R847 and R879, which are 

stabilized in their TOP-bound conformation by Y922, Y883 and F844 (Cassidy et al., 2019; Lahr et al., 2015, 

2017). By covering the 5’ cap specifically of TOP mRNAs, LARP1 disrupts the integrity of eIF4F on TOP 

mRNAs by expelling eIF4E from the 5’ cap (Fig. 1.5B, LARP1) (Lahr et al., 2017).  

 A meticulous study of TOP and non-TOP reporter mRNAs in an in vitro translation system comprising 

activated and deactivated fragments of LARP1 provided solid evidence that the association between the 5’ 

terminal of TOP mRNAs and the C-terminal half of LARP1 (residue 497-1019) is sufficient to mount an 

immediate mTORC1-regulated LARP1-mediated repression of TOP mRNA translation efficiency as well as 

protein expression (Philippe et al., 2018). These in vitro assays were supported by establishing a LARP1 

knockout (KO) cell line in which TOP mRNAs were destabilized, and their translation was rendered resistant to 

mTORC1 inhibition – a phenotype, which was fully rescued by overexpression of either WT LARP1 or the 497-

1019 LARP1 fragment (Philippe et al., 2018). Conversely, LARP1 KO cells transiently expressing a WT 703-

1019 LARP1 fragment or a 497-1019 LARP1 fragment with a Y883A mutation displayed either constitutively 

repressed or derepressed TOP mRNA translation, respectively (Philippe et al., 2018). Taken together, the co-
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crystallization of LARP1 DM15 domain and add-back of LARP1 fragments in LARP1 KO cells recapitulated 

and established that LARP1 associates with the TOP-motif, thus primarily instigating translational repression 

and reduced protein expression of TOP mRNAs. In addition, it was suggested that the translational repression of 

TOP mRNAs by LARP1 was controlled by mTORC1, likely owing to mTORC1-mediated phosphorylation of a 

domain adjacent to the N-terminal end of the DM15 domain (i.e. residues 497-703) (Philippe et al., 2018). 

TOP-mediated regulation of TOP mRNAs by LARP1 

Adding to the insight gained from the analysis of LARP1 in a closed in vitro system, the Thoreen laboratory 

performed a global analysis of translating mRNAs and mRNA abundance by performing next-generation 

sequencing on ribosome-protected mRNA fragments (RPF-seq) and total mRNA (RNA-seq) (Philippe et al., 

2020). By normalizing the read-out from RPF-seq to that of RNA-seq, the study acquired a global overview of 

translation efficiency in HEK293T WT or LARP1 KO cells that were either cultured under basal conditions or 

exposed to mTOR inactivation (Philippe et al., 2020). Moreover, the global assessment of translation efficiency 

was weighed against the sequence context at TSSs by examining cap analysis gene expression (CAGE)-seq data. 

Based on the distribution of TSSs with terminal pyrimidines for a given transcript, this massive analysis 

managed to define a “TOP-score” – a metric factor that communicates a transcript’s translational sensitivity to 

mTORC1 inactivation. By interrogating CAGE-seq data from an array of human tissues, the work of Philippe et 

al. defined a set of core TOP mRNAs (105 transcripts), based on their similar TSSs throughout the analyzed 

tissues and their translational repression in response to mTORC1 inactivation in human embryonic kidney 293T 

cells (HEK293T). Moreover, two interesting features were determined: (1) in agreement with previous findings, 

TOP mRNAs were found to experience a LARP1-dependent stabilization (Fonseca et al., 2015); and (2) though 

removing LARP1 rescued TOP mRNA translation during Torin 1 treatment, the translation efficiency of TOP 

mRNAs was not fully restored, suggesting that other mTOR-regulated secondary TOP mRNA specific 

repressors exist. 

By employing extensive biochemical characterization of TOP mRNA regulation by the mTORC1-

LARP1 axis, Gentilella et al. delivered a thorough study of LARP1-mediated stabilization of TOP mRNAs and 

the effect on the expression of RPs (Gentilella et al., 2017). Interestingly, rather than the typical scrutiny of 

translation efficiency of TOP mRNAs, they considered absolute translation (see previous definition). The 

content of RP mRNA within subpolysomal or polysomal fractions underlined that the previously reported 

augmented translational efficiency of TOP mRNAs upon LARP1 depletion was likely ensued by degradation of 

subpolysomal TOP mRNPs (Gentilella et al., 2017), rather than a shift of TOP mRNAs from subpolysomes into 

polysomes (Fonseca et al., 2015; Hong et al., 2017). Interestingly, they demonstrated that de novo protein 

synthesis of Ribosomal Protein L5 (RPL5) was enhanced 48h post transfection with LARP1 siRNA, thus 
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suggesting that the translational output of TOP mRNAs is repressed by LARP1. Moreover, the stabilization of 

TOP mRNAs was strictly dependent on the TOP-motif and correlated with the availability of LARP1 and free 

40S subunits (i.e. reducing levels of 60S subunits). Accordingly, immunoprecipitating LARP1 from protein-

protein crosslinked 40S polysome profile fractions yielded pull downs that were enriched for 40S subunits and 

TOP mRNAs and depleted for non-TOP mRNAs. Gentilella et al. proposed a model, where TOP mRNA 

stabilization is exerted by a 40S-LARP1 complex, which docks onto TOP mRNAs while they reside in 

subpolysomal fractions. However, as an alternative, the observed phenotypes could also be owed to impediment 

of 40S start-codon recognition or subunit-joining, due to applying rapamycin treatment or exhaustion of 60S, 

thereby rendering the TOP-motif more prone to associate with LARP1 and making TOP mRNAs more 

susceptible to LARP1-mediated stabilization. This sequential complex formation between translational hindered 

40S mRNP and LARP1 would be similar to the mechanism of SG nucleation and translational repression of TOP 

mRNAs by TIA/R, which rely on a translational stalled 48S* mRNP (Damgaard and Lykke-Andersen, 2011). 

Interestingly, LARP1 was recently reported to retain TOP mRNAs in SGs, thus having a role in at least 

maintaining a translational stalled mRNP (Wilbertz et al., 2019). However, whether this feature is a determinant 

of the stabilizing effect of LARP1 remains speculative. Thus far, LARP1 and 40S acting in unison to stabilize 

the constitutive subpolysomal TOP mRNA population (Damgaard and Lykke-Andersen, 2011; Fonseca et al., 

2015; Meyuhas and Kahan, 2015) is the best scientifically supported model (Gentilella et al., 2017). 

 The absence of 40S on 3’ UTRs and poly(A) tails of mRNAs would suggest that the stabilization of TOP 

mRNAs by a LARP1-40S complex would operate through the 5’ UTR. In contrast, it was recently reported that 

the La-module of LARP1 simultaneously associates with the TOP-motif and poly(A) tails in vitro (Al-Ashtal et 

al., 2019). A speculative model proposed that LARP1 associates with both ends of TOP mRNAs, which 

accordingly would experience increased translation and stability, due to accelerated re-initiation of post-

termination ribosomes and conservation of poly(A) tail length, respectively (Al-Ashtal et al., 2019). This model 

is slowly gaining scientific support, as bioRxiv (manuscripts awaiting peer-review) recently presented a study 

that describe LARP1 as a preserver of poly(A) tails, during prolonged amino acid starvation, thus facilitating the 

reinstatement of TOP mRNA translation during recovery from stress (Ogami et al., 2019). However, it is 

currently unknown whether the elongated poly(A) tails observed on TOP mRNAs upon amino acid starvation, 

enhances their translation or perhaps could trigger mRNA decay as observed in the case of nuclear mRNA 

quality control mechanisms (Schmid and Jensen, 2008). Since the interaction between LARP1 and poly(A) tails 

displays a putative post-transcriptional regulatory capacity, LARP1-mediated control could possibly also impact 

the expression of non-TOP mRNAs, e.g. by managing their steady-state levels through the poly(A) tail. 

Therefore, I find it important to provide the following review, which examines LARP1-mediated post-

transcriptional control that is carried out independent of the TOP-motif. 
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TOP-independent regulation by LARP1 

In the wake of establishing LARP1 as a regulator of TOP mRNA stability, the transcriptome displaying 

differential expression upon LARP1-depletion was established by S. Blagden’s lab (Hopkins et al., 2015b; Mura 

et al., 2015). They found that LARP1 targets 3’ UTRs of transcripts encoding e.g. oncogenic and tumor 

suppressing factors, i.e. B-Cell Lymphoma (BCL2), BCL2 Interacting Killer (BIK) and mTOR, thus either 

enhancing or reducing both stability and protein expression of these transcripts (Hopkins et al., 2015b; Mura et 

al., 2015). Furthermore, it was shown that a moderate depletion of LARP1 caused a reduction in protein steady 

state levels and phosphorylation of effectors downstream of mTORC1, likely owing to reduced mTOR 

expression. In support of this, LARP1 was found to facilitate the phosphorylation of mTORC1 substrates (Hong 

et al., 2017). However, the LARP1-dependent augmentation of mTOR steady state levels in HeLa cells (Mura et 

al., 2015) was not recapitulated in HEK293T cells (Hong et al., 2017), thus it was suggested that LARP1 recruits 

mTORC1 to the 3’ UTR of mRNAs to bring mTORC1 into proximity of its targets during basal conditions. It 

was further demonstrated that LARP1 acted as an activator of global translation, and that there was a strong 

correlation between the steady state levels of LARP1 and the expression of multiple RPs in various cancers and 

transformed cell lines (Hong et al., 2017; Tcherkezian et al., 2014). Accordingly, it was highlighted that the 

LARP1-mediated post-transcriptional regulation of gene expression is associated with tumorigenicity (Hopkins 

et al., 2015b; Mura et al., 2015), which is in agreement with multiple cancer types displaying elevated LARP1 

levels (Stavraka and Blagden, 2015; Xie et al., 2013; Xu et al., 2017; Ye et al., 2016).  

 To interrogate the LARP1 RNA-interactome, a photo-activatable ribonucleoside-enhanced crosslinking 

and immunoprecipitation (PAR-CLIP) analysis of endogenous LARP1, during basal conditions or mTORC1 

inactivation, was carried out (Hong et al., 2017). Likely owing to lacking coverage of 5’ termini (Freeberg et al., 

2013), the PAR-CLIP analysis by Hong et al. did not detect LARP1 binding to the TOP-motif of RP mRNAs, 

thus they did not consider the contribution of the TOP-motif throughout the study. Nevertheless, utilizing RP 

mRNA 5’/3’ UTR reporters in a LARP1 RNA co-immunoprecipitation assay revealed that cellular stress 

dynamically shifts LARP1 from binding sites within the 3’ UTR to internal pyrimidine-rich sequences in the 

downstream 5’ UTR of TOP mRNAs. A constitutive active LARP1 mutant was generated by mutating a set of 

identified phosphorylation sites, i.e. S689A, T692A, S770A and S979A (Hong et al., 2017). As expected, the 

LARP1 mutant associated with the internal pyrimidine tract in TOP mRNA reporters during basal conditions. 

Furthermore, it was found that the translational repression of TOP reporter mRNAs in the presence of WT 

LARP1 was relieved by substituting internal pyrimidine-rich contexts in the 5’ UTR. However, translational 

repression of reporter mRNAs by the constitutive active LARP1 mutant was independent of said pyrimidine 

sequences. Thus it could not be ruled out that the translational repression upon starvation was caused by the 

interplay of TIA/R (Damgaard and Lykke-Andersen, 2011; Hong et al., 2017). In subsequent studies the role of 
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LARP1 phosphorylation at S689 and S770 was challenged, thus emphasizing that S689 and S770 were not 

targeted by mTORC1 to control the repressive effect of LARP1 on TOP mRNAs (Philippe et al., 2018). Though 

the LARP1-mediated regulation of TOP mRNA translation through internal pyrimidine-rich sequences in 5’ 

UTRs is questionable, the association with internal pyrimidine-rich motifs could be an interesting facet, when 

considering how LARP1 binds and regulates steady-state levels of a vast number of non-TOP transcripts 

(Hopkins et al., 2015b). As LARP1 interacts with determinants of mRNA stability, i.e. poly(A) tails on mRNAs 

and also 5’ caps of TOP mRNAs, it is feasible that LARP1 could regulate the process of mRNA decay. To grasp 

how LARP1 could affect the events occurring during mRNA decay, the following review of the mRNA decay 

machinery will be necessary. 

Established and speculative control of TOP mRNA steady state levels 

Transcriptional control of RP mRNAs is the prevailing regulatory approach to manage synthesis of RPs within 

yeast cells (Powers and Walter, 1999; Warner, 1999). In contrast, vertebrate cells mainly employ post-transcrip-

tional control of ribosome biogenesis (Iadevaia et al., 2014) by means of a substantial influence on RP mRNA 

translation as accounted for above, but also through RP mRNA turnover. The examination of the LARP1 field 

has underlined a central role for LARP1 in controlling steady-state levels of TOP mRNAs through stabilization 

(Fonseca et al., 2015). Furthermore, LARP1 possibly also controls steady-state levels of non-TOP transcripts 

(Hopkins et al., 2015b). Though different models explaining the LARP1-dependent stabilization of TOP mRNAs 

exist (Al-Ashtal et al., 2019; Gentilella et al., 2017; Ogami et al., 2019), peer-reviewed studies have not yet 

managed to present a decay-related phenotype, which explains how LARP1 prevents the turn-over specifically 

of TOP mRNAs. To gain insight on which pathways that could channel the decay specifically of TOP mRNAs, I 

find it important to understand the rudimental events of general mRNA turnover (Fig. 1.6). For a more detailed 

description of mRNA decay, I must refer to reviews elsewhere (Heck and Wilusz, 2018; Siwaszek et al., 2014).  

Canonical exoribonucleolytic decay and specificity towards TOP mRNAs 

Within the cytoplasm, mRNAs remain protected from rapid exoribonucleolytic decay as long as they feature a 5’ 

cap and a 3’ poly(A) tail. Accordingly, translation initiation factors interacting with these mRNA extremities, 

e.g. eIF4F, have been shown to enhance mRNA stability (Garneau et al., 2007; Ramirez et al., 2002). PABP 

associates with the poly(A) tail and recruits the PAP-Dependent Poly(A)-Specific Ribonuclease 2 (PAN2)/PAN3 

complex, thus instigating a partial shortening of the poly(A) tail (Brown et al., 1996; Siddiqui et al., 2007; Wolf 

and Passmore, 2014). Further truncation of the polyadenylated 3’ end requires the deadenylase complex, Carbon 

Catabolite Repression-Negative On TATA-less (CCR4-NOT) (Fig. 1.6A, orange shape), which unlike PAN2/3 

is inhibited by PABP (Tucker et al., 2002; Wahle and Winkler, 2013). Alternatively, the deadenylase, Poly(A)-
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Specific Ribonuclease (PARN), is encouraged to remove the poly(A) tail of mRNAs with an exposed 5’ cap 

(Fig. 1.6A, orange shape) (Garneau et al., 2007). The resulting removal of the poly(A) tail primes the 3’ UTR 

of mRNAs to associate with a complex comprising U6 snRNA-Associated Sm-Like Protein 1-7 (LSm1-7) and 

DNA Topoisomerase 2-Associated Protein (PAT1) (Fig. 1.6A, green complex), thereby triggering the process 

of decapping (Chowdhury and Tharun, 2009; Tharun and Parker, 2001; Tharun et al., 2000). Mediated by LSm1-

7-PAT1, the 5’ end of the transcript becomes occupied by Decapping mRNA 2 (DCP2), which is encouraged to 

remove the 5’ cap by the auxiliary factors, DCP1 and Enhancer Of mRNA Decapping 4 (EDC4 or Hedls) (Fig. 

1.6, blue complex) (Fenger-Grøn et al., 2005; Lykke-andersen, 2002). The decapping complex acts to form a 5’ 

phosphorylated terminal that is hypersensitive to exoribonucleolytic decay (Braun et al., 2012). At the same 

time, the DCP1/DCP2 complex recruits the major cytoplasmic exoribonuclease,  5’ to 3’ Exoribonuclease 1 

(XRN1), thereby facilitating the transition to rapid exoribonucleolytic decay (Fig. 1.6A, blue shape) (Braun et 

al., 2012). Meanwhile the exosome – a multimeric nuclease in which Exosome Complex Exonuclease RRP44 

(RRP44 or DIS3) confer 3’ to 5’ exoribonucleolytic activity – degrades the deadenylated mRNA from the 3’ end 

(Fig. 1.6A, purple complex) (Dziembowski et al., 2007; Mitchell et al., 1997). Though recent studies have 

suggested that a co-translational degradation of decapped transcripts by XRN1 could be prevalent (Pelechano et 

al., 2015), the deadenylated and decapped transcript is essentially exposed to an efficient bidirectional 

degradation by XRN1 and the exosome. 

 The canonical degradation of bulk mRNA entails a degree of specificity, as cis-factors have been shown 

to regulate the recruitment of decay factors. For example, AU-Rich Elements (ARE) within the 3’ UTR controls 

the stability of the parental transcript by associating with e.g. the decay enhancing factors AUF1 (Paschoud et 

al., 2006) and Tristetraprolin (TTP) (Fenger-Grøn et al., 2005; Lykke-Andersen and Wagner, 2005) or with 

Human Antigen R (HuR), which counteracts the actions of the two former mentioned stimulators of decay (Lal 

et al., 2004; Linker et al., 2005; Yaman et al., 2002). Mechanistically, many ARE-binding proteins, including 

TTP, interact directly with both decapping, deadenylation and exosome factors, thereby recruiting them to 

transcripts harboring AREs (Fenger-Grøn et al., 2005; Lykke-Andersen and Wagner, 2005). Moreover, the 

canonical decapping complex comprise an inherent preference for transcripts with stem-loop structures or certain 

sequence contexts proximal to the 5’ terminal (Li et al., 2008, 2009).  

 Thus far, the protection of poly(A) tails and 5’ cap structures have not been associated with a LARP1-

mediated regulation of TOP mRNA stability. However, Nudix Hydrolase 16 (NUDT16), a non-canonical decap-

ping enzyme, has been shown to target a subset of transcripts, e.g. transcripts comprising AREs (Li et al., 2011; 

Song et al., 2010). In response to viral infection mammalian cells devise a stress-like response, which represses 

the translation machinery and prohibits viral replication. Interestingly, the repression of translation upon 

dhjhhjhhfd  
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infection with bunyavirus is at least in part governed by selective decapping of TOP mRNAs by NUDT16, thus 

hampering ribosome biogenesis, by enhancing the decay of TOP mRNAs (Hopkins et al., 2015a). In contrast to 

regulating cap homeostasis by removing the 5’ cap of mRNAs, it has recently been reported that a cytoplasmic  

recapping complex can recap transcripts, which have lost the 5’ cap, due to a truncation of the 5’ end (Mukherjee 

et al., 2012; Otsuka et al., 2009; Trotman and Schoenberg, 2019). To maintain steady state levels of recapping 

targets it is necessary that the cap moiety becomes properly guanosine-N
7
 methylated, which is carried out by 

RNA Guanine-7 Methyl Transferase (RNMT) within the recapping complex (Trotman et al., 2017). By 

overexpressing a dominant negative C-terminal fragment of RNMT and assessing changes in steady state levels 

of transcripts, the recapping complex was found to enhance or reduce the stability of 5606 mRNAs, which 

comprised 116 downregulated (and approximately 25 upregulated) putative TOP mRNAs that were identified 

previously (del Valle Morales et al., 2020; Gentilella et al., 2017). Interestingly, however, out of 116 putative  

TOP mRNAs only 21 were shared with a recent study that identified core TOP mRNAs based on their 5’ 

terminal sequences in multiple tissues (Philippe et al., 2020). Thus, in the search of a pathway that could mediate 

a LARP1-enhanced general stabilization of TOP mRNAs, it seems unlikely that cytoplasmic recapping would be 

the prime candidate, as it only partially targets core TOP mRNAs.  
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Endoribonucleolytic cleavage and a speculative relation to TOP mRNA decay  

Unlike the canonical exoribonucleolytic decay pathway, where rapid decay is initiated through a gradual 

preparation of mRNAs, endoribonucleolytic events immediately and irreversibly produces 3’ and 5’ RNA 

fragments (Fig. 1.6B, scissors), which are readily degraded by XRN1 and the exosome, respectively (Fig. 1.6B, 

bottom) (Garneau et al., 2007). Recent reports have suggested that endoribonucleolytic cleavages are more 

common throughout the transcriptome than previously believed, thus giving the impression that endoribo-

nuclease-mediated decay is a versatile and general initiator of bulk mRNA turn-over (Bracken et al., 2011; 

Ibrahim et al., 2018; Lykke-Andersen et al., 2014; Schoenberg, 2011). Endoribonucleases generally lack 

sequence specificity, thus substrates are defined through the context of the RNA-binding complexes that recruit 

endoribonucleases (Brown et al., 1993; Lima et al., 2009; Schoenberg, 2011). Speculatively, endoribonucleases 

could be involved in targeted decay of transcript subclasses with motifs that recruit RNA-binding proteins. With 

that said, LARP1 could potentially manage TOP mRNA stability by protecting TOP mRNAs from 

endoribonucleolytic cleavage. 

 The process of identifying endoribonucleases entails several challenges. Though the endoribonucleolytic 

event on various transcripts is evident in e.g. XRN1-depleted cells, where 3’ fragments derived from endoribo-

nucleolytic cleavage accumulate (Lykke-Andersen et al., 2014), verification of the responsible endoribonuclease 

is difficult in vivo, as the direct association between enzyme and substrate is usually transient, thus undermining 

interaction-based screening assays. On the other hand, in vitro assays can deliver unambiguous identification of 

endoribonucleolytic activity, but entails low throughput and the relevance of the enzymatic activity within the 

complex biological system of a living cell is not readily discernible. Endoribonucleases employ specific 

hydrolysis mechanisms, which are characterized by the arrangement of the phosphate on the resulting RNA 

fragments (Li et al., 2010). As of yet, kinase activity on 5’ terminals of non-capped RNAs has only been 

identified on human tRNA and siRNA (Ramirez et al., 2008; Trotman and Schoenberg, 2019; Weitzer and 

Martinez, 2007). Thus, the phosphorylation state of the 3’ RNA fragment derived from endoribonucleolytic 

cleavage is likely a hallmark that characterizes the responsible endoribonuclease. 

 Speculating on a potential relation between endoribonucleases and the decay of TOP mRNAs, it would 

be feasible that TOP-targeting endoribonucleases share their subcellular context with TOP mRNAs. TOP 

mRNAs are hot-spots for translational regulation (Fonseca et al., 2018), they are sequestered in  SGs upon 

translational repression (Cruz-Gallardo et al., 2014; Damgaard and Lykke-Andersen, 2011; Wilbertz et al., 2019) 

and they have been shown to be targets of viral infection and mechanisms related to immune responses (Hopkins 

et al., 2015a). TOP mRNAs share these contexts with several endoribonucleases that produces 3’ RNA 

fragments without 5’ terminal phosphates (Li et al., 2010), e.g. the stress granule associating GTPase Activating 

Protein SH3 Domain Binding Protein 1 (G3BP1) (Aulas et al., 2015; Gallouzi et al., 1998; Tourriere et al., 
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2001), the regulator of translation, Angiogenin (Fu et al., 2009; Yamasaki et al., 2009), as well as immune-

response induced ribonuclease (RNase) L (Bisbal and Silverman, 2007; Cooper et al., 2014). Endoribonucleases 

producing 5’ phosphorylated 3’ RNA fragments have also been found to be related with the translational 

machinery, e.g. rRNA-processing Nin One Binding Protein 1 (NOB1) (Lamanna and Karbstein, 2009; Pertschy 

et al., 2009; Sloan et al., 2019), tRNA-processing RNase P (Hua and Zhou, 2004; Jarrous, 2002), polysome 

associated Schlafen Family Member 14 (SLFN14) (Pisareva et al., 2015) and Polysomal Ribonuclease 1 (PMR1) 

(Yang and Schoenberg, 2004; Yang et al., 2006). Bear in mind that co-localization or common cellular contexts 

do not guarantee a molecular relation. To elaborate on the highly speculative role of the above listed 

endoribonucleases in LARP1-mediated stabilization of TOP mRNAs, it would be interesting to scrutinize their 

association with LARP1 in a stress or translational context. 

Summary and aim of thesis 

Research in TOP mRNAs has provided multiple translational regulators, which suggestively regulate the 

translation of TOP mRNAs (Damgaard and Lykke-Andersen, 2011; Fonseca et al., 2015; Jefferies et al., 1997; 

Meyuhas and Kahan, 2015; Ørom et al., 2008; Schwartz et al., 2004; Thoreen et al., 2012; Zhu et al., 2001). In 

this process, it has been established that during mTORC1 inactivation LARP1 is dephosphorylated and gains the 

capacity to both associate with TOP mRNAs and extensively repress their translation efficiency (Cassidy et al., 

2019; Fonseca et al., 2015; Lahr et al., 2015, 2017; Philippe et al., 2018, 2020). However, the interface on 

LARP1, which associates with the mTORC1 constituent, RAPTOR, as well as the mTORC1-targeted 

phosphorylation sites on LARP1 that are responsible for controlling the LARP1-mediated translational 

repression of TOP mRNAs, are vaguely defined by a regulatory segment in LARP1 (i.e. residues 497-703) 

(Hong et al., 2017; Philippe et al., 2018). Current knowledge on the inactivated state of LARP1 collectively 

support a LARP1-mediated increase in TOP mRNA abundance, due to the stabilization of TOP-transcripts 

(Fonseca et al., 2015; Gentilella et al., 2017; Philippe et al., 2018, 2020). Moreover, it has been verified that 

LARP1-mediated control of transcript abundance extends to an array of non-TOP mRNAs (Hopkins et al., 

2015b; Mura et al., 2015). LARP1 is associated with central determinants of mRNA stability, i.e. the poly(A) 

tail, the 5’ cap and speculatively also pyrimidine-rich sequences at transcript 5’ ends (Al-Ashtal et al., 2019; 

Aoki et al., 2013; Burrows et al., 2010; Fonseca et al., 2015; Hong et al., 2017). Although there are several 

promising connections between LARP1 and the control of transcript stability, the exact mechanism governing a 

LARP1-dependent post-transcriptional control of non-TOP mRNA abundance remains speculative (Hopkins et 

al., 2015b; Mura et al., 2015). Conversely, TOP mRNA stability has been suggested to be enhanced by a 

LARP1-40S complex and the LARP1-dependent maintenance of their poly(A) tails, but the mechanisms remain 

to be further solidified (Al-Ashtal et al., 2019; Gentilella et al., 2017; Ogami et al., 2019). During basal 
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conditions, the levels of LARP1 correlates with the expression of ribosomal proteins (Hong et al., 2017; 

Tcherkezian et al., 2014), but, counter intuitively, LARP1 also inhibits translation efficiencies of TOP mRNAs 

during said conditions (Fonseca et al., 2015; Philippe et al., 2018). To explain these contradictory observations, 

it is paramount to dissect how the expression of ribosomal proteins is affected by LARP1-mediated control of 

TOP mRNA abundance and translation, during proliferative contexts and mTORC1 inactivation. 

 The present thesis focuses on establishing the importance of the mTORC1-LARP1 axis in regulating the 

abundance and translation of TOP mRNAs as well as non-TOP mRNAs, in the act of exerting control over 

ribosome biogenesis. I aim to address this through the following four objectives: 

1. To investigate the impact of known and putative mTORC1-controlled translational regulators that are 

suggested to specifically influence the translation of TOP mRNAs (chapter II). 

2. To define the mTORC1-targeted sites on LARP1 that are necessary to manage the translational 

regulation of TOP mRNAs by LARP1 (chapter II). 

3. To establish a decay-related mechanism that specifically targets TOP mRNAs (chapter III). 

4. To determine post-transcriptional LARP1-dependent changes in transcript abundance and translation, 

and to determine the relevance of the regulation of select non-TOP transcripts by LARP1 (chapter IV). 
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CHAPTER II 

mTORC1 promotes TOP mRNA translation through site-specific phosphorylation 

of the translation repressor LARP1 

This chapter comprises a manuscript, which summarizes the research I was involved in, during my change of 

research environment at Dr. T. Alain’s laboratory in Ottawa, Canada. The following study investigates the 

mTORC1-targeted regulatory sites in LARP1 to obtain a better understanding of regulation of TOP mRNA 

translation by the mTORC1-LARP1-axis. Moreover, this manuscript provides a general assessment of the 

relation between mTORC1, the LARP superfamily and translational regulators, which have been suggested to 

affect TOP mRNA translation. The following manuscript has recently been resubmitted to Nucleic Acids 

Research, after having addressed the review from our peers.  

Aim of study 

The translational regulation specifically of TOP mRNAs has been suggested to be managed by multiple 

translational effectors (Damgaard & Lykke-Andersen, 2011; Fonseca et al., 2015; Jefferies et al., 1997; Meyuhas 

& Kahan, 2015; Ørom et al., 2008; Schwartz et al., 2004; Thoreen et al., 2012; Zhu et al., 2001). The mechanism 

that allows each of these suggested effectors to control TOP mRNA translation is only described in depth for 

LARP1, which represses TOP mRNA translation during mTORC1 inactivation (Fonseca et al., 2015; Lahr et al., 

2015, 2017; Philippe et al., 2018). However, the mTORC1-targeted regulatory sites in LARP1 remain vaguely 
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defined (Hong et al., 2017; Philippe et al., 2018). We set out to evaluate putative mTORC1-regulated effectors of 

TOP mRNA translation, thereby aiming to assess the importance of LARP1 in controlling TOP mRNA 

expression. More importantly, we wanted to investigate the exact sites in LARP1, which are necessary for the 

mTORC1-LARP1 interaction and the mTORC1-mediated phosphorylation of LARP1. This insight would shed 

light on the minute details of mTORC1-regulated LARP1-mediated control of ribosome biogenesis. 

Contributions 

I performed the mTORC1-LARP1 in vitro kinase assay and the immunoprecipitation assay, which assessed the 

LARP1-RAPTOR interaction upon treating lysates with RNase A or RNase I. Moreover, I assisted in performing 

polysome profiling on HEK293T LARP1 knockout cells, which transiently expressed LARP1 fragments 

spanning residue 669-1019. The generation of vectors encoding phosphomimetic mutants of the 669-1019 

LARP1 fragment was also carried out with my assistance. The writing of this manuscript was carried out by B. 

D. Fonseca, and in that process I suggested revisions on figures and text. The content of the figures was decided 

by the main author. However, to fit the format of this dissertation, I have reorganized individual panes within 

each figure. During the writing of this dissertation, I wrote an analysis of the immunoprecipitation of LARP1 

that was carried out on RNase A or RNase I treated lysates. This analysis was included in the present 

dissertation, as noted in the text.  
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Abstract 

Mammalian Target Of Rapamycin Complex 1 (mTORC1) controls critical cellular functions like protein 

synthesis, lipid metabolism, protein turnover, and ribosome biogenesis through the phosphorylation of multiple 

substrates. In this study, we examined the phosphorylation of a recently identified target of mTORC1: La-

Related Protein 1 (LARP1), a member of the LARP-superfamily. LARP1 plays an important role in repressing 

5’ terminal oligo-pyrimidine tract (TOP) mRNA translation downstream of mTORC1 by binding the cap moiety 

and the adjacent TOP-motif of TOP mRNAs, thus impeding the assembly of the eIF4F complex on these 

transcripts. mTORC1 controls TOP mRNA translation via LARP1 but the mechanism by which this occurs is 

incompletely understood. Here, we demonstrate that LARP1 is unique among the LARP superfamily of proteins 

in its strong interaction with mTORC1. Specifically, we show that mTORC1 phosphorylates LARP1 in vitro and 

in vivo in a rapamycin and Torin 1 sensitive manner. We uncover 26 rapamycin-sensitive phospho-serine and 

phospho-threonine residues on LARP1. Several of these residues, S747, T768, S770, S772, S774, S776, T779, 

S784, T788, and S791, cluster near the DM15 region of LARP1; phosphorylation of these residues releases the 

DM15 region of LARP1 from the 5’ untranslated region (UTR) of Ribosomal Protein S6 (RPS6) TOP mRNAs. 

Importantly, the present study confirms the repressive role of LARP1 in regulating TOP mRNA translation, by 

utilizing Clustered Regularly Interspaced Short Palindromic Repeats (CRISPR)/CRISPR-Associated Protein 9 

(Cas9)-mediated LARP1 knockout cells; reexpression of wild type (WT) LARP1 in these cells rescues the TOP 

mRNA translational repression phenotype, while reexpression of a LARP1 mutant containing six 

phosphomimetic substitutions (in the cluster near the DM15 region) fails to repress TOP mRNA translation. This 

complementation effectively demonstrates that mTORC1-mediated phosphorylation of LARP1 plays an 

important functional role in TOP mRNA translational derepression. Collectively, these data reveal LARP1 as a 

direct substrate of mTORC1, and that mTORC1-mediated phosphorylation of LARP1 near the DM15 domain 

regulates its RNA-binding and repression of TOP mRNA translation. Lastly, herein, we report the identification 

of novel LARP1 isoforms that bear distinct N-terminal features, but are all seemingly regulated by mTORC1. 
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Introduction 

Mammalian Target Of Rapamycin Complex 1 (mTORC1) plays a fundamental role in the control of mRNA 

translation (Fonseca et al., 2014; Ma and Blenis, 2009; Tahmasebi et al., 2018; Thoreen, 2017; Wang and Proud, 

2006), particularly for the class of transcripts known as 5’ terminal oligo-pyrimidine tract (TOP) mRNAs, which 

bear a 5’ terminal oligo-pyrimidine sequence immediately downstream of the N
7
-methyl guanosine triphosphate 

(m
7
Gppp) cap (Levy et al., 1991; Meyuhas, 2000; Meyuhas and Kahan, 2015). These messages encode all of the 

ribosomal proteins, many translation factors and select RNA-binding proteins (reviewed in (Fonseca et al., 2014; 

Meyuhas and Kahan, 2015). The translation of TOP mRNAs is exquisitely sensitive to mTORC1 inhibition 

achieved by pharmacological agents (Jefferies et al., 1994; Tang et al., 2001; Terada et al., 1994), or by nutrient-

deprivation (Jefferies et al., 1994; Patursky-Polischuk et al., 2014; Tang et al., 2001; Terada et al., 1994), lack of 

growth factor signalling (Stolovich et al., 2002), hormone stimuli (Patursky-Polischuk et al., 2009) and hypoxia 

(Miloslavski et al., 2014). Remarkably, TOP mRNAs comprise the class of transcripts, which is most sensitive to 

translational repression upon mTOR inhibition (Gandin et al., 2016; Hsieh et al., 2012; Thoreen et al., 2012). 

The existence of a repressor of TOP mRNA translation has been recognized since 1999 (Biberman and 

Meyuhas, 1999), but the identity of said repressor, and the precise mechanism by which mTORC1 controls its 

activity, remained unclear (Meyuhas and Kahan, 2015); recently, two groups independently discovered that 

mTORC1 and La-Related Protein 1 (LARP1) constitute a regulatory axis that targets TOP mRNA translation 

(Fonseca et al., 2015; Tcherkezian et al., 2014), thereby revealing the long-sought mechanism by which 

mTORC1 controls TOP mRNA translation (Meyuhas and Kahan, 2015). Our data first revealed that LARP1 – an 

RNA-binding protein – is a translational repressor of TOP mRNAs that functions downstream of mTORC1 

(Fonseca et al., 2015). Our data also revealed that LARP1 associated with TOP mRNAs in an mTORC1-depen-

dent manner that was diametrically opposed to that of Eukaryotic Initiation Factor 4G 1 (eIF4G1) (Fonseca et 

al., 2015). Further, we observed that altering the levels of LARP1 in the cell affected the binding of eIF4G1 to 

TOP mRNAs (Fonseca et al., 2015). This led us to propose that LARP1 represses TOP mRNA translation by 

competing with the eIF4F complex for binding to TOP mRNAs (Fonseca et al., 2015), but the mechanism by 

which this occurs was, until recently, incompletely understood (Fonseca et al., 2018). Recent structural (Cassidy 

et al., 2019; Lahr et al., 2015, 2017) and biochemical data (Philippe et al., 2018) revealed that LARP1 interacts 

with the m
7
Gppp cap and the adjacent TOP-motif via its conserved carboxy-terminal DM15 domain. In doing so, 

LARP1 effectively displaces eIF4E from the m
7
Gppp cap of TOP mRNAs and precludes the association of 

eIF4G1 with TOP mRNAs (Fonseca et al., 2015; Lahr et al., 2017), thus blocking translation initiation on TOP 

mRNAs (Fonseca et al., 2015; Philippe et al., 2018). 
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How does mTORC1 dictate the inhibitory activity of LARP1? Typically, mTORC1 modulates the 

activity of its downstream targets through multisite phosphorylation of key serine and threonine residues. For 

instance, mTORC1 catalyzes the phosphorylation
1
 of multiple residues on Ribosomal Protein S6 Kinases (S6Ks) 

(Brown et al., 1995; Burnett et al., 1998; Dennis et al., 1996; Ferrari et al., 1993; Isotani et al., 1999; Price et al., 

1990), eukaryotic initiation factor 4E-binding proteins (4E-BPs) (Fadden et al., 1997; Ferguson et al., 2003; 

Gingras et al., 2001a, 2001b, 1999; Herbert et al., 2002; Livingstone and Bidinosti, 2012; Mothe-Satney et al., 

2000b, 2000a; Shin et al., 2014; Siddiqui et al., 2012; Wang et al., 2003) and the less well-characterized 

substrate of mTORC1, Proline-Rich AKT Substrate 40kDa (PRAS40) (Fonseca et al., 2008, 2007; Oshiro et al., 

2007). 4E-BPs (4E-BP1, 4E-BP2, and 4E-BP3) and S6Ks (S6K1 and S6K2) are the most intensively studied 

direct mTORC1 substrates; accordingly, these targets are frequently referred to as the most important 

translational effectors of mTORC1 (Sonenberg and Hinnebusch, 2009). Two authoritative phosphoproteomic 

studies (Hsu et al., 2011; Yu et al., 2011) combined the use of mTOR-specific pharmacological inhibitors 

(rapamycin and Torin 1/Ku-0063794) with the power of liquid chromatography tandem mass spectrometry (LC-

MS/MS). As a result, they revealed that mTORC1, or kinases that are regulated by mTORC1, phosphorylate 

thousands of presently uncharacterized mTORC1 substrates, thus demonstrating that the mTORC1 

phosphoproteome extends way beyond the well-characterized 4E-BPs and S6Ks. LARP1 was identified as one 

such new mTORC1 substrate (Hsu et al., 2011; Yu et al., 2011). mTORC1 directly catalyzes the phosphorylation 

of LARP1 in vitro (Hong et al., 2017; Kang et al., 2013), but the significance of this is presently unknown. In 

this study, we demonstrate that mTORC1 catalyzes the phosphorylation of multiple serine and threonine residues 

in LARP1 both in vitro and in vivo. Specifically, we show that rapamycin-induced inhibition of mTORC1 alters 

the phosphorylation status of upwards of 19 serine and 7 threonine residues that are broadly distributed into 7 

clusters in LARP1. Notably, our data show that phosphorylation of cluster 6, which is proximal to the DM15 

region, hinders the binding of the LARP1 DM15 region to the 5’ untranslated region (UTR) of Ribosomal 

Protein S6 (RPS6) TOP mRNA. Consistent with this finding, we observe that phosphorylation of this cluster 

abrogates the inhibitory effect of LARP1 on TOP mRNA translation. This study provides the first link between 

an mTORC1-mediated phosphorylation pattern on LARP1 that specifically modulates the binding and 

translational repression of TOP mRNAs by LARP1.  

 

 

                                                      

1 The biochemical significance of each of these mTORC1-mediated phosphorylation events is reviewed in detail in: Fonseca, B.D., 

Graber, T.E., Hoang, H.D., González, A., Soukas, A.A., Hernández, G., Alain, T., Swift, S.L., Weisman, R., Meyer, C., Robaglia, C., 

Avruch, J. and Hall, M.N. (2016), Evolution of the Protein Synthesis Machinery and Its Regulation. Springer International Publishing, pp. 

327-411.  
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Results 

mTORC1 controls TOP mRNA translation independently of 4E-BP1 and 4E-BP2  

mTORC1 has long been known to regulate TOP mRNA translation (Jefferies et al., 1994; Terada et al., 1994), 

but the effector downstream of mTORC1 that mediates this effect has been the subject of intense debate for 

decades (Meyuhas and Kahan, 2015). For instance, 4E-BPs have previously been implicated in the control of 

TOP mRNA translation downstream of mTORC1 (Hsieh et al., 2012; Thoreen et al., 2012), but a follow-up 

study suggested that this is not the case (Miloslavski et al., 2014). We revisited the role of 4E-BPs in TOP 

mRNA translation, by utilizing 4E-BP1/4E-BP2 double knockout (DKO) mouse embryo fibroblasts (MEFs) 

(Fig. 2.1). Cells were stimulated with complete growth media acutely (3 h) in the presence of DMSO (vehicle), 

rapamycin or Torin 1 (Fig. 2.1A) and subjected to polysome profiling analysis (Fig. 2.1B). We observed by both 

semiquantitative gel shift PCR (Fig. 2.1C) and quantitative PCR (qPCR) (Fig. 2.1D) that, upon rapamycin or 

Torin 1 treatment, RPS6 TOP mRNA shifts from polysomal (P) to subpolysomal (S) fractions in wild type (WT) 

and 4E-BP1/4E-BP2 DKO MEFs to identical extents. These data demonstrate that, while the deactivation of 4E-

BP1 and 4E-BP2 may be necessary for assembly of the eIF4F complex on TOP mRNAs (Lahr et al., 2017),  

their removal is not enough to engage TOP mRNA translation in conditions of mTOR inhibition. Therefore, 

neither 4E-BP1 nor 4E-BP2 is the primary mTORC1-effector in the control of TOP mRNA translation.  

mTORC1 controls TOP mRNA translation via the translational repressor LARP1  

More recently, we (Fonseca et al., 2015) and others (Tcherkezian et al., 2014) proposed that mTORC1 controls 

TOP mRNA translation through a newly-identified mTORC1-effector, LARP1. Specifically, we showed that 

LARP1 represses the translation of TOP mRNAs in response to deficient mTORC1 signaling (Fonseca et al., 

2015); RNA interference (RNAi)-mediated depletion of LARP1 leads to an accumulation of TOP transcripts in 

polysomal fractions and renders the translation of TOP mRNAs partially resistant to pharmacological inhibition 

of mTOR by rapamycin and Torin 1 (Fonseca et al., 2015). To build upon our original RNAi data, we used 

Clustered Regularly Interspaced Short Palindromic Repeats (CRISPR)/CRISPR-associated protein 9 (Cas9)-

mediated genomic editing to generate HEK293T LARP1 knockout (LARP1 KO) cells (Suppl. Fig. 2.1A-C). We 

monitored the polysomal distribution of representative TOP transcripts (RPS6 and RPL32 mRNAs) and non-

TOP transcripts (Lactate Dehydrogenase A (LDHA) and -actin mRNAs) (Suppl. Fig. 2.2A and B) in an 

asynchronous population of cycling HEK293T WT and HEK293T LARP1 KO cells cultured in complete growth 

media for a prolonged period (of 24 h) (Suppl. Fig. 2.3A, B and C). We observed that, when culturing 
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HEK293T WT cells in the same media for 24 h, 34% and 29% of RPS6 and RPL32 transcripts are found in the 

polysomal (P) fraction, respectively (Suppl. Fig. 2.3B), thus capturing the well-established fact that TOP 

mRNAs are poorly translated – even in the absence of an acute growth stimulus (Avni et al., 1994). By contrast, 

in HEK293T WT cells, 78% and 63% of LDHA and -actin transcripts are found in the polysomal (P) fraction, 

indicating that these mRNAs are efficiently translated – even in the absence of said acute growth stimulus 

(Suppl. Fig. 2.3B). Deletion of LARP1 leads to the redistribution of both RPS6 and RPL32 transcripts to 

polysomal (P) fractions without enhancing the translation of LDHA or -actin transcripts, presumably because 

the latter mRNAs are efficiently translated in HEK293T WT cells to begin with (Suppl. Fig. 2.3B).  

As it was our goal to unveil the contribution of mTORC1 to TOP mRNA translation, next we monitored 

the response of each of these cell lines to conditions of acute (1) mTORC1 activation, (2) mTORC1 inactivation 

or (3) dual mTORC1/mTORC2 inactivation. This was accomplished by culturing cells in complete growth media 

for 3 h in the presence of either: (1) DMSO (mTORC1 activation), (2) rapamycin (mTORC1 inactivation) or (3) 

Torin 1 (dual mTORC1/mTORC2 inactivation). Acute stimulation of HEK293T WT and LARP1 KO cells with 

complete growth media (DMSO) leads to activation of both mTORC1 and mTORC2 in both cell types to 

identical extents (Fig. 2.2A), indicating that – contrary to an earlier report (Hong et al., 2017) – absence of 

LARP1 does not alter the activation status of the mTOR complexes. Furthermore, absence of LARP1 does not 

alter the sensitivity of mTOR targets to these drugs (Fig. 2.2A). We then compared the translation efficiency of 
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TOP and non-TOP mRNAs in LARP1 WT and KO cells in conditions of mTORC1/mTORC2 activation or 

inactivation (Fig. 2.2B and C). As expected, we observed that the treatment of WT cells with mTOR inhibitors 

causes accumulation of TOP mRNAs in subpolysomal (S) fractions (Fig. 2.2C). Invariably, Torin 1 treatment 

leads to a stronger inhibitory effect on TOP mRNA translation, than rapamycin treatment does, likely reflecting 

the more potent inhibitory effect of Torin 1 on the mTORC1 complex, in addition to its ability to block the 

activity of both mTORC1 and mTORC2 (Thoreen et al., 2009). By contrast, the translation of non-TOP 

transcripts is largely unaffected by acute treatment with mTOR inhibitors (Fig. 2.2C). Importantly, we observed 

that genetic deletion of LARP1 markedly alters the sensitivity of TOP mRNA translation to mTOR inhibitors. 

For example, rapamycin causes a statistically significant shift of the RPS6 transcript from polysomal (P) to 

subpolysomal (S) fractions in WT cells (from 71% to 52%), while the effect of rapamycin on RPS6 translation in 
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LARP1 knockout cells is not statistically significant (from 77% to 71%) (Fig. 2.2C). Similarly, Torin 1 treatment 

induces a potent repression of TOP mRNA translation in WT cells and less efficiently so in LARP1 KO cells 

(Fig. 2.2C). Similar results were observed for the RPL32 transcript: while rapamycin and Torin 1 reduce the 

amount of RPL32 transcript in the polysomal fraction in LARP1 KO cells, they do so less effectively than in WT 

cells (Fig. 2.2C). Collectively, these data corroborate to our original model that LARP1 functions as a repressor 

of TOP mRNA translation downstream of mTORC1 (Thoreen et al., 2009). It is important to note that deletion 

of LARP1 fails to completely derepress the inhibitory effects of both rapamycin and Torin 1 on RPS6 and RPL32 

mRNA translation (Fig. 2.2C). This indicates that unknown LARP1-independent mechanisms that confer TOP 

mRNA translational repression exist, and that these mechanisms are likely sensitive to mTOR activity (Fig. 

2.2D).  

A DM15-module LARP1 fragment constitutively represses the translation of TOP mRNAs 

We have recently determined that the DM15 region of LARP1 binds the m
7
Gppp and the adjacent TOP-motif of 

TOP mRNAs (Lahr et al., 2017); in doing so, LARP1 efficiently displaces eIF4E and eIF4G1 from TOP mRNAs 

(Fonseca et al., 2015; Lahr et al., 2017). An extended version of the DM15 domain has also been shown to block 

cap-dependent translation of TOP transcripts in vitro (Philippe et al., 2018). These observations raised the 

intriguing possibility that the DM15 domain mediates the translational repression of LARP1 on TOP mRNA 

translation in vivo. We tested this in LARP1 KO cells, by transiently reexpressing a C-terminal fragment of 

LARP1 consisting of residues 669-1019, which encompasses the entire DM15 region. Subsequently, cells were 

exposed to acute growth stimuli or mTORC1 inactivation by treating them with complete growth media 

supplemented with either DMSO (vehicle) or mTOR inhibitors. Lysates were then subjected to polysome 

profiling (Fig. 2.3A). Overexpression of the C-terminal fragment caused a small (but reproducible see also Fig. 

2.9C) increase in the 40S and 60S peaks in polysome profile traces of DMSO treated and rapamycin treated 

cells, suggesting that overexpression of the DM15 causes a reduction in global protein synthesis during growth 

conditions. We performed reverse transcription digital droplet PCR (RT-ddPCR) analysis to assess the 

distribution of TOP and non-TOP transcripts across the gradient: as observed earlier in Fig. 2.2C, translation of 

TOP mRNAs is elevated in LARP1 KO cells (Fig. 2.3B), and rapamycin and Torin 1 failed to strongly suppress 

TOP mRNA translation in this cell type (Fig. 2.3B); notably, re-introduction of the C-terminal fragment of 

LARP1 restored TOP mRNA translational inhibition, even in the conditions of growth stimulation (DMSO, 

vehicle) (Fig. 2.3B). In other words, the C-terminal LARP1 fragment constitutively represses TOP mRNA 

translation even in conditions of mTORC1 activation (Fig. 2.3B and C). 
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mTORC1 interacts exclusively with LARP1 (among LARP superfamily members) 

We have previously shown that LARP1 interacts with mTORC1 via the scaffolding protein Regulatory 

Associated Protein Of mTOR (RAPTOR), which displays contact points for LARP1 within the RAPTOR N-

terminal Conserved (RNC) region and the Tryptophan/Aspartate Repeats 40 Amino Acids-Long (WD40) 

(Fonseca et al., 2015). Given the high level of sequence conservation between human LARP1 and human 
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LARP2 proteins (60% identity and 73% similarity at amino acid level
2
) (Fig. 2.4A; Suppl. Fig. 2.4), we asked 

whether LARP2 also interacts with mTORC1. We transiently expressed FLAG-tagged human LARP1, human 

LARP2 or a variant of human LARP2 that lacks the C-terminal region (human LARP2 ∆CT) in HEK293T cells. 

Cells were then stimulated with complete growth media and lysed in buffer based on the zwitterionic detergent 

CHAPS that widely preserves protein-protein interactions; lysates were subjected to immunoprecipitation with 

anti-FLAG-tag antibody, and eluates were probed for endogenous RAPTOR and endogenous mTOR proteins by 

western blot. The resulting data revealed that LARP1 (in this particular case exogenous FLAG-LARP1), but not 

FLAG-LARP2 interacts strongly with both RAPTOR and mTOR (Fig. 2.4B). By contrast, FLAG-LARP1 and 

FLAG-LARP2 interact with Poly(A)-Binding Protein (PABP) to similar extents (Fig. 2.4B) – indicating that the 

inability of LARP2 to associate with mTORC1 is not the result of protein misfolding. The FLAG-LARP2 ∆CT 

variant, which lacks the DM15 region and part of the La-Module, exhibits reduced PABP-binding (Fig. 2.4B), 

thereby confirming that the interaction between LARP2 and PABP is specific. We extended this analysis to other 

LARP superfamily members (Fig. 2.4C). Accordingly, we found that La, LARP4, LARP5, LARP6 and LARP7 

all failed to associate with RAPTOR (Fig. 2.4C). Collectively, these data show that LARP1 is the sole member 

of this superfamily of proteins that is capable of interacting strongly with mTORC1.   

LARP1 interacts with mTORC1 via the carboxy-terminal region that comprises the DM15-motif  

Next, we assessed which regions in LARP1 mediate its interactions with mTORC1. We overexpressed FLAG-

tagged full-length human LARP1 or fragments of human LARP1 that covered various regions of the protein. 

Full-length LARP1 efficiently co-precipitates endogenous RAPTOR and PABP, but not eIF4E or eIF4G1 (Fig. 

2.4D). The 1-205 LARP1 fragment, which comprises the N-terminal region of LARP1, and the 205-509 LARP1 

fragment, which comprises the PABP-interacting mid-region of LARP1, were both unable to co-precipitate 

RAPTOR. Only the C-terminal 509-1019 and 669-1019 LARP1 fragments co-precipitated RAPTOR, albeit 

rather weakly (Fig. 2.4D), indicating that RAPTOR interacts with multiple regions of LARP1 but primarily 

through the C-terminal region that includes the DM15-motif. The poor binding between the 669-1019 LARP1 

fragment and RAPTOR likely explains, why this fragment retains its translational inhibitory ability in conditions 

of mTORC1 activation (Fig. 2.3B).  

 

                                                      

2 Percentage identity and similarity between human LARP1 (NP_ 056130) and LARP2 (NP_060548) was determined using the LALIGN 

protein alignment tool using the following default pairwise alignment options. MATRIX (BLOSUM50), GAP OPEN (-12), GAP 

EXTEND (-2), E (number) THRESHOLD (10.0), OUTPUT FORMAT (MARKX 0). LALIGN software tool can be found at: 

https://www.ebi.ac.uk/Tools/psa/lalign/  
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Previously, we (Fonseca et al., 2015) proposed that the FRLDI amino acid sequence within the DM15 

region in LARP1 may function as a putative TOR Signaling (TOS)-motif (Lee et al., 2008; Schalm et al., 2003; 

Schalm and Blenis, 2002) – but our earlier data were inconclusive, because while deletion of the entire sequence 

reduced RAPTOR binding, single mutation of the critical phenylalanine within the putative TOS-motif in 

LARP1 did not affect its binding to RAPTOR (Fonseca et al., 2015). We, therefore, decided to revisit the 

interaction between LARP1 and RAPTOR in greater detail. We initially evaluated the interaction of LARP1 with 

RAPTOR and PABP in the presence of residual poly(A) segments or in the absence of RNA. These conditions 

were obtained by treating lysates with either RNase A, which is deficient in degrading poly(A) tails, or RNase I 

that non-specifically degrades any RNA. When utilizing RNase A or RNase I treated lysates for 

immunoprecipitation of endogenous LARP1, we reproduced the enhanced interaction between LARP1 and 

RAPTOR in the presence of residual poly(A) segments (Suppl. Fig. 2.5A, B and C) (Fonseca et al., 2015) and 

also upon non-selectively degrading all RNA (Suppl. Fig. 2.5B and C). Furthermore the LARP1-PABP 

interaction was unaffected by either of the RNase treatments. This demonstrates that the interactions between 

LARP1 and RAPTOR or PABP are not mediated by poly(A)-oligos or complexes residing on such poly(A)-

oligos
3
. Next, a close inspection of the amino acid sequence of the DM15 region of LARP1 and LARP2 revealed 

interesting similarities and differences: both LARP1 and LARP2 contain TOS-like sequences, which differ ever 

so slightly in their amino acid composition (Suppl. Fig. 2.6A-C). The putative TOS sequences in LARP1 

(FRLDI) and LARP2 (FRREI) both contain a conserved phenylalanine at position +1, which is essential for 

binding between RAPTOR and true TOS-containing proteins, such as PRAS40 (Fonseca et al., 2007), 4E-BPs 

and S6Ks (Suppl. Fig. 2.6D and E) (Lee et al., 2008; Schalm et al., 2003; Schalm and Blenis, 2002). In 

agreement with our previous report (Fonseca et al., 2015), substitution of the phenylalanine for alanine in the 

putative LARP1 TOS-motif does not impair RAPTOR binding (Suppl. Fig. 2.6F). Similarly, replacing the entire 

putative LARP1 TOS-motif for the equivalent LARP2 TOS-like sequence does not reduce RAPTOR binding 

(Suppl. Fig. 2.6G). Additionally, replacement of the LARP2 TOS-like sequence for the putative TOS-motif of 

LARP1 does not confer binding of LARP2 to RAPTOR (Suppl. Fig. 2.6G). Collectively, these data demonstrate 

that the FRLDI sequence in LARP1 is not a TOS-motif. Fortuitously, while analyzing other putative TOS 

sequences (Suppl. Fig. 2.6H and I), we observed that mutation of R840 to a glutamate markedly reduces 

RAPTOR binding (Suppl. Fig. 2.7A-C). We have previously shown that R840 plays a critical role in guiding the 

TOP sequence through a positively charged channel within the DM15 domain (Lahr et al., 2017). Interestingly, 

this residue also appears to be necessary for the binding of LARP1 to mTORC1 (Suppl. Fig. 2.7). However, 

                                                      

3 The text describing the analysis of the immunoprecipitation of LARP1 from lysates that were treated with RNase A or RNase I was 

added by Michael T. Solgaard J., during the writing of this dissertation. 
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since R840 is conserved in LARP2, yet this protein does not interact with mTORC1, R840 is likely insufficient 

for the binding of LARP1 to mTORC1. 

Careful analysis of public UCSC Genome Browser (https://genome.ucsc.edu/) transcriptome, 

translatome and proteome datasets reveal the existence of 11 LARP1 protein isoforms, which exhibit varying 

amino acid lengths and share identical C-termini, but display distinct N-terminal features as well as internal 

domain organization (Suppl. Fig. 2.9; Suppl. Fig. 2.10; Suppl. Fig. 2.11). The presence of conserved C-

terminal regions suggested that all LARP1 isoforms might interact with mTORC1. As UCSC transcriptome data 

suggest that LARP1 isoforms 1096aa and 891aa (Suppl. Fig. 2.11, green arrows) are highly abundant, at least 

at an mRNA level, these isoforms were tested alongside the first published isoform, LARP1 1019aa
4
. All three 

isoforms interacted strongly with mTORC1, consistent with the fact that the C-terminus – the primary binding 

region for mTORC1 in LARP1 – is conserved among all of them (Suppl. Fig. 2.10C). 

Rapamycin, but not Torin 1, disrupts the binding of LARP1 to mTORC1  

Next, we tested whether pharmacological inhibition of mTORC1 plays a role in regulating the interaction 

between LARP1 and mTORC1. We transiently expressed FLAG-LARP1 or FLAG-LARP2 in HEK293T cells 

after which we stimulated the cells with growth media in the presence of DMSO (vehicle), rapamycin, or Torin 

1. Lysates were subjected to immunoprecipitation with anti-FLAG antibody, and immunoprecipitates were 

analyzed by western blot. As shown in Suppl. Fig. 2.8A, rapamycin efficiently disrupts the interaction between 

LARP1 and RAPTOR, but not that of LARP1 with PABP. In parallel, we also tested the effect of Torin 1 on the 

interaction between mTORC1 and LARP1. Surprisingly, Torin 1 did not affect LARP1 association with 

mTORC1 (Suppl. Fig. 2.8A). This discrepancy probably arises, due to rapamycin inducing an allosteric 

destabilization of mTORC1 (Oshiro et al., 2004), which as a result cannot associate with LARP1. In contrast, the 

shut-off of mTOR catalytic activity by Torin 1 does not affect the mTORC1-LARP1 interaction.  

LARP1 is phosphorylated directly by mTORC1 in a rapamycin and Torin 1 sensitive manner 

Next, we applied a number of complementary biochemical assays to investigate whether mTORC1 

phosphorylates LARP1. We began by assessing the effects of rapamycin and Torin 1 on the electric charge of 

endogenous LARP1 by isoelectric focusing. We observed that mTOR inhibitors raise the isoelectric point (pI) of 

LARP1, thereby denoting a reduction in negative charge of LARP1 that possibly reflects a decrease in 

phosphorylation (Fig. 2.5A). To confirm that the changes in electric charge reflect changes in phosphorylation, 

we monitored the effect of rapamycin and Torin 1 on the phosphorylation of LARP1 by in vivo orthophosphate 

dfsd 

                                                      

4 This isoform was used previously (Fonseca et al., 2015; Lahr et al., 2017) and elsewhere in this manuscript. 

https://genome.ucsc.edu/
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metabolic labeling (Fig. 2.5B). Treatment with rapamycin or Torin 1 decreases the phosphorylation of 

endogenous LARP1 (Fig. 2.5B) confirming that, indeed, mTORC1 activity influences LARP1 phosphorylation 

status.  

It remained possible that mTORC1 influenced the phosphorylation states of LARP1 indirectly via 

mTORC1-regulated kinases. To confirm that LARP1 is a direct mTORC1 substrate, we performed in vitro 

mTORC1 kinase assays, which utilized [-
32

P]-ATP to perform mTORC1-mediated radiolabeling of 

recombinant purified myc-6xHis-LARP1 (full-length isoform 1096aa) in the presence of DMSO (vehicle), 

rapamycin in complex with Glutathione S-Transferase (GST)-tagged FK506-binding protein 12 (FKBP12), or 

Torin 1. As shown in Fig. 2.5C, mTORC1 directly phosphorylates LARP1 in vitro. LARP1 phosphorylation is 

diminished by rapamycin and to a larger extent by Torin 1. These results confirm that LARP1 is a direct 

mTORC1 target. 

LARP1 harbors 29 rapamycin-sensitive residues that are broadly distributed into 7 clusters  

Having established that mTORC1 phosphorylates LARP1 directly, we set out to comprehensively identify the 

rapamycin-sensitive residues by LC-MS/MS. These efforts culminated with the identification of 19 serine, 7 

threonine (Fig. 2.6A and B) and 3 tyrosine residues (Suppl. Fig. 2.12). We broadly distributed these 

phosphorylation sites into 7 distinct clusters (Fig. 2.6A). From a both functional and evolutionary standpoint, it 

is highly interesting that most of the rapamycin-sensitive phospho-serine and phospho-threonine residues 

identified in our screen are conserved across higher eukaryotes, from D. rerio to H. sapiens (Suppl. Fig. 2.12). 

This is in contrast to the 3 identified rapamycin-sensitive phospho-tyrosines, which are not conserved in D. rerio 

(Suppl. Fig. 10). Although there is precedent for tyrosine phosphorylation by mTOR (Wang and Proud, 2016; 

Yin et al., 2016), this kinase is primarily regarded as a serine/threonine kinase (Burnett et al., 1998; Gingras et 

al., 2001a, 2001b, 1999; Mothe-Satney et al., 2000b, 2000a). Therefore, we focused our efforts on understanding 

the role of rapamycin-sensitive phosphorylation of serine and threonine residues on LARP1. At first glance, we 

noted that rapamycin impairs the phosphorylation of most of the identified rapamycin-sensitive residues, while 

few residues are phosphorylated in manner that is enhanced by rapamycin (Fig. 2.6A). Compare, for example, 

phosphorylated residues within cluster 5 – for some of which phosphorylation is diminished (above horizontal 

axis) and, in other cases, enhanced by rapamycin treatment (below horizontal axis) (Fig. 2.6A). Moreover, 

rapamycin affects different phosphorylation sites to different extents (Fig. 2.6A and B). Prominently, the 

phosphorylation of residues in cluster 6 is highly sensitive to the inhibitory effects of rapamycin, as denoted by 

the amplitude of the log2 area (DMSO/rapamycin) (Fig. 2.6A and B), while rapamycin has minor inhibitory 

effects on clusters 2 and 3.  
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Phosphorylation of clusters 4 and 5 in LARP1 regulates its binding to mTORC1 

We sought to understand the biochemical significance of LARP1 phosphorylation. Earlier in this manuscript, we 

observed that the interaction of LARP1 with mTORC1 is disrupted by rapamycin (Suppl. Fig. 2.8A). Similarly, 

depriving cells of amino acids reduces the association of LARP1 with mTORC1 (Fonseca et al., 2015), although 

not to the extent that rapamycin does. This raised the intriguing possibility that mTORC1-mediated 

phosphorylation of LARP1 regulates the interaction between LARP1 and mTORC1. To test this, we initially 

generated 7 LARP1 mutants, which each exhibited alanine mutations at multiple rapamycin-sensitive 

phosphorylation sites in a given cluster. Following, we tested the expression of these LARP1 mutants (Suppl. 

Fig. 2.13A and C) and their interaction with RAPTOR (Suppl. Fig. 2.13B and D). Mutation of cluster 4 

(comprising phospho-residues S550 and S554) and, especially, cluster 5 (comprising residues S689, T692 and 

S697) disrupts the binding of the LARP1 mutant to endogenous RAPTOR, but not its binding to PABP (Suppl. 

Fig. 2.13B and D). By contrast mutation of clusters 1, 2 and 3 did not affect the association of LARP1 with 

RAPTOR or PABP (Suppl. Fig. 2.13B). Mutation of cluster 6 and 7, which flank the DM15-motif, prevents the 

expression of the corresponding LARP1 mutant (Suppl. Fig. 2.13A). These clusters could not, therefore, be 

tested for RAPTOR binding in the context of the full-length protein. To validate these results, and to overcome 

our inability to test the role of cluster 6 and 7 in the interaction between full-length LARP1 and RAPTOR, we 

generated LARP1 fragments that spanned the N-terminal region (amino acids 1-205), the mid-domain (amino 

acids 205-509), or the C-terminal region (amino acids 509-1019). Based on these LARP1 fragments, we once 

more generated LARP1 mutants with alanine mutations at multiple rapamycin-sensitive phosphorylation sites in 

a given cluster (Suppl. Fig. 2.13C). In contrast to the corresponding full-length LARP1 mutants, the LARP1 

fragment mutants were successfully transiently overexpressed in HEK293T cells (Suppl. Fig. 2.13, compare A 

and C). We tested the interaction between endogenous RAPTOR and either full-length LARP1 WT, the 509-

1019 LARP1 WT fragment or equivalent fragments of LARP1 bearing multiple alanine mutations in clusters 4, 

5, 6 or 7. We transiently overexpressed the aforementioned constructs in HEK293T LARP1 KO cells (Suppl. 

Fig. 2.13D), thereby enabling us to avoid the competition between the expressed LARP1 mutants and 

endogenous LARP1 for RAPTOR binding. This is particularly important in light of our earlier observation, 

which clarified that the 509-1019 LARP1 WT fragment binds RAPTOR more weakly, than full-length LARP1 

WT (Fig. 2.4D). Consistent with the results obtained in Suppl. Fig. 2.13B, substitution of the phosphorylatable 

rapamycin-sensitive serine and threonine residues in clusters 4 and 5 for non-phosphorylatable alanine residues 

impairs the binding of LARP1 to RAPTOR (Suppl. Fig. 2.13D). S689 and S697 in cluster 5 are particularly 

interesting, because their surroundings are similar to the consensus for mTORC1-targeted peptide sequences 

(Fig. 2.6B) (Hsu et al., 2011). Specifically, the peptide sequence flanking S689 in LARP1 resembles that of 

S183 in PRAS40, which is a rapamycin-sensitive direct mTORC1 phosphorylation site (Fonseca et al., 2007; 
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Oshiro et al., 2007); while S697 is followed by P698, as seen for other proline-directed mTORC1 sites in 4E-

BP1 (Fig. 2.6B) (Mothe-Satney et al., 2000b, 2000a). Substitution of the rapamycin-sensitive phospho-serines 

and phospho-threonines in clusters 6 and 7 has only minor effects on the interaction between LARP1 and 

RAPTOR (Suppl. Fig. 2.13D). Collectively, this data suggest that phosphorylation of key serine/threonine 

residues within clusters 4 and 5 regulate LARP1 binding to RAPTOR. 

mTORC1 signaling-mediated phosphorylation of LARP1 controls its TOP mRNA binding activity 

Having observed that the rapamycin-sensitive phosphoresidues within cluster 5 (S689, T692 and S697) are 

important for the interaction with RAPTOR, next we asked whether they could also play a role in regulating the 

binding of LARP1 to the 5’ UTR of TOP mRNAs. To answer this question, we bacterially expressed a 665-947 

human LARP1 fragment, which comprises an extended version of the DM15-motif (Lahr et al., 2017, 2015). 

Within this LARP1 fragment, we introduced phosphomimetic residues, i.e. aspartate or glutamate, in place of 

S689, T692 and S697 (Fig. 2.7A). We titrated a purified 665-947 LARP1 WT fragment or a corresponding 

phosphomimetic mutant fragment with a capped radiolabeled RNA that spanned the entire 5’ UTR of RPS6 

mRNA, and we analyzed the binding affinity of LARP1 for this RNA oligo by electrophoretic mobility shift 

assay (EMSA, gel pictures not shown), as previously described (Lahr et al., 2017). As shown in Fig. 2.7A, table, 

the WT LARP1 (dephospho) fragment binds to m
7
G-RPS6 5’ UTR with similar affinity to that of the S689D-

T692E-S689D triple mutant, indicating that these phosphoresidues are likely not important for the association 

between LARP1 and the TOP-motif. Therefore, we also asked whether the phosphorylation of rapamycin-

sensitive residues in cluster 6 (S747-T768-S770-S772-S774-S776-T779-S784-T788-S791) could play a role in 

the association between LARP1 and the TOP-motif. Simultaneous mutation of each of these residues for a 

phosphomimetic aspartate or glutamate dramatically reduces the binding affinity of the LARP1 fragment for the 

5’ UTR of RPS6 (KD = 2.843 µM) (Fig. 2.7A, table). As expected, partial mutation of select rapamycin-

sensitive residues within cluster 6 (namely: S747-S772-S774-S784-S791) causes an intermediate decrease in 

LARP1 binding to the 5’ UTR of RPS6 (KD = 0.902 µM) (Fig. 2.7A, table). To analyze the effect of mutating 

cluster 7, we purified a 796-1019 LARP1 fragment with or without phosphomimetic substitutions at S979 and 

T994 (Fig. 2.8B). The 796-1019 LARP1 WT fragment exhibited an affinity (KD  = 0.153), which was ~3.7-fold 

higher than the 665-947 LARP1 WT fragment (KD  = 0.570). Furthermore, by substituting phosphoresidues in 

cluster 7 (S979 and T994) for an aspartate or glutamate, we observed an additional ~3.5-fold increase in the 

affinity of the LARP1 fragment for the 5’ UTR of RPS6 (KD  = 0.044) (Fig. 2.7B, table). These data demonstrate 

that mTORC1-mediated phosphorylation of LARP1 at clusters 6 and 7 regulates the TOP-specific RNA-binding 

activity of LARP1.  
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mTORC1, not S6Ks, regulates the binding of LARP1 to TOP mRNAs  

The pathway involving Phosphoinositide 3-Kinase (PI3K), Akt Serine/Threonine Kinase 1 (AKT1) and 

mTORC1 is widely recognized to play a fundamental role in the control of TOP mRNA translation (Barth-Baus 

et al., 2002; Miloslavski et al., 2014; Patursky-Polischuk et al., 2014, 2009, 2009; Stolovich et al., 2002, 2002; 

Tang et al., 2001). To dissect the role of each component of the PI3K/AKT1/mTORC1/S6K1 pathway (see Fig. 

2.8A) in controlling the association between LARP1 and TOP mRNAs, we utilized various pharmacological 

inhibitors of signal-transmitting molecules and effectors within this pathway. Specifically, HEK293T cells were 

acutely treated with mTOR inhibitors (rapamycin or Torin 1), an S6K1 inhibitor (PF4708671 (Pearce et al., 

2010)), an allosteric AKT1 inhibitor (MK2206 (Hirai et al., 2010)) or a low-specificity PI3K inhibitor 

(LY294002 (Gharbi et al., 2007; Vlahos et al., 1994)) after which we performed either protein 

immunoprecipitation (Fig. 2.8B) or RNA-co immunoprecipitation on endogenous LARP1 (Fig. 2.8C-E). The 

resulting data show that endogenous LARP1 preferentially interacts with highly abundant TOP mRNAs (e.g. 
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RPS6 and RPL32, tested here) compared to other less abundant non-TOP mRNAs (e.g. LDHA and -actin
5
) 

(Fig. 2.8C and D). However, drug treatment generally has modest, but statistically significant, effects on mRNA 

steady-state levels, whereas Torin 1 treatment confers a more than 2-fold decrease in RPS6, RPL32 and LDHA 

mRNAs (Fig. 2.8D). We wanted to ensure that the preferential co-precipitation of TOP mRNAs by LARP1 was 

not attributed to differential steady-state levels between TOP mRNAs and non-TOP mRNAs across the tested 

conditions. Thus, we normalized the abundance of the co-precipitated mRNAs to their respective total 

abundance within lysates. By doing so, we acquired data that also emphasized a preferential binding of TOP 

mRNAs over non-TOP mRNAs by LARP1 (Fig. 2.8E). HEK293T cells that were treated with 300 nM Torin 1 

have significantly (p<0.001) increased association between LARP1 and mRNAs encoding RPS6, RPL32 and 

LDHA (Fig. 2.8E). However, this was not evident for -actin mRNA (p-value is non-significant), possibly due 

to the amount of co-precipitated -actin mRNA approaching background levels. Importantly, incubation of cells 

with rapamycin, Torin 1, MK2206, and LY294002 enhanced the binding of LARP1 to all mRNAs tested 

including TOP mRNAs (RPS6 and RPL32) and non-TOP mRNAs (LDHA and -actin) (Fig. 2.8C and E). 

Rapamycin leads to a 7-fold enrichment of RPS6 mRNA, a 4.7-fold enrichment of RPL32 mRNA, a 11.7-fold 

enrichment of LDHA mRNA and a 13-fold enrichment of -actin mRNA within LARP1 immunoprecipitates 

(Fig. 2.8C). Similar fold-changes are observed, when LARP1 immunoprecipitation data are normalized to 

steady-state input mRNA levels (Fig. 2.8E). Remarkably, Torin 1 appears to enhance the association between 

LARP1 and both non-TOP and TOP mRNAs more efficiently than rapamycin does (Fig. 2.8C and E). This is 

particularly evident, when LARP1 immunoprecipitation data are normalized to steady-state mRNA input levels: 

for example, rapamycin induces an 8.5-fold enrichment of RPS6 mRNA, while Torin 1 leads to a 20.1-fold 

enrichment of the same transcript in LARP1 immunoprecipitates (Fig. 2.8E). A similar pattern was observed for 

the remaining mRNAs tested. Therefore, it appears that Torin 1 is more effective than rapamycin at enhancing 

binding of LARP1 to mRNA. The allosteric AKT1 inhibitor (MK2206) and the non-specific PI3K inhibitor 

(LY294002) also enhanced the binding of TOP and non-TOP mRNAs to LARP1 protein, albeit less efficiently 

than did rapamycin or Torin 1 (Fig. 2.8C and E). This is consistent with the notion that PI3K/AKT1 function 

upstream of mTORC1.  

It was previously shown that LARP1 is released from TOP mRNAs while mTORC1 is active (Fonseca 

et al., 2015). However, it is unclear whether mTORC1 regulates the LARP1-TOP interaction directly or 

indirectly through a downstream kinase. S6K1 and S6K2 are positioned downstream of mTORC1, and S6K1 
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5 Details on the 5’ UTRs for each of these mRNAs can be found in Suppl. Fig. 2.2 
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has been shown to phosphorylate LARP1 in vitro (Hong et al., 2017). To determine whether S6K1 plays a role in 

regulating the binding of LARP1 to TOP and non-TOP mRNAs, we monitored the effects of treatment with 

PF4708671, a S6K1-specific inhibitor (Pearce et al., 2010), on the binding of endogenous LARP1 to TOP and 

non-TOP mRNAs. In contrast to rapamycin and Torin 1, PF4708671 has only a minor effect on LARP1 binding 

to TOP and non-TOP mRNAs (Fig. 2.8C and E). PF4708671 treatment leads to 1.8-fold, 1.6-fold, 3.5-fold and 

1.8-fold increases in LARP1 binding to RPS6, RPL32, LDHA and -actin mRNAs, respectively, of which the 

change in binding of LARP1 to -actin mRNAs was non-significant (Fig. 2.8C and E). As the changes in the 
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interaction between LARP1 and the tested mRNAs upon PF4708671 treatment are minute, our observation is 

consistent with other studies, which exclude S6Ks from playing a role in LARP1-mediated regulation of TOP 

mRNA translation (Meyuhas and Kahan, 2015; Stolovich et al., 2005, 2002; Tang et al., 2001).  

Since rapamycin, but not Torin 1, impairs the binding of LARP1 to mTORC1 (Suppl. Fig. 2.8A), we 

extended on the LARP1 RNA co-immunoprecipitations, by performing protein LARP1 immunoprecipitations to 

monitor the effect of the aforementioned drugs on the interactions between endogenous LARP1 and RAPTOR. 

As observed in Suppl. Fig. 2.8A, treating cells with rapamycin disrupts the interaction between LARP1 and 

RAPTOR, while Torin 1 has only a negligible effect on the interaction between these proteins (Fig. 2.8B). 

Neither the S6K1 inhibitor (PF4708671) nor the low-specificity PI3K inhibitor (LY294002) reduce the 

association of LARP1 with RAPTOR (Fig. 2.8B). By contrast, the allosteric AKT1 inhibitor (MK2206) 

decreases the interaction between LARP1 and RAPTOR, but not that of LARP1 with PABP. Since rapamycin, 

Torin 1, MK2206 and LY294002 increase the binding of LARP1 to TOP mRNAs (Fig. 2.8C-E), but only 

rapamycin and MK2206 markedly impair LARP1-RAPTOR binding, our data suggest that the dissociation of 

LARP1 from RAPTOR is not required for LARP1 to bind TOP mRNAs.     

mTORC1-mediated phosphorylation of LARP1 regulates its TOP mRNA translational repression  

Having identified that cluster 6 in LARP1 comprises key mTORC1-targeted phosphorylation sites that regulate 

the ability of LARP1 to interact with TOP mRNA, we sought to investigate whether mTORC1-mediated 

phosphorylation of these sites prevents the repression of TOP mRNA translation by LARP1. HEK293T WT cells 

were transiently transfected with empty vector (EV), while LARP1 KO cells were transiently transfected with 

EV, a vector encoding a 669-1019 FLAG-tagged LARP1 WT fragment, or a vector encoding an identical 

fragment that contained aspartate or glutamate mutations in place of the mTORC1-targeted phospho-serine and 

phospho-threonine residues in cluster 6 (Fig. 2.9A). Transfected cells were subjected to polysome profiling (Fig. 

2.9B and C). While overexpression of the WT or the phosphomimetic LARP1 fragments does not alter the 

polysomal profile traces (Fig. 2.9C), it does alter the polysomal distribution of TOP mRNAs (Fig. 2.9D). As 

observed in earlier profiles (Fig. 2.2C), LARP1 KO cells exhibit higher levels of RPS6 and RPL32 transcripts in 

the polysome (P) fraction, than their WT counterparts. This is evident also in Fig. 2.9D with 53% of total RPS6 

transcript found in the (P) fraction in LARP1 KO cells compared to 39% in LARP1 WT cells. RPL32 transcripts 

are also more abundant in the (P) fraction of LARP1 KO cells, than the (P) fractions of the LARP1 WT cell 

counterpart, with 40% of the total amount found in the (P) fraction in LARP1 KO cells compared to 30% in 

LARP1 WT cells. Transient overexpression of the 669-1019 FLAG-tagged LARP1 WT fragment in LARP1 KO 

cells reestablishes translational repression of RPS6 and RPL32 mRNAs to the levels observed for WT cells. In 
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contrast, the equivalent LARP1 C-terminal fragment that bears phospho-mimetic mutations fails to repress RPS6 

and RPL32 translation (Fig. 2.9D). Importantly, these data demonstrate that mTORC1-mediated phosphorylation 

of key serine and threonine residues within cluster 6 causes derepression of TOP mRNA translation. Therefore, 

mTORC1 controls TOP mRNA translation via the phosphorylation of specific residues in LARP1, likely with an 

important regulatory effect caused by mTORC1-mediated phosphorylation of residues in cluster 6 of LARP1. 

The ‘Pendular Hook’ Translational Repression Model 

Previously, we (Fonseca et al., 2015) have shown that LARP1 interacts with PABP via a PABP-Interacting 

Motif 2 (PAM2)-motif that is nudged in between the La-motif and the RRML5, and we also showed that 

rapamycin does not regulate the interaction with PABP. Consistent with these findings, herein we report that, 

although rapamycin does inhibit the phosphorylation of residues within the RRML5 (i.e. cluster 3: T438, S440, 

S444, T449 and S471) (Fig. 2.6), mTORC1-mediated phosphorylation of LARP1 does not alter the binding of 

the La-Module of LARP1 to PABP (Fonseca et al., 2015) (Suppl. Fig. 2.8A) – it could, however, hypothetically 

regulate the binding of the La-Module to the poly (A) tail or TOP sequence (Al-Hashtal et al. 2019). By contrast, 

mTORC1-mediated phosphorylation of cluster 6 does release the DM15-module from the 5’UTR of RPS6 

mRNA (Fig. 2.7A), thus allowing for TOP mRNA translation to take place (Fig. 2.9A-D). The observation that 

mTORC1 regulates the binding of the DM15-module to the TOP-motif, but not that of the La-Module to PABP, 

leads us to propose a refined model for LARP1-mediated translational repression in which the N-terminal region 

of LARP1 remains constitutively bound to PABP, while the DM15-module ‘hooks’ (i.e. engages) the m
7
Gppp 

cap and the TOP-motif in conditions of mTORC1 inactivation. mTORC1 activation ensues DM15-proximal 

phosphorylation of cluster 6 in LARP1, which ‘unhooks’ (i.e. releases) the DM15-module in a ‘pendular’ 

motion, due to LARP1 being anchored to PABP through the La-Module. We propose a novel LARP1 

translational repression model in which mTORC1 coordinates the ‘pendular hook’-motion of LARP1 (Fig. 2.10). 

How does this conformational change come about? The sequence of phosphorylation events that may lead to this 

conformational change is not known; the available evidence suggest that clusters 4 and 5 may play a role in 

mediating this conformational change, as they appear to be required for ‘docking’ of mTORC1 onto LARP1. 

Future structural work will certainly help delineate the atomic details of the mechanism by which mTORC1 

regulates LARP1.     
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Discussion 

The PI3K/AKT1/mTORC1 pathway is widely recognized to play a fundamental role in the control of TOP 

mRNA translation (Barth-Baus et al., 2002; Miloslavski et al., 2014; Patursky-Polischuk et al., 2014, 2009, 

2009; Stolovich et al., 2002, 2002; Tang et al., 2001), but the key effector molecule within this pathway that 

directly regulates TOP mRNA translation remained a mystery for many decades (Meyuhas and Kahan, 2015). 

Early observations suggested that rapamycin simultaneously blocks S6K phosphorylation (Dennis et al., 1996; 

Ferrari et al., 1993) and impairs TOP mRNA translation (Jefferies et al., 1994; Terada et al., 1994), thereby 

prompting some to postulate that mTORC1 controls TOP mRNA translation via S6Ks (Jefferies et al., 1997). 

This early model – based solely on correlative analyses – was later disproved by causal experimentation (Pende 

et al., 2004; Stolovich et al., 2002; Tang et al., 2001); most notably, it was observed that genetic deletion of 
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S6K1 and/or S6K2 does not alter the sensitivity of TOP mRNA translation to the inhibitory effects of rapamycin 

(Pende et al., 2004; Stolovich et al., 2002; Tang et al., 2001). In the years that followed, a number of other 

proteins and regulatory RNAs were also suggested to regulate TOP mRNA translation (reviewed in (Fonseca et 

al., 2014)), but none of them withstood the rigorous test of time.   

Recent data (Fonseca et al., 2015; Philippe et al., 2018) suggest that LARP1 functions as the elusive 

repressor of TOP mRNA translation downstream of mTORC1 (reviewed in (Fonseca et al., 2018)). The 

mTORC1-LARP1 signaling axis was originally discovered independently by two groups a few years ago 

(Fonseca et al., 2015; Tcherkezian et al., 2014). Tcherkezian et al. postulated that LARP1 positively regulates 

the translation of TOP transcripts through direct interactions with eIF4E and PABP (Tcherkezian et al., 2014). In 

contrast, we (Fonseca et al., 2015) observed that, while LARP1 does indeed bind PABP as originally reported 

by (Blagden et al., 2009; Burrows et al., 2010), it does not bind eIF4E nor does it bind eIF4G1 (Fonseca et al., 

2015). Notably, we (Fonseca et al., 2015) also concluded, through multiple experiments, that LARP1 functions 

as a repressor, not as an activator, of TOP mRNA translation. Our original model that LARP1 functions as a 

repressor of TOP mRNA translation has been corroborated in follow-up studies by others (Philippe et al., 2018). 

In this context, the DM15 domain has been recently shown to play a key role in TOP mRNA translational 

repression (Philippe et al., 2018). The LARP1 DM15 region binds the m
7
Gppp cap and adjacent 5’TOP-motif of 

TOP mRNAs, thus blocking access of eIF4E to the cap and, hence, also the assembly of the eIF4F complex on 

the 5’ UTR of TOP transcripts (Lahr et al., 2017). An extended version of the DM15 has been shown to repress 

the translation of TOP mRNAs (Philippe et al., 2018). LARP1 effectively inhibits cap-dependent translation 

initiation on TOP mRNAs in vivo (Fonseca et al., 2015; Philippe et al., 2018) and in vitro (Philippe et al., 2018). 

Notably, depletion of LARP1 by RNAi (Fonseca et al., 2015) or genetic deletion (Philippe et al., 2018) renders 

TOP mRNA translation partially resistant to the inhibitory effects of rapamycin and Torin 1, thereby indicating 

that LARP1 functions as a translational repressor downstream of mTORC1. The present study confirms and 

extends on these early findings. Our data firmly establish that LARP1 does indeed function as a repressor of 

TOP mRNA translation downstream of mTORC1, as well as elucidate the molecular mechanism by which 

mTORC1 controls the RNA-binding and translation-inhibitory activities of LARP1. Our latest findings are 

discussed below in the context of the original discoveries of LARP1 as a novel phospho-substrate of mTORC1 

by (Hsu et al., 2011; Yu et al., 2011). 

Two authoritative proteome-wide phosphoscreens, which aimed at identifying novel signaling pathways 

downstream of mTORC1 (Hsu et al., 2011; Yu et al., 2011), were the very first studies to document the effects 

of rapamycin on LARP1 phosphorylation. A follow up study by Kang et al. (Kang et al., 2013) – aimed at 

understanding mTORC1 substrate-specificity and rapamycin-sensitivity – subsequently, revealed that mTORC1 

can directly catalyze the phosphorylation of two residues on LARP1 in vitro: S766 and S774. These amino acid 
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numberings are according to the 1096 aa LARP1 isoform, whereas our numbering is based on the 1019 aa 

LARP1 isoform, hence S766 and S774 will following be referred to as S689 and S697. Phosphorylation of S689 

and S697 is equally sensitive to Torin 1, but exhibited differential sensitivity to rapamycin: S689 is reportedly 

largely resistant while S697 is sensitive to this drug (Kang et al., 2013). This conclusion is somewhat surprising 

because the sequence flanking S689 resembles that of S183 on PRAS40 (a rapamycin-sensitive site (Fonseca et 

al., 2007; Oshiro et al., 2007)) while S697 is a proline-directed site identical to those found in 4E-BP1, whose 

phosphorylation is largely rapamycin resistant (Diggle et al., 1996). A recent study by Hong et al. (Hong et al., 

2017) confirmed that LARP1 is indeed a direct substrate of mTOR in vitro. Using a 654-731 GST-LARP1 

fragment with a double mutation on S689A/T692A, they show that mTOR-mediated phosphorylation is lost. 

These data suggest that S689 and/or T692 are the primary mTOR phosphorylation sites on this fragment of 

LARP1 (Hong et al., 2017). We considered it important to extend on these findings. To this end, we performed 

in vivo orthophosphate labeling experiments in the presence of mTOR inhibitors, and we complemented these 

findings with mTORC1 in vitro kinase assays against LARP1 (Fig. 2.5); we have also identified 26 rapamycin-

sensitive phosphorylation sites on LARP1: S148, S151, S247, S250, T438, S440, S444, T449, S471, S550, S554, 

S689, T692, S697, S747, T768, S770, S772, S774, S776, T779, S784, T788, S791, S979 and T994 (numbering 

according to the 1019 aa LARP1 isoform) (Fig. 2.6). Phospho-residues in clusters 4 and 5 (shown in italics) are 

important for LARP1 association with the mTORC1 complex (Suppl. Fig, 2.13B and D), while underlined 

phosphoresidues in cluster 6 are important for its association with the 5’ UTR of RPS6 (TOP) mRNA (Fig. 

2.7A). The phosphoresidues in cluster 6 are also determinant for LARP1-mediated repression of TOP mRNA 

translation (Fig. 2.9). Importantly, although phosphoresidues S698 and S692 (within cluster 5) are, indeed, 

phosphorylated in an mTORC1-dependent manner, as reported by Hong et al., 2017, these residues do not 

regulate TOP mRNA binding (Fig. 2.7A). Cluster 6, not cluster 5, comprises the key phosphoresidues that 

control LARP1’s TOP-motif binding and TOP mRNA translational inhibitory activities (Fig. 2.7A; Fig. 2.8; 

Fig. 2.9).  Additional work will be required to gain a full understanding of the precise molecular underpinnings 

of LARP1 phosphorylation. Importantly, the present study is the very first to provide evidence for a role of 

mTORC1-mediated LARP1 phosphorylation in TOP mRNA binding and translational control by LARP1.  

LARP1 belongs to the LARP superfamily of proteins that comprises 7 members: LARP1, LARP2 (also 

known as LARP1B), La (sometimes referred to as LARP3), LARP4, LARP5 (also known as LARP4B), LARP6 

and LARP7. LARP2 is the closest homolog of LARP1 (with 60% amino acid sequence identity and 73% amino 

acid sequence similarity). Despite their high degree of sequence conservation, here we show that, while both 

LARP1 and LARP2 bind PABP through a conserved La-Module, only LARP1 is capable of strongly interacting 

with mTORC1 (Fig. 2.4). In our hands, Myc/FLAG-LARP2 does not interact with mTORC1 (Fig. 2.4; Suppl. 

Fig. 2.8). The recent report by Hong and colleagues (Hong et al., 2017) proposed that myc-LARP2 interacted 
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with FLAG-mTOR/hemagglutinin (HA)-RAPTOR; however, this is likely a non-specific effect resultant from 

simultaneous overexpression of mTOR, RAPTOR and LARP2. Interestingly, although LARP2 does not interact 

with endogenous mTORC1 in our hands, many of the rapamycin-sensitive phosphorylation sites on LARP1 are 

also conserved in LARP2 (e.g. every serine/threonine phospho-residue in clusters 2 through 5 is conserved in 

LARP2), thus raising the intriguing possibility that LARP2 is also a phosphoprotein. Similarly, all rapamycin-

sensitive residues in cluster 6 of LARP1 are also conserved in LARP2, however, with the one exception being 

T779, which is substituted with an alanine residue in LARP2. Critically, some of the conserved LARP1/LARP2 

phospho-residues show conservative serine to threonine or threonine to serine substitutions between LARP1 and 

LARP2; for instance, T449 in cluster 3 of LARP1 is a serine in LARP2. Conservative substitutions suggest that, 

despite sequence divergence between these two closely-related proteins, there was evolutionary pressure to 

retain phosphorylation. The identity of the kinase(s) that phosphorylates LARP2 is unknown at present, as is the 

physiological significance of LARP2 phosphorylation. Considerable additional work is required to elucidate 

the molecular function(s) of LARP2 and its mechanism of regulation. 

The present manuscript focuses on the study of the physical and functional interactions between 

mTORC1 and LARP1. In addition to interacting with mTORC1, LARP1 also interacts with PABP – this finding 

was originally reported by (Blagden et al., 2009; Burrows et al., 2010) and was subsequently validated by 

(Fonseca et al., 2015; Tcherkezian et al., 2014). But how does LARP1 interact with PABP, and what is its 

physiological significance? LARP1 employs distinct regions to bind PABP and mTORC1 (see Fig. 2.10 for 

schematic representation). In the present manuscript, we show that LARP1 binds to PABP via the mid-domain 

region (spanning amino acids 205-509) that comprises the La-Module, which harbors three motifs: the La-motif, 

the PAM2-motif and the RNA recognition motif (RRM) (Fig. 2.4D). This finding is consistent with our earlier 

observation that the PAM2-motif – situated between the LaM and the RRML5 – is essential for the interaction of 

LARP1 with PABP (Fonseca et al., 2015). The PAM2-motif is conserved in LARP2; perhaps not surprisingly, 

LARP2 also interacts with PABP to a similar extent as LARP1 (Fig. 2.4B and C; Suppl. Fig. 2.8). The 

significance of LARP2 interaction with PABP remains undefined. Other LARP superfamily proteins, such as 

LARP4 (Yang et al., 2011) and LARP5 (Schäffler et al., 2010), have also previously been shown to interact with 

PABP. They do so through two distinct regions: (1) via an atypical PAM2w-motif located in the N-terminal 

region of LARP4 and LARP5 (Yang et al., 2011) and (2) via a PABP-Binding Motif (PBM) positioned C-

terminally of the RRML4 (Fig. 2.4) (Schäffler et al., 2010). LARP1 also interacts with the poly(A) tail (Aoki et 

al. 2013) via the La-Module (Al-Ashtal et al., 2019). The physiological significance of the interaction of LARP1 

with PABP and the poly(A) remains undefined. LARP1 has been previously shown to regulate the stability of 

TOP transcripts (Aoki et al., 2013; Fonseca et al., 2015; Gentilella et al., 2017) – it is therefore tempting to 
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speculate that the association of LARP1 with the poly(A) of TOP mRNAs functions to protect TOP mRNAs 

from deadenylation. 

As discussed above, the domains by which LARP1, LARP2, LARP4 and LARP5 interact with PABP 

and the poly(A) tail are well-defined; by comparison, the interaction between LARP1 and mTORC1 is poorly 

understood. The data reported in the present study reveal that the C-terminal region spanning residues 509-1019, 

which comprises the DM15 region and adjacent sequences, is important for the interaction of LARP1 with 

RAPTOR (and by extension mTORC1) (Fig. 2.4D; Suppl. Fig. 2.13B and D). These findings are consistent 

with a recent study by Thoreen and colleagues (Philippe et al., 2018) in which the authors report that amino 

acids 497-1019 on LARP1 mediate RAPTOR binding. The question remains as to which specific residues in 

LARP1 are required for binding to RAPTOR. We show that R840 (within the DM15 region) is of primary 

importance in this context (Suppl. Fig. 2.7). But, our observation that the C-terminal fragment of LARP1 

interacts rather weakly with RAPTOR, when compared to the full-length protein (Fig. 2.4D), suggests that 

multiple contact points in various regions of LARP1 are likely required for RAPTOR binding (Suppl. Fig. 

2.13B and D). It is also possible that proper LARP1 folding, which is feasible only in the context of the full-

length protein, is required for RAPTOR association. We noted that RAPTOR associates with multiple isoforms 

of LARP1 (Suppl. Fig. 2.10). A detailed assessment of the distinct and overlapping functions of these LARP1 

isoforms is of paramount importance.  

LARP1 is generally referred to as a singular protein, but there are numerous protein isoforms of LARP1 

in humans. Here, we report the identification of 11 distinct human LARP1 isoforms, which are characterized by 

distinct N-terminal features and internal modular organization (Suppl. Fig. 2.10). Most notably, our analysis 

reveals the existence of a novel Glycine-Arginine-Rich (GAR) Domain (RGG)-motif. RGG-motifs are involved 

in a variety of cellular functions, which include transcription, pre-mRNA splicing, DNA damage signaling, 

apoptosis, mRNA translation (Thandapani et al., 2013) and phase-separation  (Chong et al., 2018). However, the 

function of the RGG-motif in LARP1 is presently unknown.  

Western blot analysis of LARP1 reproducibly reveals a stronger band of ~140 kDa and a weaker band of 

~100kDa, when utilizing an AbCam antibody (Suppl. Fig. 2.10B) (Fonseca et al., 2015). By contrast, a Sigma-

Aldrich antibody specifically recognizes the stronger top-most band (Suppl. Fig. 2.10B). In the present study, 

using a combination of various commercial antibodies and cDNAs of distinct LARP1 isoforms, we successfully 

identified the identity of each of these. The stronger top-most band corresponds to the accumulated signal of the 

following LARP1 isoforms, which are named according to their amino acid length: 1019aa, 1096aa, 1070aa, 

1063aa, 1029aa, 988aa, 961aa, 955aa; while the bottom (weaker) band likely corresponds to isoforms 891aa, 

856aa and 824aa. We tested the binding of mTORC1 to three representative LARP1 isoforms, namely the first 

described and most intensively studied LARP1 isoform, i.e. 1019 aa (Fonseca et al., 2015), isoform 1096 aa and 
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isoform 891aa. All three isoforms bound efficiently to RAPTOR and mTOR, consistent with the observation that 

the C-terminal region of LARP1, which mediates mTORC1 binding, is conserved among these three LARP1 

isoforms (Suppl. Fig. 2.10). The C-terminal region is conserved among all 11 LARP1 isoforms identified in the 

present study (Suppl. Fig. 2.10). We speculate that the binding of the 11 LARP1 isoforms to RAPTOR and 

mTOR bestow mTORC1 with the capability to control each of them. Each LARP1 isoform may, however, 

display nuanced downstream functional outputs that are not yet characterized. Lastly, our data also revealed 

differential expression profiles for each isoform – notably isoform 1096aa (first described by (Eswaran et al., 

2013)) is more abundantly expressed than LARP1 isoform 1019aa. Importantly, the data described herein 

establish that both isoforms are subject to identical control by mTORC1. While our manuscript was in the final 

stages of revisions, a study by (Schwenzer et al., 2020) reported similar findings regarding the expression of the 

different LARP1 isoforms.  

The present study delineates a function for LARP1 phosphorylation in TOP mRNA-binding activity and 

translational control. This study serves as a primer for further detailed study of TOP mRNA translational control 

by LARP1. Careful biochemical and structural analysis of this novel signaling pathway will likely yield 

invaluable insights into the control of TOP mRNA translation and, by extension, ribosome production: a 

fundamental basic cellular process. Such findings will ultimately help unravel novel therapeutic opportunities for 

the treatment of diseases characterized by dysregulated mTORC1-LARP1 signaling and ribosome biogenesis. 

Materials and methods  

Mammalian cell culture, transfection and lysis 

HEK293T cells were used in every experiment shown. Cells were cultured/treated in 10-cm tissue culture treated 

polystyrene dishes (Corning, catalogue no. 430167) at 37
o
C in a humidified incubator at 5% (v/v) CO2. 

Dulbecco’s Modified Eagle’s Media (DMEM) High Glucose (HyClone GE Healthcare, catalogue no. 

SH30022.01) supplemented with 10% (v/v) fetal bovine serum (Millipore Sigma, catalogue no. F1051) and 100 

units/mL penicillin/streptomycin (HyClone GE Healthcare, catalogue no. SV30010) – designated here for ease 

as complete growth media – was used for cell propagation and treatments. For experiments requiring activation 

of mTORC1, cells were propagated to near-confluency (~80%) in complete growth media at which point the 

media was aspirated and replenished with fresh complete growth media for 3 h. Where indicated, cells were 

simultaneously treated (3 h) with 100 nM rapamycin (LC laboratories, catalogue no. R-5000), 300 nM Torin 1 

(Tocris, catalogue no. 4247), 10 M PF-4708671 (Tocris, catalogue no. 4032), 10 M MK-2206 (Cayman 

Chemicals, catalogue no. 11593) or 30 M LY294002 (LC laboratories, catalogue #L-7962) or 0.1% (v/v) 

DMSO (Millipore Sigma, catalogue no. D1435). DMSO was used as the solvent in the resuspension of every 

chemical listed above. Where indicated cells were transiently transfected with plasmid DNA for mammalian 
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expression using Lipofectamine 2000 reagent (Invitrogen by Thermo Fisher Scientific, catalogue no. 11668-019) 

as per manufacturer’s instruction. Typically, 4 to 8 g of plasmid DNA were used to transfect a 10-cm petri dish 

of near-confluent HEK293T cells. Cells were transfected by incubating the plasmid DNA/lipofectamine 2000 

mix in Opti-MEM I (Invitrogen by Thermo Fischer Scientific, catalogue no. 22600-050) for 3 to 4 h at 37
o
C and 

5% (v/v) CO2 humidified incubator. Transfected cells were then incubated in complete growth media for 24 h 

followed by another media change for 3 h in complete growth media to activate mTORC1. After mTORC1 

stimulation by media change, cells were washed in 5 ml sterile ice-cold PBS (important to incline the plate and 

aspirate all the PBS such that it does not dilute out the lysis buffer) and subsequently lysed in 1 ml of extraction 

buffer (40 mM HEPES (pH 7.5, room temperature), 0.3% (w/v) CHAPS zwitterionic detergent, 120 mM NaCl, 

1mM EDTA, 10 mM sodium pyrophosphate, 10 mM -glycerophosphate, 50 mM sodium fluoride, 1.5 mM 

sodium orthovanadate, 1 mM dithiothreitol (DTT) and cOmplete
TM

 Mini EDTA-free protease inhibitor mixture 

tablets (Millipore Sigma, catalogue no. 04693159001) and 1 to 100 g/mL RNAse A (Millipore Sigma, 

catalogue no. 10109169001) for 1 h at 4
o
C. RNAse A was reconstituted in 10 mM Tris-HCl (pH 7.5), 15 mM 

NaCl and 50 % (v/v) glycerol to a final concentration of 10 mg/ml and heated at 96
o
C for 15 min to inactivate 

contaminating DNases and cooled down slowly to room temperature. A range of RNAse A concentrations (1, 10 

or 100 g/mL) can be used in the extraction buffer to digest RNA and enhance the interaction between 

endogenous LARP1 and RAPTOR proteins. A final concentration of 10 g/mL RNase A in the extraction buffer 

is recommended for optimal interaction of RAPTOR with LARP1 (Suppl. Fig. 2.5). RNAse A was omitted from 

the extraction buffer for RNA co-immunoprecipitation experiments. CHAPS detergent is considerably weaker 

than most other detergents and, as such, cells must be incubated with extraction buffer (for 1 h) before scraping 

for efficient lysis. Cells were scraped and lysates pre-cleared by centrifugation at 16,000 g for 10 min at 4
o
C. 

Supernatant was collected onto a fresh microfuge tube. SDS-PAGE lysate samples for western blot analysis were 

prepared by adding 50 l of 4x sample buffer to 150 l of lysate.  

RNA co-immunoprecipitation and protein-immunoprecipitation 

HEK293T cell lysates were prepared as described above. One important difference between RNA co-

immunoprecipitation and protein-immunoprecipitation is that RNAse A was omitted from the extraction buffer 

for RNA co-immunoprecipitation but not for protein immunoprecipitation. In addition, 750 l of lysate was used 

for RNA co-immunoprecipitation and 500 l of lysate was used for protein immunoprecipitation. RNA co-

immunoprecipitation and protein immunoprecipitation were carried out as follows: 5 l of LARP1 antibody 

(AbCam, catalog no. 86359) were added to lysates and incubated for 1 h 30 min rotating end-over-end at 4
o
C. 

Then added 35 l of pre-washed protein G-conjugated magnetic Dynabeads (Life Technologies by Thermo 

Fisher Scientific, catalogue no. 10003D) to the antibody/lysate mixture and incubated for 1 h rotating end-over-
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end at 4
o
C. Following the 1 h incubation, the beads were pelleted by centrifugation at 1000 g for 5 min on a table 

top centrifuge at 4
o
C, the supernatant aspirated and collected for analysis of unbound material. The beads were 

then washed twice with 1 ml of extraction buffer. After washing, 500 l of Trizol reagent (Life Technologies by 

Thermo Fisher Scientific, catalog no. 15596018) followed by vortexing for 5 secs. Then added an identical 

volume (500 l) of extraction buffer to the mix, such that the volume of Trizol to aqueous phase is 1:1 (adding 

Trizol reagent to the beads prior to adding extraction buffer allows for maximal recovery of RNA from beads) 

and vortexed samples for an additional 5 secs. Samples were stored overnight at -80
o
C.   

RNA extraction, cDNA synthesis and RT-ddPCR 

Samples were thawed from -80
o
C at room temperature, 50 l of chloroform was added and then vortexed for 15 

secs followed by incubation for 15 min at room temperature. Then subjected to centrifugation at 21,000 g for 15 

min at 4
o
C. The aqueous phase was collected and an equal volume of 100% isopropanol was added (to 

precipitate total RNA) and samples vortexed for 15 secs. Samples were incubated at -20
o
C to enhance 

precipitation. Samples were thawed from -20
o
C and centrifuged at 21,000 g for 15 min at 4

o
C. Supernatant was 

subsequently discarded and pellet washed gently with 1 ml 75% (v/v) ice-cold ethanol. Centrifugation step was 

repeated (21,000x g for 5 min at 4
o
C) and supernatant discarded. RNA pellet was air dried overnight at room 

temperature suspended in 100 l RNAse-free water (Millipore Sigma, catalogue no. W4502-1L) for inputs and 

10 l for immunoprecipitates. Reverse-transcriptase reaction was carried out using the iScript Select cDNA 

synthesis kit (BioRad, catalogue no. 170-8897) as per manufacturer’s protocol with modifications. Briefly, 4 l 

of 5x Select reaction mix were added to 1 l iScript reverse transcriptase, 2 l Oligo(dT)20 and 10 l RNA 

supplemented with RNAse-free water (Millipore Sigma, catalogue no. W4502-1L) to a final volume of 20 l. 

The reaction mix was incubated at 42
o
C for 1 h, followed by 85

o
C for 5 min. cDNA reaction was then diluted 

500x in RNAse-free water (Millipore Sigma, catalogue no. W4502-1L) prior to analysis by RT-ddPCR. Each 

ddPCR reaction was carried by adding 10 l QX200
TM

 ddPCR EvaGreen Supermix (BioRad, catalogue no. 186-

4034), 0.2 l of each primer at a stock concentration of 10 M, 8 l of diluted cDNA and 1.6 l RNAse-free 

water (Millipore Sigma, catalogue no. W4502-1L) to a final reaction volume of 20 l. The reactions mixtures 

were transferred to DG8
TM

 Cartridges for QX100
TM

/QX200
TM

 Droplet Generator (BioRad, catalogue no. 186-

4008) and 70 l Droplet Generation Oil for EvaGreen (BioRad, catalogue no. 186-4006). Samples were 

emulsified on the Droplet Generator and subsequently transferred to a 96-well ddPCR plate. The plate was 

sealed with aluminum foil and the thermal cycling step ran using the following conditions: 95
o
C for 5 min, 95

o
C 

for 30 secs, ramp down 2
o
C/sec till it reaches 62

o
C, then ramp up to 95

o
C and repeat this cycle 45 times. Lastly, 
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samples were cooled down to 4
o
C for 5 min, heat up to 95

o
C for 5 min and hold at 12

o
C indefinitely. Samples 

were analyzed on Biorad QX200
TM

 Droplet Plate Reader. 

Sucrose Gradient Ultracentrifugation – Polysome Profile Analysis 

Sucrose gradients (10-50%) were prepared in 20 mM HEPES/KOH (pH 7.6) at room temperature also 

containing 100 mM KCl, 5 mM MgCl2, 100 μg/mL cycloheximide (prepared fresh), EDTA-free protease 

inhibitors mixture tablets (catalogue no. 04693 132 001, Roche Applied Sciences), and 200 units/mL RNAsin 

ribonuclease inhibitor (catalogue no. N2515, Promega). Isolation of polysomes was carried out as follows: 

HEK293T cells were cultured to sub-confluency (~70%) (in 15 cm tissue-culture treated dishes) at which point 

cells were re-fed by replacing exhausted media with fresh complete growth media (DMEM supplemented with 

10% (v/v) fetal bovine serum, 100 units/mL penicillin G, and 100 μg/mL streptomycin sulfate at 37 °C and 5% 

(v/v) CO2 humidified incubator) for 3 h in the presence of 0.1% (v/v) DMSO (vehicle), 100 nM rapamycin or 

300 nM Torin 1. In the last 5 mins of treatment, freshly-prepared cycloheximide was added to the cells to a final 

concentration of 100 μg/mL. Treatment with cycloheximide locks the ribosome onto the mRNA thus minimizing 

ribosome run-off. Cells were washed once in ice-cold PBS supplemented with 100 μg/mL cycloheximide and 

then scraped gently with a cell scraper in 14 mL of ice-cold PBS containing 100 μg/mL cycloheximide. Cells 

were centrifuged at 200x g for 5 min at 4
o
C on a tabletop centrifuge and resuspended in 900 μL of hypotonic 

buffer composed of 5 mM Tris (pH 7.5 at room temperature), 2.5 mM MgCl2, 1.5 mM KCl, EDTA-free protease 

inhibitors mixture tablets (catalogue no. 04693 132 001, Roche Applied Science), 100 μg/mL RNasin, 0.5 % 

(v/v) Triton X-100, and 0.5% (w/v) sodium deoxycholate) and vortexed for 5 secs. Lysates were pre-cleared by 

centrifugation at 21,000 x g for 5 min at 4
o
C. Supernatant was collected and transferred onto a fresh microfuge 

tube. Absorbance 260 nm (A260 nm) was determined for each sample. Five hundred micrograms of total RNA 

were typically loaded onto each gradient. Gradients were subjected to ultracentrifugation at 36,000 x g for 2 h at 

4
o
C on a SW41Ti rotor in a Beckman Coulter (Optima L80 XP) ultracentrifuge. Brake was set at 5. Centrifuged 

samples were subjected to fractionation into 14 fractions (750 μl each) using a Teledyne ISCO fractionation 

system. Absorbance 254 nm (A254 nm) was monitored with an UV-visible detector (Brandel). Data were analyzed 

with WinDAQ software. Each fraction was added and equal volume of Trizol, vortexed for 30 s and frozen at -

80
o
C until further analysis. Total RNA was extracted from each fraction as detailed above. 

Sodium dodecyl sulfate polyacrylamide gel electrophoresis (SDS-PAGE) and western blot 

Total protein levels and phosphorylation were monitored by SDS-PAGE/western blot. Samples of lysates were 

resolved on 10% (w/v) acrylamide (Millipore Sigma, catalogue no. A3553-500G) gel (1.5mm thickness) 

containing 0.1% (w/v) bis N,N’-methylene bisacrylamide (BioRad, catalogue no. 161-0201) at a ratio of 100:1 

of acrylamide to bis N,N’-methylene bisacrylamide. Proteins were then transferred onto a 0.2 m nitrocellulose 
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membrane (BioRad, catalogue no. 1620112) for 1 h 30 min at 100 V constant by wet (immersion) transfer in a 

modified Towbin 1x transfer buffer (25 mM Tris, 192 mM glycine at pH 8.3) (Towbin et al., 1979) containing 

low (10% (v/v)) methanol and 0.1% (w/v) sodium dodecyl sulfate (SDS) for easier transfer of larger molecular 

weight proteins. The membrane was then blocked in 5% (w/v) defatted milk suspended in TBS (1xTBS: 150 

mM NaCl, 2.7 mM KCl and 24.7 mM Tris base at pH 7.6) containing 0.02% (v/v) Tween20 (TBS-T) for 1 h at 

room temperature followed by incubation with primary antibodies in 5% bovine serum albumin (BSA heat shock 

fraction) (Millipore Sigma, catalogue no. A7906) in TBS-T overnight at 4
o
C on an orbital shaker. Membranes 

were then washed twice for 5 min each time in TBS-T and incubated with horseradish peroxidase (HRP)-

conjugated secondary antibodies for 45 min at room temperature on an orbital shaker. Unbound antibody was 

washed by rinsing membranes thrice in TBS-T for 5 min each time. Protein was detected by enhanced 

chemiluminescence (ECL) using the western lightning plus Enhanced Chemiluminescence (ECL) reagent 

(Perkin Elmer Inc., catalogue no. NEL105001EA). ECL signal was detected by autoradiography using HyBlot 

CL film (Denville Scientific Inc., catalogue no. E3018). All proteins were analyzed as aforementioned with 

exception to 4E-BPs; the latter were resolved on 13.5% (w/v) acrylamide gels (1.5mm thickness) containing 

0.36% (w/v) bis N,N’-methylene bisacrylamide (BioRad, catalogue no. 161-0201)  at a ratio of 37.5:1 of 

acrylamide to bis N,N’-methylene bisacrylamide). Proteins were then transferred onto a 0.2 m nitrocellulose 

membrane (BioRad, catalogue no. 1620112) for 1 h at 100V constant by wet (immersion) transfer in a modified 

Towbin 1x transfer buffer (25 mM Tris, 192 mM glycine at pH 8.3) (Towbin et al., 1979) containing high (20% 

(v/v)) methanol and 0.1% (w/v) sodium dodecyl sulfate (SDS). Higher methanol percentage is used to avoid 

over-transfer of low molecular weight proteins (such as 4E-BP1). To enhance the retention of 4E-BP1 protein on 

the membrane, the proteins were crosslinked to the membrane by incubating the membrane for 30 min with 

0.05% (v/v) glutaraldehyde solution (Bio Basic Canada Inc., catalogue no. GC3870) prepared in phosphate 

buffered saline (1x PBS, 137 mM NaCl, 2.7 mM KCl, 10 mM Na2HPO4, 2 mM KH2PO4 at pH 7.4) on an orbital 

shaker. Membrane was rinsed twice with deionized water and subsequently blocked with defatted milk, probed 

with primary/secondary antibodies and developed as described above. 

Antibodies sources 

Anti-human LARP1 rabbit polyclonal antibody (catalogue no. ab86359) and anti-human PABP rabbit polyclonal 

antibody (catalogue no. ab21060) were purchased from AbCam. Anti-FLAG M2 mouse monoclonal antibody 

(catalogue no. F1804) and anti-rabbit HRP-conjugated IgG (catalogue no. A0545) were purchased from 

Millipore Sigma. Anti-human RAPTOR rabbit polyclonal antibody (catalogue no. A300-553A) was purchased 

from Bethyl Laboratories. Anti-human RPS6 (C-8) mouse monoclonal IgG antibody (catalogue no. sc-74459) 

and anti-human S6K1 (C-18) rabbit polyclonal IgG antibody were purchased from Santa Cruz Biotechnology. 
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Anti-rabbit eIF4E1 mouse IgG antibody (catalogue no. 610269) was purchased from BD Transduction 

Laboratories. Anti-human mTOR rabbit monoclonal (7C10) antibody (catalogue no. 2983), anti-phospho S473 

human AKT1 rabbit polyclonal antibody (catalogue no. 9271S), anti-human AKT1 pan rabbit monoclonal 

(C67E7) antibody (catalogue no. 4691S), anti-HA rabbit monoclonal (C29F4) antibody (catalogue no. 3724), 

anti-human eIF4G1 rabbit monoclonal (C45A4) antibody (catalogue no. 2469S), anti-phospho T389 human 

S6K1 rabbit monoclonal (108D2) antibody (catalogue no. 9234), anti-human S6K1, anti-phospho T37/T46 

human 4E-BP1 rabbit monoclonal (236B4) antibody (catalogue no. 2855), anti-phospho S240/S244 human 

RPS6 rabbit polyclonal antibody (catalogue no. 2215S), anti-human 4E-BP1 rabbit monoclonal (53H11) 

antibody (catalogue no. 9644S) and anti-mouse HRP-conjugated IgG (catalogue no. 7076S) antibody were 

purchased from Cell Signaling Technology. Primary anitbodies were used at 1:1000 dilution, while secondary 

antibodies were used at 1:10,000. 

Generation of plasmid DNAs 

pCMV6-entry human WT LARP1 transcript variant 1 (accession number NM_0153315) myc/FLAG-tagged 

(originally described in (Fonseca et al., 2015)) (catalogue no. RC200935) was purchased from Origene. pCMV6-

human WT LARP2 transcript variant 1 (accession number NM_018078) (catalogue no. RC213675) and 

transcript variant 3 (accession no. NM_032239) (catalogue no. RC219586) myc/FLAG-tagged were also 

purchased from Origene. pCMV2 FLAG-tagged human WT La (Yang et al., 2011), pCMV2 FLAG-tagged 

human WT LARP4 (Yang et al., 2011), pCMV2 FLAG-tagged human WT LARP5 (Yang et al., 2011), human 

WT LARP6 (Yang et al., 2011) and human WT LARP7 were kindly gifted to us by Dr. Richard J. Maraia 

(NIHCHD, Bethesda, MD, USA). pCMV6-entry human LARP1 F889A (FRLDIARLDI) and TOS 

(FRLDI) mutants have been previously generated and described (Fonseca et al., 2015). pCMV6-entry human 

LARP1 R840E/Y883A double mutant has been previously generated and described (Lahr et al., 2017). pCMV5-

HA-tagged human WT PRAS40 isoform b (also known as AKT1S1 for AKT1 substrate 1, accession no. 

BC007416) was originally cloned and described (Fonseca et al., 2007). The pCMV5-HA-tagged human PRAS40 

F129A (FVMDEAVMDE) and M131A/D132A (FVMDEFVAAE) (numbering according to human isoform 

b) were previously generated by site-directed mutagenesis (Fonseca et al., 2007).  

Generation of LARP1 CRISPR/Cas9 Knockout (KO) HEK293T cell lines 

To create plasmids for expression of LARP1-specific gRNAs, sense (5’-CACCGAGACACATACCTGCCAAT-

CG-3’) and antisense (5’-AAACCGATTGGCAGGTATGTGTCTC-3’) oligonucleotides were annealed and 

cloned into Esp3I-digested LentiCRISPRv2, resulting in a vector designated LentiCRISPR-LARP1gRNA. 

HEK293T cells were maintained in DMEM medium (Gibco/Invitrogen by Thermo Fisher Scientific) 

supplemented with 10% fetal calf serum (Gibco/Invitrogen by Thermo Fisher Scientific) and 100 units/mL 
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penicillin/streptomycin (Gibco/Invitrogen by Thermo Fisher Scientific, catalogue no. 15140122). All cells were 

cultured at 37°C in 5% (v/v) CO2. One day prior to transfection, HEK293T cells were seeded at a density of 3 x 

10
5
 cells/well in 6-well plates. Transfections were carried out using 1 g LentiCRISPR-LARP1gRNA and 

Lipofectamine 2000 Transfection Reagent (Invitrogen by Thermo Fisher Scientific, catalogue no. 11668-019) 

according to manufacturer’s protocol. Two days after transfection, the cells were reseeded at a density of 0.2 

cells/well in 96-well plates. After expansion of single cells, genomic DNA was purified using the GenElute 

Mammalian Genomic DNA Miniprep Kits (Millipore Sigma-Aldrich, catalogue no. G1N10) according to 

manufacturer’s protocol. LARP1 CRISPR/Cas9 KO was verified by PCR on genomic DNA using the primers 5’-

GGGAAAGGGA-TCTGCCCAAG-3’ and 5’-CACCAGCCCCATCACTCTTC-3’ and a Pfu Ultra II DNA 

polymerase (Agilent Technologies) according to manufacturer’s protocol followed by Sanger sequencing of the 

resulting PCR-product (GATC Biotech) using the primer 5’-GGGAAAGGGATCTGCCCAAG-3’.   

Site-directed mutagenesis and oligonucleotides 

Phosphorylation and RNA-binding mutants of human LARP1 were generated by site-directed mutagenesis using 

Pfu Ultra HF DNA polymerase (Agilent Technologies, catalogue no. 600380-51) as described in the 

manufacturer’s protocol. Oligonucleotides were designed using the PrimerGenesis software tool for automated 

oligonucleotide design (www.primergenesis.org). The following oligonucleotides were employed for site-

directed mutagenesis of human LARP1 and human LARP2 genes:  

LARP1_L891R/D892E_forward: (5’-GGCCTGGAAAAGAAGTTCCGGCGGGAAATATTCAAGGATTTTC-

AG-3’); LARP1_L891R/D892E_reverse: (5’-CTGAAAATCCTTGAATATCTCCCGCCGGAACTTCTTTTC-

CAGGCC-3’); LARP1_L928A/D929A_forward: (5’-CCAAAGCCAAAAATGCGGCCATTGACCCCAAACT-

GCAAGAATACCTC-3’); LARP1_L928A/D929A_reverse: (5’-GCAGTTTGGGGTCAATGGCCGCATTTTT-

GGCTTTGGAATATTTCAAG-3’); LARP1_K924Q/A925S/N927T/L928Q/D929S_forward: (5’-TCTTGAAA-

TATTCCCAATCCAAAACTCAGAGCATTGACCCCAAACTGCAAGAATACCTCG-3’); LARP1_K924Q-

/A925S/N927T/L928Q/D929S_reverse: (5’-GCAGTTTGGGGTCAATGCTCTGAGTTTTGGATTGGGAATA-

TTTCAAGAAGGCCCAGAAC-3’); LARP2_R790L/E791D_forward: (5’-GGACTGGAAAAAAAATTCAG-

GCTAGATATTTTTCAGGATTTCCAAGAAGAAACC-3’); LARP2_R790L/E791D_reverse: (5’-CTTCTTG-

GAAATCCTGAAAAATATCTAGCCTGAATTTTTTTTCCAGTCCATAAC-3’); LARP1_R840E_forward: 

(5’-GGAGATGAACACACTCTTCGAATTCTGGTCCTTCTTCCTCCG-3’); LARP1_R840E_reverse: (5’-

CGGAGGAAGAAGGACCAGAATTCGAAGAGTGTGTTCATCTCC-3’); LARP1_Y883A_forward: (5’-

CTACAGTGCTGGCCTGGAAAAGAAGTTCCGGCTGGACATATTC-3’); LARP1_Y883A_reverse: (5’-

CCAGGCCAGCACTGTAGTATCTATCGAAAAAGGCACTCCAAACC-3’); LARP1_S148A/S151A_for-

ward: (5’-AAGGAGAGTCCAAAAACCAAAGCAGATGAAGCAGGGGAGGAAAAGAATGGAGATGAG-

http://www.primergenesis.org/
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GAT-3’); LARP1_S148A/S151A_reverse: (5’-ATCCTCATCTCCATTCTTTTCCTCCCCTGCTTCATCTGC-

TTTGGTTTTTGGACTCTCCTT-3’); LARP1_S247A/S250A_forward: (5’-GACCAGGATGAGACATCGGC-

TGTGAAGGCTGATGGGGCTGGTGGGGCGCGGGCTTCCTTC-3’); LARP1_S247A/S250A_reverse: (5’-

GAAGGAAGCCCGCGCCCCACCAGCCCCATCAGCCTTCACAGCCGATGTCTCATCCTGGTC-3’); 

LARP1_T438A/S440A/S444/T449A_forward: (5’-GTTCCCCGTCAGCACTACCAAAAGGAGGCAGAGG-

CGGCACCTGGCGCTCCTCGTGCAGTCGCCCCAGTGCCAACCAAAACAGAGGAGGTC-3’); LARP1_-

T438A/S440A/S444/T449A_reverse: (5’-GACCTCCTCTGTTTTGGTTGGCACTGGGGCGACTGCACGA-

GGAGCGCCAGGTGCCGCCTCTGCCTCCTTTTGGTAGTGCTGACGGGGAAC-3’); LARP1_S471A_-

forward: (5’-AAGGGCCTGTCTGCCGCCCTGCCTGACCTGGAT-3’); LARP1_S471A_reverse: (5’-ATCCA-

GGTCAGGCAGGGCGGCAGACAGGCCCTT-3’); LARP1_S550A/S554A_forward (5’-ACCTTCACTGCC-

TGGGCTGATGAGGAAGCTGACTATGAGATTGAT-3’); LARP1_S550A/S554A_reverse: (5’-ATCAATC-

TCATAGTCAGCTTCCTCATCAGCCCAGGCAGTGAAGGT-3’); LARP1_S689A/T692A/S697A_forward: 

(5’-CCCTCCACCATCGCCCGCGCTCTACCAGCCACTGTCCCAGAGGCACCAAACTACCGCGGC-3’); 

LARP1_S689A/T692A/S697A_reverse: (5’-GCCGCGGTAGTTTGGTGCCTCTGGGACAGTGGCTGGTA-

GAGCGCGGGCGATGGTGGAGGG-3’); LARP1_S747A_forward: (5’-AAGACAAGACACAGTGCAAAC-

CCACCCTTGGAG-3’); LARP1_S747A_reverse: (5’-CTCCAAGGGTGGGTTTGCACTGTGTCTTGTCTT-

3’); LARP1_T768A/S770A/S772A/S774A/S776A/T779A_forward: (5’-ATGGATTCCCGTGAGCACAGG-

CCCCGTGCTGCTGCCATCGCCTCCGCCCCCGCAGAAGGGGCGCCTACAGTTGGCAGCTATGGCTGT

ACC-3’); LARP1_T768A/S770A/S772A/S774A/S776A/T779A_reverse: (5’-GGTACAGCCATAGCTGCCA-

ACTGTAGGCGCCCCTTCTGCGGGGGCGGAGGCGATGGCAGCAGCACGGGGCCTGTGCTCACGGGA

ATCCAT-3’); LARP1_S784A/T788A/S791A_forward: (5’-GGGACGCCTACAGTTGGCGCCTATGGCTG-

TGCCCCTCAGGCATTGCCCAAGTTCCAGCAT-3’); LARP1_S784A/T788A/S791A_reverse: (5’-ATGCTG-

GAACTTGGGCAATGCCTGAGGGGCACAGCCATAGGCGCCAACTGTAGGCGTCCC-3’); LARP1_-

S979A_forward: (5’-AGGAAGCGGTGCCCCGCCCAGTCTTCCAGCAGG-3’); LARP1_S979A_reverse: (5’-

CCTGCTGGAAGACTGGGCGGGGCACCGCTTCCT-3’); LARP1_S689D_forward: (5’-CCTCCACCAT-

CGCCCGCGATCTACCAACCACTGTCC-3’); LARP1_S689D_reverse: (5’-GGACAGTGGTTGGTAGA-

TCGCGGGCGATGGTGGAGG-3’); LARP1_S697D_forward: (5’-CTACCAACCACTGTCCCAGAGGATC-

CAAACTACCGCAACACCAGG-3’); LARP1_S697D_reverse: (5’-CCTGGTGTTGCGGTAGTTTGGATC-

CTCTGGGACAGTGGTTGGTAG-3’). 

The following oligonucleotides were used to sequence human LARP1 and human LARP2: 

LARP1_sequencing1_forward: (5’-ATGCTTTGGAGGGTGCTTTTG-3’); LARP1_sequencing2_forward: (5’-

GTTCCTAAACAGCGCAAAGGC-3’); LARP1_sequencing3_forward: (5’-TGCCAGCGAGGCGGGCAG-

AAG-3’); LARP1_sequencing4_forward: (5’-GACCAGGATGAGACATCGAGTG-3’); LARP1_sequencing5_-
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forward: (5’-GTGGATCAGGAACTGCTCAAAG-3’); LARP1_sequencing6_forward: (5’-GAGGAACCAGA-

AAAGTGGCCTC-3’); LARP1_sequencing7_forward: (5’-ATTGAAGTGAAGAAGAGGCCTC-3’); LARP1_-

sequencing8_forward: (5’-AGGGATGTCAACAAGATCCTC-3’); LARP1_sequencing9_forward: (5’-GAGCA-

GTTTGACACACTGACC-3’); LARP1_sequencing10_forward: (5’-TCACGGTTTTACCCAGTGGTG-3’); 

LARP1_sequencing11_forward: (5’-GAACTGCTCAAGGAAAATGGC-3’); LARP1_sequencing12_forward: 

(5’-TACAGTTATGGCCTGGAAAAG-3’); LARP1_sequencing13_forward: (5’-CGACACTCAGTGGTAG-

CAGGAG-3’); LARP1_sequencing14_reverse: (5’-AGGGAATGGCAATGGCTTCTC-3’); LARP2_-sequen-

cing1_forward: (5’-ATGGAGAATTGGCCAACACCAAG-3’); LARP2_sequencing2_forward: (5’-AGATGTC-

AACCTGAAGCAAATAAAC-3’); LARP2_sequencing3_forward: (5’-GATGGTACAGGTGTACAGGTG-3’); 

LARP2_sequencing4_forward: (5’-CCTCCACGCAGTGTGCCACCAAC-3’); LARP2_sequen-cing5_forward: 

(5’-TGTTCTTCAGAAGAACCAGAAC-3’); LARP2_sequencing6_forward: (5’-GAAAACAAACACACAGC-

CATAAAG-3’); LARP2_sequencing7_forward: (5’-ACACCCAAAACACCTCGAACAC-3’); LARP2_sequen-

cing8_forward: (5’-CTTTTGAAGGAAAATGGCTTTAC-3’); LARP2_sequencing9_forward: (5’-AAAAAA-

GACTACGAATCTGGTCAGC-3’); LARP2_sequencing10_reverse: (5’-TGAGCTGTTCCGGGATCCAGG-

3’). 

The following oligonucleotides were used for the analysis of human RPS6, RPL32, LDHA and β-actin 

mRNA levels by RT-ddPCR: RPS6_forward: (5’-CTGGGTGAAGAATGGAAGGGTT-3’); RPS6_reverse: (5’-

TGCATCCACAATGCAAC-CAC-3’); RPL32_forward: (5’-AGCCATCTCCTTCTCGGCAT-3’); RPL32_-

reverse: (5’-TCAATGCCTCT-GGGTTTCCG-3’); LDHA_forward: (5’-AAAGGCTACACATCCTGGGC-3’); 

LDHA_reverse: (5’-GGTGC-ACCCGCCTAAGATTC-3); β-actin_forward: (5’-TGATGATATCGCCGCGC-

TC-3’); β-actin_reverse: (5’-CATCACGCCCTGGTGCC-3’).  

The following oligonucleotides were used for the analysis of mouse RPS6 mRNA levels by RT-qPCR 

and RT-sqPCR: RPS6_forward: (5'-CATCGAGGTGGATGACGAGC-3'); RPS6_reverse: (5'-ATCCGGACC-

ACATAACCCTTC-3'). 

Isoelectric focusing 

Briefly, isoelectric focusing was performed as described in manufacturer’s manual. In detail, HEK293T cells 

were stimulated with complete growth media (as described above) for 3 h in the presence of 0.1 (v/v) DMSO, 

100 nM rapamycin or 300 nM Torin 1. Lysis: Cells were then lysed by incubating in 800 l rehydration buffer 

for 1 h at 4
o
C at which point cells were scraped, lysates pre-cleared by centrifugation at 16,000x g for 10 min at 

4
o
C. Sample cleanup: Samples were then further cleaned by using the ReadyPrep

TM 
2-D Cleanup Kit: 200 l of 

lysate was transferred into a clean microfuge tube, 600 l precipitation agent 1 were added to lysate and the 

microfuge tube vortexed. Vortexed sample was incubated for 15 min on ice. 600 l of precipitation agent 2 were 
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then added to the mixture of lysate and precipitation agent 1 and the microfuge tube vortexed. Samples were 

then centrifuged at 21,000 g for 5 min to form a light pellet. Supernatant was discarded without disturbing the 

pellet. Residual liquid in the microfuge tube was collected and discarded following centrifugation for 30 secs at 

21,000 g. 40 l of wash reagent 1 was added on top of the pellet, tube vortexed and centrifuged 21,000 g for 5 

min. The wash was then discarded with a pipette and 25 l of ReadyPrep proteomic grade water (BioRad, 

catalogue no. 163-2091). Tube was vortexed for 20 secs. 1 ml of wash reagent 2 (pre-chilled at -20
o
C) and 5 l 

of wash 2 additive was added to the tube. Tube was vortexed for 1 min. Samples in the tube were then incubated 

at -20
o
C for 30 min. Samples were vortexed once for 30 secs midway through the incubation. After the 

incubation period, samples were centrifuged at 21,000 g for 5 min to form a tight pellet. The supernatant was 

discarded, the tube centrifuged briefly for 30 secs to discard any remaining wash. The pellet was air-dried at 

room temperature for approximately 5 min until it looked translucent. The pellet was then resuspended in 2-D 

rehydration buffer (see preparation below), vortexed for approximately 3 min (or until the pellet was fully 

resuspended). Sample was centrifuged at 21,000 g for 5 min at room temperature to clarify the protein sample 

and the supernatant used for isoelectric focusing (IEF) in immobilized pH gradient (IPG) strips. Sample 

application to IPG strip: the IPG strip (pH 7-10, 11cm) was thawed from -20
o
C and the rehydration/sample 

buffer lyophilized powder reconstituted by adding 6.1 ml of nanopure water supplied with the kit. Apply 185 l 

of sample along the back edge of the channel of the rehydration/equilibration tray evenly, leaving 1 cm at each 

end. This step was repeated for each sample using a different channel. Once the protein samples were loaded into 

the rehydration tray forceps were used to peel the coversheet from the thawed ReadyStrip IPG strip and the strip 

was placed over the sample in the rehydration/equilibration tray with the gel side facing down onto the sample. 

Air bubbles trapped underneath the strip were carefully removed by gently lifting the strip up and down with the 

forceps or as a last resort gently pressing down the strip. Each strip was then overlayed with 2 ml of mineral oil 

(BioRad, catalogue no. 163-2129) to prevent evaporation, during the rehydration process. Mineral oil was added 

slowly to the plastic backing of the strips while moving the pipet along the length of the strip to avoid mineral oil 

seeping beneath the strip. The rehydration/equilibration tray was covered with the plastic lid provided and the 

tray left sitting on a level bench overnight (11-16 h) at room temperature to rehydrate the IPG strips and load the 

protein sample. Isoelectric focusing: Using forceps, paper wicks were placed at both ends of the Protean IEF 

focusing tray covering the wire electrodes. 8 l of nanopure water (provided with kit) was added onto each wick. 

IPG strips were picked up from rehydration/equilibration tray using forceps and held vertically for 10 secs over 

filter paper to allow the mineral oil to drain. Draining the oil is important to remove the unabsorbed protein, 

which would otherwise cause horizontal streaking. IPG strips were then transferred to the corresponding channel 

in the Protean IEF focusing tray with the gel side facing down. Once placed in the focusing tray the strips were 
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again covered with 2 ml of fresh mineral oil. Any trapped air bubbles were removed as described above. The 

focusing tray was covered with the lid and placed on the Protean IEF cell and the cover closed. Strips were 

resolved using the following 3-step protocol. Step 1: 250 V for 20 min and linear ramp; Step 2: 8,000 V for 2 h 

30 min and linear ramp; Step 3: 8,000 V for an undefined time until it reached 20,000 V-h with rapid ramping. 

This protocol takes an approximate time of 6 h and accumulated voltage of approximately 30,000 V. A default 

cell temperature of 20
o
C with a maximum current of 50 A/strip and no rehydration parameters were used. 

Equilibration of IPG strips: following completion of the electrophoresis step, the mineral oil from was drained 

from IPG strips by holding them vertically using forceps for 10 secs over filter paper and the strips were then 

transferred onto a clean/dry disposable rehydration/equilibration tray with the gel side facing up. Equilibration 

buffers 1 (containing 6 M urea, 2% (w/v) sodium dodecyl sulfate in 50 mM Tris-HCl buffer pH 8.8 and 10 

mg/ml dithiothreitol) was prepared by adding 13.35 mL of 30% (v/v) glycerol solution supplied in kit to buffer. 

Equilibration buffer 2 (containing containing 6 M urea, 2% (w/v) sodium dodecyl sulfate in 50 mM Tris-HCl 

buffer pH8.8) was prepared by was prepared by adding 13.35 mL of 30% (v/v) glycerol solution supplied in kit 

to buffer and 40 mg/ml of iodoacetamide (alkylating agent). Iodoacetamide is added to equilibration buffer 2 to 

prevent sulfhydryl bond formation between free thiol groups of cysteine residues, which interfere with the 2-

dimension (2-D) electrophoresis step. Contents were mixed at room temperature using a stir plate until all solids 

were fully dissolved. 4 mL of equilibration buffer 1 was added to each rehydration/equilibration tray channel 

containing an IPG strip. Tray was placed on an orbital shaker and gently shaken for 10 min at room temperature. 

A slow shaker speed was used to prevent the buffer from sloshing out of the tray. At the end of the 10 min 

incubation, equilibration buffer 1 was discarded by tipping the liquid gently from the tray. Once most of the 

liquid was decanted the tray was flicked to remove the last drops of equilibration buffer 1. Four milliliters of 

equilibration buffer 2 were then added to each channel of the rehydration/equilibration tray containing an IPG 

strip and incubated for 10 min at room temperature with shaking (on an orbital shaker). Second-dimension (2-D): 

the second-dimension step (2-D sodium dodecyl sulfate polyacrylamide gel electrophoresis) was performed in 4-

15% Criterion
TM

 TGX
TM

 Precast Midi SDS-PAGE gels (11 cm IPG/prep+1 well) (BioRad, catalogue no. 

5671081). Briefly, IPG strip was rinsed in a graduated cylinder containing 100 ml of 1xTris/glycine/SDS 

running buffer. The 4-15% Criterion
TM

 TGX
TM

 Precast Midi SDS-PAGE gel well was rinsed with nanopure 

water and the excess water blotted using Whatman 3MM paper. The IPG strip was laid gel side onto the back 

plate of the SDS-PAGE gel. Holding the SDS-PAGE vertically, ReadyPrep Overlay agarose solution (BioRad, 

catalogue no. 163-2111) was added gently to the well using a Pasteur pipet. Using forceps, the IPG strip was 

carefully mounted/pushed onto the well, avoiding air bubbles underneath the strip, and the agarose left to solidy 

for 5 min at room temperature. SDS Proteins were eluted from the strip by adding isoelectric focusing (IEF) gel 

sample buffer (supplied with kit) containing 50% (v/v) glycerol (BioRad, catalogue no. 161-0763) and 
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coomassie blue R-250 stain for sample visualization. Proteins were resolved by electrophoresis in 1x 

Tris/glycine/SDS running buffer containing (25 mM Tris, 192 mM glycine, 0.1% (w/v) sodium dodecyl sulfate 

(SDS) at pH 8.3) at 150 V constant for approximately 1 h 30 min to 2 h. Proteins were then transferred onto a 0.2 

m nitrocellulose membrane (BioRad, catalogue no. 1620112) for 1 h 30 min at 100 V constant by wet 

(immersion) transfer in a modified Towbin 1x transfer buffer (25 mM Tris, 192 mM glycine at pH 8.3) (77) 

containing low (10% (v/v)) methanol and 0.1% (w/v) sodium dodecyl sulfate (SDS) for easier transfer of larger 

molecular weight proteins. Membrane was blocked in 5% (w/v) defatted milk in TBS-T for 1 h at room 

temperature on an orbital shaker, followed by incubation overnight at 4
o
C on an orbital shaker with primary anti-

human LARP1 antibody (AbCam, catalogue no. 86359) at 1:1000 dilution in 5% (w/v) bovine serum albumin 

(BSA, heat shock fraction) (Millipore Sigma, catalogue no. A7906) in TBS-T. Unbound primary antibody was 

washed by incubating membrane twice for 5 min each time in TBS-T. The membrane was subsequently 

incubated with anti-rabbit HRP-conjugated IgG (Millipore Sigma, catalogue no. A0545) for 1 h at room 

temperature on an orbital shaker at which point the unbound secondary antibody was washed three times in 

TBS-T (5 min each time). Protein was detected by enhanced chemiluminescence (ECL) using the Western 

Lightning Plus-ECL reagent (Perkin Elmer Inc., catalogue no. NEL105001EA). ECL signal was detected by 

autoradiography using HyBlot CL film (Denville Scientific Inc., catalogue no. E3018).  

Orthophosphate labeling 

HEK293T cells were propagated to near-confluency (~80%) in 10 cm tissue culture treated polystyrene dishes 

(Corning, catalogue no. 430167) at 37
o
C in a humidified incubator at 5% (v/v) CO2 in phosphate-containing 

complete growth media (Dulbecco’s Modified Eagle’s Media (DMEM) High Glucose (HyClone GE Healthcare, 

catalogue no. SH30022.01) supplemented with 10% (v/v) fetal bovine serum (Millipore Sigma, catalogue no. 

F1051) and 1% (v/v) penicillin/streptomycin (HyClone GE Healthcare, catalogue no. SV30010)). Once cells 

reached ~80% confluency, the complete growth media was aspirated and replaced with 5 ml of fresh complete 

growth media containing phosphorus 32 (
32

P) orthophosphoric acid (Perkin Elmer, NEX053005MC) (~1 mCi 

were used per 10 cm dish) in the presence of 0.1% (v/v) DMSO (vehicle), 100 nM rapamycin or 300 nM Torin 

1. Cells were incubated with vehicle/drugs for 3 h at 37
o
C in a humidified incubator at 5% (v/v) CO2. Washed 

once in ice-cold PBS and lysed in 1 mL radio-immunoprecipitation assay (RIPA) extraction buffer  containing 

50 mM Tris-HCl (pH 8 at room temperature), 150 mM sodium chloride, 1% (v/v) Igepal CA-630 (Nonidep P40, 

NP40), 0.5% (w/v) sodium deoxycholate and 0.1% (w/v) sodium dodecyl sulfate (SDS), 50 mM sodium 

fluoride, 1.5 mM sodium orthovanadate, 1 g/mL RNAse A (Millipore Sigma, catalogue no. 10109169001), 1 

mM dithiothreitol (DTT) and cOmplete
TM

 Mini EDTA-free protease inhibitor mixture tablets (Millipore Sigma, 

catalogue no. 04693159001). Cells were scraped and lysates pre-cleared by centrifugation at 16,000 g for 10 min 



95 

 

at 4
o
C. Supernatants were transferred into a fresh microfuge tube and used for radio-immunoprecipitation as 

follows: 900 l lysate were incubated with 9 l of anti-human LARP1 rabbit polyclonal antibody (AbCam, 

catalogue no. ab86359) for 1 h 30 min rotating end-over-end at 4
o
C. Then added 35 l of pre-washed protein G-

conjugated magnetic Dynabeads (Life Technologies by Thermo Fisher Scientific, catalogue no. 10003D) to the 

antibody/lysate mixture and incubate for 1 h rotating end-over-end at 4
o
C. Following the 1 h incubation, the 

beads were pelleted by centrifugation at 1000x g for 5 min on a table top centrifuge at 4
o
C, the supernatant 

aspirated and collected for analysis of unbound material. The beads were then washed thrice with 1 ml of RIPA 

extraction buffer followed by resuspension in 50 l 4x SDS-PAGE sample buffer and boiling for 5 min at 95
o
C. 

Beads were then pelleted and stored at -20
o
C until further analysis by SDS-PAGE/western blot/

32
P-autoradio-

graphy. 10 l of immunoprecipitate was used to monitor the phosphorylation of endogenous LARP1 by SDS-

PAGE/western blot/
32

P-autoradiography. SDS-PAGE/western blot was performed as described above (up until 

the blocking step). Following blocking the nitrocellulose membrane was enveloped in cling film and exposed for 

2 h to 48 h to autoradiography HyBlot CL film (Denville Scientific Inc., catalogue no. E3018) at -80
o
C and 

developed using the Konica Minolta Medical and Graphic film processor (Model SRX-101A). The membrane 

was subsequently rehydrated in TBS-T and used for Western blot analysis. Specifically, the membrane was 

probed with anti-human LARP1 rabbit polyclonal antibody (AbCam, catalogue no. ab86359) in TBS-T for 1 h at 

room temperature on an orbital shaker, washed twice (5 min each time) with TBS-T and incubated with anti-

rabbit HRP-conjugated IgG (Millipore Sigma, catalogue no. A0545) for 1 h at room temperature on an orbital 

shaker at which point the unbound secondary antibody was washed three times in TBS-T (5 min each time). 

Protein was detected by enhanced chemiluminescence (ECL) using the western lightning plus-ECL reagent 

(Perkin Elmer Inc., catalogue no. NEL105001EA). ECL signal was detected by autoradiography using HyBlot 

CL film (Denville Scientific Inc., catalogue no. E3018). Samples of lysates (5 l) were also analyzed by SDS-

PAGE/western blot for mTORC1 activation using phospho-specific antibodies against T389 on S6K1 and 

T37/T46 on 4E-BP1 as described in the SDS-PAGE/western blot materials and methods section. 

mTORC1 in vitro kinase assays 

HEK293T LARP1 KO cells were transfected with 10 µg pRK5-EV or 5 µg pRK5 Myc-mTOR and 5 µg pRK5 

HA-RAPTOR as described above. Cells were stimulated with complete growth media for 3 h before cell lysates 

were prepared. 800 µL lysate was added to each protein-immunoprecipitation using 5.5 µL anti-HA antibodies 

to pull down the mTOR-RAPTOR complex as described above for protein-immunoprecipitations. After 

washing, the immunoprecipitated bead-complexes remained in a volume of 10 µL. Bead-complexes were 

pretreated for 35 min at room-temperature with DMSO, rapamycin/GST-FKBP12 or Torin 1 in a total volume of 

55 µL of reaction buffer 31.8 mM HEPES pH 7.5, 63.6 mM KCl, 12.7 mM MgCl2, 2.5 mM MnCl2, 0.64 mM 
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DTT) supplemented with either 0.64% (v/v) DMSO, 545 nM rapamycin (+500 ng GST-FKBP12) or Torin 1 

(164 nM). Bead-complexes were then added 15 µL LARP1-mix to a reaction volume of 70 µL containing 5.6 µg 

Myc/-FLAG/6xHis-LARP1 protein, 25 mM HEPES pH 7.5, 50 mM KCl, 10 mM MgCl2, 2 mM MnCl2, 0.5 mM 

DTT, 0.14 mM ATP, 14 µCi γ-
32

P–ATP and drugs at a final concentration of 0.5% (v/v) DMSO, 429 nM 

rapamycin (+500ng GST-FKBP12) or 129 nM Torin 1. The in vitro kinase reaction was run for 30 min at 30°C 

and 1400 rpm after which the reaction was stopped by adding 25 µL 5x SDS sample buffer and boiling 7 min at 

95°C. Proteins were separated by SDS-PAGE and transferred to a nitrocellulose membrane. Phosphorylation 

was monitored by autoradiography and total proteins levels determined by western blotting. 

Structural modeling 

Homo sapiens LARP2 protein sequence (NP_060548) was used to obtain a 3D model of its DM15 domain using 

Modeller 9.19 (homology modelling) (Webb and Sali, 2016) (Suppl. Fig. 2.6A-C) and the human LARP1 

structures obtained from the Protein Data Bank (PDB) accession codes 5V4R (m
7
GTP-bound) and 5V7C (5'TOP 

RNA-bound) (Lahr et al., 2017) were used as template for the model in (Suppl. Fig. 2.7A). The DM15 domains 

of LARP1 and LARP2 are 87% identical and 93% similar based on amino acid sequence alignment (comprising 

residues 695 to 845 of LARP2). Modeller DOPE score was used to rank models and the best predicted model 

was selected for further refinement. Coot (version 0.8.6.1, (Emsley et al., 2010)) was used to manually refine the 

model, fix steric clashes, improper angles and other modeling issues. Prosa-web (Wiederstein and Sippl, 2007) 

and Ramachandran plot analysis module of Coot was used to validate the quality of the model, with 98.7% of the 

residues in favored regions and no outliers. 

Mass spectrometry 

The raw data for the rapamycin screen were extracted from the previous study (Yu et al., 2011). The raw MS/MS 

spectra were searched against a composite database of the mouse IPI protein database and its reversed 

complement using the Sequest algorithm. Search parameters include a static modification of 57.02146 Da for 

Cys, and a dynamic modification of phosphorylation (79.96633 Da) on Ser, Thr and Tyr. Furthermore, a 

dynamic modification was also considered for oxidation (15.99491 Da) on Met, and stable isotope (10.00827 

Da) and (8.01420 Da) on Arg and Lys, respectively. Search results were filtered to a 1% false-discovery rate 

(FDR) using the linear discriminator function (Huttlin et al., 2010). Phosphorylation site localization was 

assessed by the ModScore algorithm and peptide quantification was performed by using the CoreQuant 

algorithm (Huttlin et al., 2010). 
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RNA-electrophoretic mobility shift assay (RNA-EMSA) 

RNA-EMSAs were performed and imaged as reported previously using the same amount of RNA (≤200 pM) 

regardless of labeling efficiency (Lahr et al., 2015). All RNAs were snap-cooled by heating at 95°C in 1X 

binding buffer for 1 minute and immediately transferred to ice for 20 min. 5x protein stocks were prepared in 

protein dilution buffer (50 mM Tris-HCl, pH 7.5, 250 mM NaCl, 25% glycerol, 2 mM DTT).  10 μL reactions 

contained 2 μL 5x protein stock, 2 μL 5x RNA stock at 20 nM, 2 μL 5x binding buffer, resulting in final 

concentrations of 20 mM Tris-HCl, pH 8, 150 mM NaCl, 10% glycerol, 1 mM DTT, 0.5 μg tRNA and 1 μg 

BSA. Reactions were incubated on ice for 30 minutes and 8 μL were loaded on 7-8% polyacrylamide (29:1) 

native 0.5x TBE gels at 4°C. Gels were run at 120 V for 40 minutes, dried, and exposed overnight. Phosphor 

screens (GE Lifesciences) were imaged on a Typhoon FLA plate reader (GE Lifesciences) and quantitated using 

Imagequant TL (GE Lifesciences).  

Protein expression and purification 

Plasmids expressing mutants of DM15 were generated using site-directed mutagenesis and confirmed by Sanger 

sequencing. The LARP1 coding sequence (amino acids 796-946 from LARP1) was cloned by PCR from the full-

length LARP1 coding sequence into a modified pET28a vector. The resulting construct expressed DM15 with an 

N-terminal His6-tag and Maltose-Binding Protein (MBP)-tag followed by a tobacco etch protease cleavage site 

and glycine6 linker. This expression plasmid was transformed into BL21(DE3) E. coli cells and grown overnight 

on LB agar plates supplemented with 30 μg/ml kanamycin. The His6-MBP-DM15 fusion protein was expressed 

by autoinduction for 3 h at 37°C and at 18°C for 18 h. Cells were collected by centrifugation, flash frozen in 

liquid nitrogen, and stored at -80 °C until used. 2 g of cells were resuspended by gentle stirring in NiNTA lysis 

buffer (50 mM Tris-HCl, pH 7.5, 400 mM NaCl, 10 mM imidazole, 10% glycerol) for 1 h with protease inhibitor 

cocktail (PMSF, Leupeptin, Bestatin and Aprotinin). Cells were lysed by homogenization and clarified by 

centrifugation at 12,000 RPM at 4°C for 30 minutes. The soluble fraction was nutated with 4 mL HisPur Ni-

NTA Resin (ThermoFisher product 88221) for 2 h at 4°C.  The beads were washed 2 times in 50 mL lysis buffer 

and 3 times with wash buffer (50 mM Tris-HCl, pH 7.5, 400 mM NaCl, 35 mM imidazole, 10% glycerol). His6-

MBP-(665-947) fusion protein was eluted from beads in 15 mL elution buffer (50 mM Tris, pH 7.5, 400 mM 

NaCl, 250 mM imidazole, 10% glycerol). The N-terminal His6-MBP tag was removed by the addition of 2 mg 

tobacco etch protease for cleavage overnight. Cleaved DM15 protein was further purified of RNA and protein 

contaminants by tandem HiTrap Q and HiTrap SP columns (GE Lifesciences). DM15 protein free of nucleic 

acid contaminants was eluted from the HiTrap SP column with gradient from 150 mM NaCl to 1 M NaCl over 

50 mL. MBP flowed through both columns while untagged DM15 eluted at 35% elution buffer. Remaining 

uncleaved fusion protein eluted at 20% elution buffer, allowing for efficient separation of cleaved DM15. 
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Fractions containing DM15 were pooled and brought to 1 M ammonium sulfate by the dropwise addition of 3M 

ammonium sulfate with gentle swirling. The protein was diluted to 40 mL in 50 mM Tris-HCl, pH 7, 1 M 

ammonium sulfate and loaded onto a 5 mL Butyl HP column (GE Lifesciences) at 0.5 mL/min. The Butyl HP 

column was eluted over 5 CV in 50 mM Tris-HCl, pH 7, 2 mM DTT. The fractions containing DM15 were 

collected, concentrated, and buffer exchanged with a 10K MWCO Amicon Ultra spin concentrator (Millipore) 

into 25 mM Tris-HCl, pH 7.5, 2 mM DTT, 250 mM NaCl, and loaded on an equilibrated GE HiLoad 16/600 

Superdex 75 gel filtration column (GE Lifesciences) run at 1mL/min. DM15-containing fractions were pooled 

and glycerol increased to 20% before being flash frozen in 10 L aliquots and stored at -80°C for further use.  

Statistical analysis 

All data shown were derived from two biological replicates. Error bars shown in Fig. 2.1D, Fig. 2.2C, Fig. 2.3B, 

Fig. 2.9D and Suppl. Fig. 2.3B denote standard deviations (SD) for three independent technical replicates. Error 

bars shown in Fig. 2.8E denote propagated standard deviation (PSD) for each of the total of six replicates in 

figures Fig. 2.8C and D. Statistical analyses were performed using Prism 5 (GraphPad Software, California). 

Where indicated, one-way analysis of variance (ANOVA) with Dunnett’s post-hoc tests were performed. 

Legend: *p<0.05, **p<0.01, ***p<0.001, ****p<0.0001, NS denotes non-significant. 
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CHAPTER III 

Select TOP-mRNAs undergo LARP1-regulated endoribonucleolytic cleavage 

immediately downstream of the TOP-motif 

In this chapter, I summarize the results that were acquired by investigating a decay-related mechanism that could 

shed light on the selective control of TOP mRNA abundance. This study ultimately gave rise to the following 

manuscript in which I will present a brief introduction of the mTORC1-LARP1 axis, current knowledge on 

LARP1-mediated stabilization of TOP mRNAs and general aspects of mRNA decay. This will be followed by an 

analysis and a discussion of my acquired results, which focuses on the role of LARP1 in regulating TOP mRNA 

abundance. The following manuscript has not yet been submitted to a scientific journal. 

Aim of study 

It would be expected that the LARP1-dependent stabilization of TOP mRNAs is based on a direct or indirect 

LARP1-mediated inhibition of RNA decay factors. However, the link between LARP1 and factors of the RNA 

decay machinery has not yet been established, thus the mechanism for the collective stabilization of TOP 

mRNAs by LARP1 remains unknown. By scrutinizing global CAGE-seq/5’-end-seq/RNA-seq datasets, which 

report on canonical decay intermediates and RNA fragments derived from endoribonucleolytic events, we aimed 

to gain insight on decay-related events that might target TOP mRNAs specifically. A thorough characterization 

of such TOP-specific decay events, and an evaluation of their association with LARP1, could potentially 
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elucidate how LARP1 regulates decay factors in the process of exerting a LARP1-mediated control of TOP 

mRNA abundance. The identification of an effector of TOP-specific decay could provide a valuable asset in 

future research, which aims to assess the actual contribution of LARP1-mediated control of TOP mRNA 

abundance to the synthesis of RPs, hence also ribosome biogenesis. 

Contributions 

CAGE-seq, 5’-end-seq and RNA-seq datasets were published previous to this study. I planned and performed all 

assays presented in this study, except for the primer extension assay, which was performed by Christian K. 

Damgaard, Molecular Biology and Genetics, Aarhus University. The presentation of CAGE-seq, 5’-end-seq and 

RNA-seq data was designed by Søren Lykke-Andersen, Molecular Biology and Genetics, Aarhus University. 

The remaining figures were designed by me, and I composed the manuscript found below. The RNase H assay 

was also carried out by me, but while I was compiling my master’s thesis. 
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Abstract 

The mRNAs encoding ribosomal proteins comprise a 5’ terminal oligo-pyrimidine tract (TOP), which allows 

human cells to both stabilize and exert a profound co-regulatory translational control of TOP mRNAs through 

the signaling axis of Mammalian Target Of Rapamycin Complex 1 (mTORC1) and La-Related Protein 1 

(LARP1). However, the mechanism of LARP1-mediated stabilization of TOP mRNAs remains undefined. Here, 

we aim to identify unseen decay-related mechanisms, by initially screening for decay intermediates in a CAGE-

seq/5’-end-seq/RNA-seq dataset from samples depleted of 5’ to 3’ Exoribonuclease 1 (XRN1) or co-depleted of 

XRN1 and Nonsense-Mediated mRNA Decay Factor 6 (SMG6) or XRN1 and Regulator Of Nonsense 

Transcripts 1 (UPF1). As a result, we verified that select TOP mRNAs undergo a non-canonical 

endoribonucleolytic event immediately downstream of the TOP-motif. By utilizing RNA adapter ligation reverse 

transcription (RT)-PCR, we validate that these TOP mRNAs are cleaved and “TOP” mRNA 3’ fragments 

accumulate within the cytoplasm independent of XRN1 activity. We find that the 5’ untranslated region (UTR) 

of the targeted TOP mRNAs is sufficient, and that the TOP-motif is necessary to induce endoribonucleolytic 

cleavage of TOP reporter mRNAs. Interestingly, inhibiting mTORC1 prevented the cleavage of de novo 

synthesized TOP mRNAs, but removing LARP1 partly rescued the formation of de novo produced “TOP” 

mRNA 3’ fragments during mTORC1 inhibition, thus suggesting a role for LARP1 in protecting TOP mRNAs 

from endoribonuclease-mediated decay. We find that the polysomal distribution of “TOP” mRNA 3’ fragments 

mimics that of the full-length TOP mRNA, thus the yet unidentified endoribonuclease likely acts co-

translational. We propose a model, where LARP1 prevents TOP mRNA decay by inhibiting a co-translational 

endoribonucleolytic cleavage, thereby enhancing TOP mRNA steady-state levels, at least during mTORC1 

inactivation. 
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Introduction 

Control of ribosome biogenesis in the living cell is important to regulate cell growth, proliferation and survival. 

The most pronounced translational control is imposed on mRNAs, which encode ribosomal proteins and 

components of the translational machinery, as the 5’ UTRs of these transcripts harbor a 5’ terminal oligo-

pyrimidine tract (TOP). TOP mRNAs are identified by an invariant 5’ terminal C followed by 4-15 consecutive 

pyrimidines (Hamilton et al., 2006; Meyuhas and Kahan, 2015). Mediated by the TOP-motif, the human cell 

toggles TOP mRNA translation in response to cellular stimuli from e.g. growth factors, nutrient availability and 

oxygen levels, which modulate the activity of Mammalian Target Of Rapamycin Complex 1 (mTORC1) – a 

kinase complex that controls various metabolic pathways (Laplante and Sabatini, 2012). mTORC1 has numerous 

downstream targets including Eukaryotic Translation Initiation Factor 4E-Binding Protein 1 (4E-BP1) and p70 

ribosomal S6 kinase 1 (S6K1) through which mTORC1 positively regulates global translation (Schalm and 

Blenis, 2002; Schalm et al., 2003). Recently, it was established that mTORC1 controls TOP mRNA translation 

by phosphorylating the RNA-binding protein, La-Related Protein 1 (LARP1) (Fonseca et al., 2015, 2018; 

Philippe et al., 2018). Upon deactivation of mTORC1, LARP1 becomes dephosphorylated and associates with 

the cap moiety and TOP-motif, thereby enabling it to interfere with the formation of translation initiation 

complexes on TOP mRNAs (Al-Ashtal et al., 2019; Lahr et al., 2015, 2017). Besides controlling the translation 

of TOP mRNAs, it is well-known that LARP1 specifically stabilizes TOP mRNAs (Aoki et al., 2013; Fonseca et 

al., 2015; Ogami et al., 2019; Philippe et al., 2018), reportedly in a manner that depends on a complex between 

LARP1 and the 40S ribosomal subunit (Gentilella et al., 2017). The non-canonical Nudix Hydrolase 16 

(NUDT16) decapping enzyme is the only decay-related factor that has been proposed to specifically target TOP 

mRNAs (Hopkins et al., 2015). However, LARP1 has not yet been shown to regulate decay-related factors in a 

manner that can explain the LARP1-dependent stabilization of TOP mRNAs. 

 Typically, bulk mRNA decay is initiated by the CCR4-NOT and PAN2-PAN3 complexes, which 

gradually shorten the poly-A tail of mRNAs. The Lsm1-7/Pat1 complex senses the truncated poly(A) tail and 

consequently stimulates the Decapping mRNA 1 (DCP1)/DCP2 complex to decap the deadenylated transcript 

(Chowdhury and Tharun, 2009; Houseley and Tollervey, 2009; Wahle and Winkler, 2013). Decapped transcripts 

with a 5’ phosphorylated terminal are hypersensitive to the major cytoplasmic exoribonuclease 5’ to 3’ Exoribo-

nuclease (XRN1), thereby facilitating the immediate clearing of decapped transcripts as they are formed (Braun 

et al., 2012). The 3’ to 5’ exoribonucleolytic activity of the exosome or the Exosome Complex Exonuclease 

RRP44 Like 3’ to 5’ Exoribonuclease 2 (DIS3L2) may alternatively digest at least certain transcripts in the 

opposite direction (łabno et al., 2016; Liu et al., 2006; Mitchell et al., 1997). Instead, endoribonucleolytic 

cleavages convert the targeted transcripts to 3’ and 5’ fragments, which are readily cleared by XRN1 and the 



129 

 

exosome, respectively. In mammalian cells, endoribonucleolytic events are responsible of tightly controlling the 

expression of given transcripts, by efficiently committing said transcripts to decay (Barnes et al., 2009; Binder et 

al., 1989; Gallouzi et al., 1998; Kim et al., 2014; Schoenberg, 2011). Moreover, endoribonucleases guarantee the 

quality of mRNA open reading frames (ORFs) on a global scale through, e.g. no-go decay (NGD) (D’Orazio et 

al., 2019; Doma and Parker, 2006) or nonsense-mediated decay (NMD), of which the latter depends on 

Nonsense-Mediated mRNA Decay Factor 6 (SMG6) and Regulator Of Nonsense Transcripts 1 (UPF1) (Eberle et 

al., 2009; Huntzinger et al., 2008). Recently, it has become apparent that endoribonucleolytic events – of both 

known and yet unidentified endoribonucleases – are more frequent and wide-spread than previously anticipated, 

thus possibly having broad implications in regulating the expression of the targeted mRNAs (Bracken et al., 

2011; Ibrahim et al., 2018; Lykke-Andersen et al., 2014; Schoenberg, 2011). Endoribonucleases generally lack 

sequence specificity, but rather obtains specificity by associating with RNA-binding complexes (Brown et al., 

1993; Lima et al., 2009; Schoenberg, 2011). Potentially, subpopulations of mRNAs, which display a shared 

inherent context, could be collectively targeted by endoribonucleases that indirectly associate with the given 

context through previously identified RNA-binding complexes. 

 Here, we scrutinize a CAGE-seq/5’-end-seq/RNA-seq in which depletion of XRN1 ensure the 

stabilization of decay intermediates from endoribonucleolytic events (i.e. 3’ fragments) and canonical decay 

intermediates (i.e. decapped full-length transcripts) (Lykke-Andersen et al., 2014). Interestingly, we report that 

select TOP mRNAs experience an endoribonucleolytic cleavage immediately downstream of the TOP-motif. 

Despite of the identified 3’ fragments displaying a 5’ phosphorylated terminal, which is hypersensitive to XRN1 

activity, the 3’ fragments accumulated to a detectable level within the cytoplasm. Mutation of the TOP-motif and 

the immediate surrounding context in chimeric TOP reporter mRNAs prevented the accumulation of reporter 

mRNA 3’ fragments, thus demonstrating that the endoribonucleolytic cleavage is directed by the TOP-motif. We 

found that the endoribonucleolytic cleavage of de novo synthesized TOP mRNAs was canceled upon inhibition 

of mTORC1. Interestingly, this effect was partly relieved by removing LARP1, thereby indicating that the 

association of LARP1 with the TOP-motif upon mTORC1 inactivation might inhibit the endoribonucleolytic 

event near the TOP-motif. Since the cap-deprived 3’ fragments are located on polysomes and mimic the 

polysomal distribution of the respective full-length TOP mRNA, we gathered that the endoribonucleolytic 

cleavage is a frequent, co-translational event. As several mRNA quality control pathways rely on 

endoribonucleolytic activity in a translational context, we hypothesize that we have taken the first steps in 

identifying a TOP mRNA control mechanism, which depends on a yet unidentified endoribonuclease. Whether 

this mechanism is oversees TOP mRNA quality, TOP mRNA abundance or provides an additional facet in 

controlling the expression of ribosomal proteins remains to be determined in the future. 
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Results  

Several TOP mRNAs exhibit 5’ phosphorylated terminals immediately downstream of the TOP-motif 

In the process of determining the role of LARP1 in the translational control of TOP mRNAs, it was revealed that 

LARP1 stabilizes TOP mRNAs through a so far unknown mechanism (Aoki et al., 2013; Fonseca et al., 2015; 

Gentilella et al., 2017; Ogami et al., 2019; Philippe et al., 2018). The expression of ribosomal proteins (RPs) is 

managed by the well-established co-regulation of TOP mRNA translation, but hypothetically, it could also be 

complemented by a mechanism that manages TOP mRNA availability for the translational machinery, by 

controlling TOP mRNA turnover. This prompted our search for TOP mRNA decay intermediates arising 

independently of canonical exoribonucleolytic mRNA decay, thereby indicating that a TOP-specific turnover 

mechanism might exist. 

 Initially, by scrutinizing RP-mRNAs in a massive CAGE-/5’-end-/RNA-seq dataset on poly(A) 

enriched, cytoplasmic mRNA from HEK293T cells that were depleted for XRN1 or co-depleted for 

XRN1/SMG6 or XRN1/UPF1 (Lykke-Andersen et al., 2014)
 

(Fig. 3.1A), we were able to identify 5’ 

phosphorylated 3’ fragments arising independent of the activity of XRN1 and SMG6 or UPF1. Peaks associated 

with canonical decapping and mRNA decay are seen as 5’-end-seq peaks (i.e. 5’ phosphorylated terminals) that 

aligns with CAGE-seq peaks (i.e. 5’ capped terminals). We observed that the depletion of XRN1 intensifies the 

5’-end-seq peak that aligns with the dominant CAGE-seq peak in e.g. Ribosomal Protein L31 (RPL31) mRNA 

(Fig. 3.1B, 5’-end-seq), thereby demonstrating that our data is able to detect the stabilization of decay 

intermediates during XRN1 deficiencies.  

 Interestingly, seven TOP mRNAs displayed a prominent 5’-end-seq peak 9-13nt downstream of the 5’ 

terminal C within their TOP-motif, indicating that a truncation had deprived these TOP mRNAs of their TOP-

motif and 5’ cap. Since the 5’-end-seq peaks are neither sensitive to XRN1, SMG6 nor UPF1 depletion, they are 

likely neither associated with NMD-associated decay by SMG6 nor aborted XRN1-activity by complex hairpin 

structures (Chapman et al., 2014). Rather, they most likely arise, owing to an endoribonucleolytic cleavage 

within the 5’ UTR of TOP mRNAs (Fig. 3.1C; Suppl. Fig. 3.1, 5’ end; Suppl. Fig. 3.2, 5’-end-seq). 

Furthermore, the 5’end-seq peaks downstream of the TOP-motif are restricted to sites of 1-3 nucleotides, and 

their intensity generally exceed that of 5’end-seq peaks that mark decapping, therefore suggesting that the 

truncation is a frequent and precisely guided event (Fig. 3.1C; Suppl. Fig. 3.1; Suppl. Fig 3.2). Fig. 3.1C; 

Suppl. Fig. 3.1; Suppl. Fig 3.2). Taken together, this robust detection of a highly defined 3’ fragment, strongly 

suggests that an endoribonucleolytic cleavage occurs within the 5’ UTR of at least seven different TOP mRNAs, 

which in turn likely affects both the half-life and translatability of the given target. 
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“TOP” mRNA 3’ fragments accumulate in the cytoplasm independent of XRN1 activity 

To validate the endoribonucleolytic events, we applied a DNA-splint guided RNA adapter ligation reverse 

transcription PCR protocol (hereafter adapter ligation RT-PCR, Fig. 3.2A), which has previously been utilized to 

quantify decapped transcripts (Blewett et al., 2011). The 5’ cap structure prevents ligation, whereas the 5’ 

phosphorylated terminals on RP mRNA 3’ fragments are readily conjugated to the adapter. To compensate for 

potential varying ligation efficiencies, we normalized the fluorescence signal (Cy5.5-conjugated forward primer) 

from the RP mRNA 3’ fragment amplicon to the amplification of a 5’ monophosphorylated in vitro synthesized 

RNA (spike-in RNA), which underwent adapter ligation and RT in parallel with the RP mRNA 3’ fragments. By 

applying this assay, we were able to accurately quantify steady-state levels of RP mRNA 3’ fragments (linear 

range) that were purified from HEK293T cells (Suppl. Fig. 3.3A-C). Moreover, the level of 3’ fragments was 

similar in total RNA samples and poly(A)-enriched RNA samples (5-7% of total RPL29 mRNA) (Suppl. Fig. 

3.3D-G), and initiating RT in the 3’ UTR of RPL29 mRNA allowed the amplification of the 5’ end (Suppl. Fig. 

3.3A). We took this as a clear indicator that the RP 3’ fragments comprise the entire RNA that lies downstream 

of the cleavage site, as expected of an RNA fragment that has experienced a single endoribonucleolytic cleavage. 

 To test whether the truncated RP mRNAs were formed, due to a phenomenon that is widely present in 

human cell lines, we applied a non-biased adapter ligation (i.e. omitting DNA-splint oligo) to ensure that 

possible cell line specific variations in 3’ fragment 5’ terminals would not prevent the adapter conjugation. We 

found that an RPL29 5’ phosphorylated 3’ fragment was amplified in human epithelial, osteosarcoma and 

neuroblastoma cell lines (Fig. 3.2B). Not only does this result underscore that the observed endoribonucleolytic 

cleavage event is widely present in human cells lines, but the identical 5’ end amplicon size suggests that the 

cleavage occurs at a well-defined site within RPL29 mRNA in these cell lines. By contrast, total RNA from 

mouse-derived cell lines did not give rise to amplicons from RPL29 3’ fragments (Fig. 3.2B), suggesting that 

either the used primers were unsuitable for amplification of RPL29 mRNA from mice, or that RPL29 mRNA 3’ 

fragment experience insufficient formation rates and/or more efficient degradation in mouse cell lines. 

 Next, we sought to validate and expand the findings from the CAGE-/5’-end-/RNA-seq data by 

assessing the levels of RPL29 mRNA 3’ fragments in nuclear-cytoplasmic fractionated cell lysates (Fig. 3.2C-

E). We found that only cytoplasmic fractions facilitated the efficient amplification of RPL29 3’ fragments by 

adapter ligation RT-PCR (Fig. 3.2C). As expected, RNA extracts from cytoplasmic and nuclear fractions were 

enriched for Glyceraldehyde 3-Phosphate Dehydrogenase (GAPDH) mRNA and β-actin pre-mRNA, 

respectively, thus demonstrating a robust fractionation protocol (Fig. 3.2D and E). Moreover, amplicons derived 

from RPL29 3’ fragments were generated equally efficient in control treated and XRN1 or XRN2 depleted 

extracts (Fig. 3.2F and G). Taken together, our results suggest that the formation of RP mRNA 3’ fragments is 
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neither caused by stalled cytoplasmic XRN1 nor nuclear XRN2-mediated degradation (Fig. 3.1C; Fig. 3.2F; 

Suppl. Fig. 3.1; Suppl. Fig. 3.2). In addition, the unaffected quantity of RPL29 3’ fragment amplicons upon 

XRN1 depletion also suggests that further degradation of the RP mRNA 3’ fragment occurs via non-canonical 

XRN1-independ-ent decay pathways. 

 Since the translation of TOP mRNAs is tightly regulated by mTORC1 according to growth-regulating 

cues in the cellular environment, we speculated that the observed TOP-specific decay-related event might be 

subject to similar control. To test this, we cultured cells under basal conditions (Full) or treated them with acute 

mTOR inhibition (Torin 1), amino acid deprivation (-AA) or serum deprivation (-FBS) and quantified RP 3’ 

fragments by adapter ligation RT-PCR. Although mTOR was efficiently inhibited, as judged by dephosphoryla-

tion of its downstream targets, 4E-BP1 and RPS6 (Fig. 3.2I), similar amounts of RPL29 mRNA 3’ fragment 

amplicons were produced irrespective of treatment (Fig. 3.2H). This observation suggests that steady-state levels 

of RP mRNA 3’ fragments are unaffected by mTORC1 inhibition. However, we cannot exclude that the duration 

of Torin 1 (30 min) and amino acid deprivation (2 h) could be insufficient for the steady-state level of RP mRNA 

3’ fragments to adjust to the actual conditions, as would be the case if the 3’ fragments are only slowly degraded. 

Endoribonucleolytic cleavage is dependent on the organization of pyrimidines in the TOP-motif 

Introducing mutations in substrates for endoribonucleases has been pivotal in revealing structures and motifs that 

recruit endoribonucleases (Huntzinger et al., 2008; Lima et al., 2009; Pisareva et al., 2015; Sidrauski and Walter, 

1997). By aligning the transcription start sites (TSSs) (Fig. 3.3A, arrow) for all RP mRNAs that are putative 

targets for endoribonucleolytic cleavage, we observed that the TOP-motifs displayed a near-invariant consensus 

of containing seven pyrimidines (Fig. 3.3A). In addition, when aligning the 5’ terminals of the 3’ fragments (Fig. 

3.3B, arrow), we found that a UCU-motif was present in nearly all candidate RP mRNAs immediately upstream 

of the endoribonucleolytic cleavage site, and a GC-rich sequence was apparent 10nt downstream of the 3’ 

fragment 5’ terminal (Fig. 3.3B). This prompted us to assess the accumulation of 3’ fragments derived from the 

endoribonucleolytic cleavage of various mutated chimeric RPL29-5’ UTR β-globin reporter mRNAs (Fig. 3.3C 

and D; Suppl. Fig. 3.4), as well as a control reporter RPL32-5’ UTR β-globin mRNA, which is predicted not to 

undergo endoribonucleolytic cleavage (Fig. 3.3E and F; Suppl. Fig. 3.5).  

 By performing an unbiased RNA adapter ligation RT-PCR (i.e. omitting DNA-splint oligo), we could 

readily visualize ligation-prone 5’ phosphorylated 3’ fragments derived from the RPL29 reporter mRNA, as seen 

by a single prominent band (Fig. 3.3G, lane 2). Indeed, Sanger sequencing of the RPL29 reporter 3’ fragment 

confirmed that it had undergone endoribonucleolytic cleavage at the same site, as endogenous RPL29 mRNA 

(Suppl. Fig. 3.6A). By contrast, both wild type (WT) β-globin mRNA and WT RPL32 reporter mRNAs 

sdfsdfsdf  
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produced bands of low background intensity (Fig. 3.3G lane 1 and 16, respectively), likely representing very 

low amounts of decapped RNA intermediates (slower mobility). We conclude that a well-defined context within 

the endogenous RPL29 5’ UTR directs the endoribonucleolytic cleavage in RPL29 mRNA, and that the first 40 

cap-proximal nucleotides are sufficient to drive this event.  
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In some cases endoribonucleases are guided by stem-loops (Barnes et al., 2009; Wilamowski et al., 

2018), thus we initially mutated a GC-rich region, which could potentially form a stable stem loop (Fig. 3.3D 

and F) and induce endoribonucleolytic cleavage of the 5’ UTR in RPL29 mRNA. Substituting the GCs that are 

distal to the 5’ terminal (Fig. 3.3G, lane 4) did not significantly reduce the accumulation of RPL29 reporter 3’ 

fragments, whereas substituting GCs that are proximal to the 5’ terminal completely prevented their 

accumulation (Fig. 3.3G, lane 3). However, introduction of a stem “basepair swap”, which would likely 

preserve a feasible stem-loop (Fig. 3.3G, lane 5), did not allow the RPL29 reporter 3’ fragments to accumulate, 

suggesting that the order of cap-proximal GCs is essential. To dissect the relevance of these GCs we introduced 

several single and double G/C to A substitutions proximal to the 5’ terminal (Fig. 3.3G, lane 8-13). Accordingly, 

we found that most of the RPL29 reporter 3’ fragments accumulated, provided that the entire RPL29 TOP-motif 

was intact (Fig. 3.3G, lane 11). To investigate the relevance of the TOP-motif, we produced a non-TOP RPL29 

reporter mRNA (Suppl. Fig. 3.4, -2GAG), which did not give rise to truncated mRNAs (Fig. 3.3G, lane 15). In 

an attempt to substitute the RPL32 TOP-motif in RPL32 reporter mRNAs with the RPL29 TOP-motif, the TOP-

motif shifted upstream to cytosines situated 4 or 5nt upstream of the canonical TSS, likely due to pyrimidines in 
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the TOP-motif guiding the TOP-TSS (Parry et al., 2010)(Suppl. Fig. 3.5, +5UCCG and +5UCCG/+18CGG). 

Surprisingly, this aberrant TOP reporter mRNA caused its derivative 3’ fragments to accumulate, but only 

significantly, when omitting a distal GC-rich region (Fig. 3.3G, lane 20 and 21). Furthermore, we introduced 

several G/C pairs that might facilitate stem-loop formation in RPL32 reporter mRNAs, but this mutation did not 

manifest an accumulation of 3’ fragments above the background level of WT RPL32 reporter 3’ fragments (Fig. 

3.3G, lane 19). Our data clearly demonstrate that the TOP-motif is central to orchestrate the endoribonucleolytic 

event, which could possibly be facilitated by interplay between downstream pyrimidines in the TOP-motif and a 

distal GC-rich region.  

The RPL29 5’ UTR harbors an upstream AUG (uAUG) (Fig. 3.3C, uAUG), which reportedly alter the 

stability of the parental transcript (Ruiz-Echevarría and Peltz, 2000). Hypothetically, an endoribonucleolytic 

event could be the cause of such destabilization. However, mutating the uAUG in RPL29 reporter mRNAs did 

not alter the accumulation of the derivative 3’ fragments (Fig. 3.3G, lane 14). Endoribonucleases usually rely on 

associating factors to obtain sequence specificity (Brown et al., 1993; Lima et al., 2009; Schoenberg, 2011), thus 

we considered whether the UCU-motif preceding the cleavage site or the sequence immediately downstream of 

the cleavage site could recruit complexes with endoribonucleolytic activity (Fig. 3.3B-C). Mutating these sites in  

RPL29 reporter mRNAs did not alter the accumulation of the respective 3’ fragment (Fig. 3.3G, lane 6 and 7). 

Consistent with this, introducing the UCU-motif within the RPL32 chimeric mRNA did not cause a significant 

accumulation of chimeric RPL32 3’ fragments (Fig. 3.3G, lane 17-18). These findings indicated that the 

endoribonucleolytic cleavage of endogenous TOP mRNAs is not dependent on uAUGs, nor is it dependent on 

sequence contexts that are immediately adjacent to the cleavage site.   

 Interestingly, when quantifying total β-globin levels in extracts from cells expressing β-globin-based 

reporters, it was evident that adding the WT RPL29 or RPL32 5’ UTR to the β-globin mRNA caused steady-

state levels of the reporter mRNAs to decrease 6-fold or 1.5-fold, respectively (Suppl. Fig. 3.6B, left graph). 

The reduced steady-state levels of the WT reporter mRNAs inversely correlate with the accumulation of 

chimeric 3’ fragments, thereby suggesting that the magnitude of TOP-specific endoribonucleolytic cleavage on a 

reporter mRNA translates into a marked effect on its steady-state levels. However, upon mutating the RPL29 or 

RPL32 5’ UTR of reporter mRNAs, the buildup of chimeric 3’ fragments did not inversely correlate with the 

steady-state levels of the respective reporter mRNA (Suppl. Fig. 3.6B, middle and right graph; Fig. 3.3G). 

Possibly, the introduced mutations mediate an endoribonucleolytic cleavage, which produces reporter 3’ 

fragments that are readily cleared from the cell. However, bear in mind that the introduced mutations can also 

affect transcription initiation, thereby altering steady-state levels of reporter mRNAs, by manipulating their 

synthesis rate. In agreement with transcription initiation being affected by the introduced mutations, we see that 

substituting the RPL32 TOP-motif with the RPL29 TOP-motif in RPL32 reporter mRNA shifts the TSS of this 
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transcript (Suppl. Fig. 3.5A, +5UCCG and +5UCCG/+18CCG). Taken together, our data show that the 

endoribonucleolytic cleavage might modulate steady state levels of TOP mRNAs, and the principal element in 

controlling the endoribonucleolytic cleavage is the arrangement of pyrimidines in the cap-proximal TOP-motif.  

LARP1 inhibits endoribonucleolytic cleavage of TOP mRNAs during mTORC1 inactivation 

Translational repression of TOP mRNAs is strictly dependent on mTORC1 inactivation. The resulting dephos-

phorylation of LARP1 enables it to control the translation of TOP mRNAs, by associating with the 5’ cap and 

TOP-motif (Fonseca et al., 2015; Lahr et al., 2017; Philippe et al., 2018). Since the endoribonucleolytic event in 

this study displayed a strict reliance on the TOP-motif, but did not exhibit sensitivity towards mTORC1 activity 

at steady-state, we next aimed to monitor the de novo accumulation of cleavage fragments, thereby reevaluate 

whether the endoribonucleolytic event is affected by the mTORC-LARP1 axis. To this end, we employed a 5’ 

bromouridine (BrU) strategy to label nascent cellular transcripts and to analyze the formation and decay of de 

novo cleaved RP 3’ fragments (Fig. 3.4), during normal growth conditions or mTOR inhibition (Torin 1 

treatment) in HEK293T WT or HEK293T LARP1 knockout (KO) cells. 

 To report accurately on RP mRNA 3’ fragments, which are expected to degrade rapidly, we analyzed de 

novo transcripts through a relatively short time span (Fig. 3.4A). To compensate for the potential saturation of 

BrU-antibodies at early time points by numerous, unstable BrU-labeled transcripts, we normalized results to a 

co-immunoprecipitated in vitro synthesized BrU-labeled spike-in RNA. At the end of BrU integration (t = 0),  

BrU-labeled RPL29 3’ fragments were readily detected and displayed steady decay in the following time-points, 

when analyzing pull-downs from HEK293T WT cells cultured in basal conditions (Fig. 3.4B, top pane, Full). In 

contrast, Torin 1 treatment greatly decreased the amount of pulled down RPL29 3’ fragments at initial time 

points and completely abolished the steady decay pattern of RPL29 3’ fragments, thereby indicating that RPL29 

3’ fragments adopted a minimal baseline formation level upon mTOR inhibition (Fig. 3.4B, top pane, Torin 1). 

The discrepancy in the formation of RPL29 3’ fragments in Torin 1 and non-treated cells was not caused by 

changes in levels of parental full length RPL29 mRNA, as the two conditions gave rise to similar levels of de 

novo synthesized RPL29 mRNA (Fig. 3.4B, middle pane, Full and Torin 1). Interestingly, the pulled down 

BrU-labeled RNA from LARP1 KO cells at the end of BrU integration (t = 0) contained almost identical levels 

of RPL29 3’ fragments, irrespective of the treatment of the cells (Fig. 3.4C, top pane, Full and Torin 1). 

Moreover, we found that the difference between the abundance of BrU-labeled RPL29 3’ fragments in samples 

from non-treated and mTOR inhibited LARP1 KO cells were less pronounced across all time points, than seen 

for the corresponding samples from WT cells. (compare Fig. 3.4B and C, top pane). These observations suggest 

that the formation of RPL29 3’ fragment formation is repressed upon mTORC1 inactivation in WT cells, 
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possibly due the TOP-specific endoribonuclease becoming inhibited, during conditions that inactivate mTORC1. 

However, the formation of RPL29 3’ fragments is derepressed in the context of mTOR inactivation upon 

removing LARP1, possibly due to the 5’ UTR of RPL29 mRNA becoming available to the endoribonuclease in 

the absence of LARP1. In agreement with the lack of shielding of RPL29 mRNA from a TOP-specific endoribo-

nucleolytic event during mTORC1 inactivation, we see a potentiated destabilization of RPL29 mRNA in Torin 1 

treated samples from LARP1 KO cells, when comparing to WT cells (compare Fig. 3.4B and C, middle pane). 

Taken together, our data suggest that LARP1 blocks the TOP-directed endoribonucleolytic event, likely 

mediated by the association between LARP1 and the TOP-motif during mTORC1 inhibition. To our knowledge, 

this is the first time LARP1 has been associated with a TOP-targeting endoribonucleolytic mechanism, which 

might provide insight on how LARP1 stabilizes TOP-mRNAs during cellular stress.  

RP mRNAs experience a co-translational endoribonucleolytic cleavage 

We hypothesized that the RP mRNA 3’ fragments would either become untranslatable, due to their lack of a 5’ 

cap, and whether the endoribonucleolytic event could be driven by translation, as seen with multiple endoribo-

nucleases (D’Orazio et al., 2019; Huntzinger et al., 2008; Pisareva et al., 2015; Yang and Schoenberg, 2004). To 

address this, we performed polysome profiling, and predicted that we would either observe the lack of translating 

ribosomes on RP mRNA 3’ fragments, or that the 3’ fragments would be associated with polysomes, thereby 

indicating a co-translational endoribonucleolytic event. 

 During basal conditions, RPL29 TOP mRNAs associate with polysomes, but, unlike the non-TOP β-

actin mRNA, a sub-population of TOP mRNAs remains in monosomal fractions, as reported previously 

(Damgaard and Lykke-Andersen, 2011; Fonseca et al., 2015) (compare Fig. 3.5B and C, Full). Potent inhibition 

of translation by amino acid deprivation (-AA) efficiently shifts TOP mRNAs into monosomes, whereas β-actin 

mRNAs largely remain on polysomes (Fig. 3.5B and C, -AA). To our surprise, the polysomal distribution of 

RPL29 mRNA 3’ fragments mimicked that of its parental RPL29 mRNA during basal conditions and amino acid 

deprivation (compare Fig. 3.5D and B). As it is unlikely that translation initiates as efficient on 3’ fragments as 

on 5’ capped full-length transcripts, these results suggest that the endoribonucleolytic event occurs co-transla-

tional. Moreover, the fact that we detect RPL29 3’ fragment on polysomes, despite of their supposed 

incompetence in undergoing translation initiation, suggests that the endoribonucleolytic cleavage of the 5’ UTR 

of RPL29 mRNAs occurs at a rate, where additional RPL29 3’ fragments are formed on polysomes, before 

ribosomes can terminate translation on previously cleaved RPL29 mRNAs. This implies that the co-translational 
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endoribonucleolytic cleavage of TOP mRNAs is likely highly frequent. The endoribonucleolytic activity 

observed in this study is unlike any other previously reported co-translational mechanism, which typically 

involves an endoribonucleolytic event that is guided to a site within the ORF (D’Orazio et al., 2019; Doma and 

Parker, 2006; Eberle et al., 2009; Huntzinger et al., 2008). We suggest that the mechanism for the LARP1-

mediated stabilization of the presented subset of TOP mRNAs could, at least in part, be governed by LARP1 

preventing a co-translational endoribonucleolytic cleavage immediately downstream of the TOP-motif (Fig. 3.6).  
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Discussion  

Elucidating the mechanism of LARP1-mediated translational regulation TOP mRNAs sparked further interest, 

by revealing a LARP1-dependent stabilization specifically of TOP-mRNAs. Since data explaining this 

mechanism are currently limited, we sought to identify TOP-specific non-canonical mRNA decay. By 

scrutinizing a CAGE-/5’-end-/RNA-seq dataset, we found that select TOP mRNAs experience a truncation of 

their 5’ terminal resulting in a non-capped 5’ phosphorylated 3’ fragment (Fig. 3.1). The formation of 3’ 

fragments was independent of exoribonucleolytic decay (by XRN1) and common endoribonucleolytic events (by 

SMG6) (Fig. 3.1; Fig. 3.2), thus emphasizing that the truncation is likely caused by an unknown 

endoribonucleolytic event within the 5’ UTR of TOP mRNAs. The endoribonucleolytic cleavage is a co-

translational event (Fig. 3.5), which is dependent on the TOP-motif and likely the organization of pyrimidines 

within the TOP-motif (Fig. 3.3). In concordance with being a TOP-directed endoribonucleolytic cleavage, the 

major TOP-regulating factor, LARP1, seemed to have an inhibitory effect on the fragmentation of TOP mRNAs 

(Fig. 3.4), thereby possibly stabilizing the select TOP mRNAs (Fig. 3.6; Suppl. Fig. 3.6B). This study not only 

presents the first identification of TOP mRNA decay intermediates, which arise in a TOP-dependent manner, but 

also describes the first decay-related mechanism that is affected by LARP1. 

 Our current curiosity revolves around the identity and the biological relevance of the endoribonuclease 

that is responsible for the TOP mRNA endoribonucleolytic cleavage. We suspect that our data reveal an unseen 

endoribonucleolytic cleavage that could shed light on the LARP1-dependent stabilization of TOP mRNAs, as 

well as consolidate the current trends in mRNA decay, which show that RNA degradation is widely initiated by 

endoribonucleolytic cleavages (Heck and Wilusz, 2018; Ibrahim et al., 2018; Lykke-Andersen et al., 2014; Park 

et al., 2019; Wang et al., 2015). Interestingly, it was recently shown that transcription of RP mRNAs gradually 

shift from non-TOP to TOP TSSs in the course of cellular differentiation in vertebrates (Nepal et al., 2020). In 

yeast, the clearance of cytoplasmic transcripts synthesized from unusual TSSs can be initiated by endoribo-

nucleolytic cleavage (Malabat et al., 2015). Hypothetically, remnants of non-TOP RP mRNA transcription from 

prior pluripotent cellular stages could succumb to a “TOP quality control” mechanism, which instantly degrades 

non-TOP RP mRNAs in differentiated cell lines, where the proper control of ribosome biogenesis is dependent 

on RP mRNAs displaying genuine TOP-motifs. The RPL29 mRNA does indeed display an upstream TSS 

(Suppl. Fig. 3.3E) that may trigger such a control pathway. Possibly, the  downstream “TOP-motif” could 

instigate the endoribonucleolytic cleavage at the pyrimidine tract, thus clearing the non-TOP RPL29 mRNA. The 

fact that RPL32 reporter 3’ fragments accumulated, when shifting the TSS of RPL32 reporter mRNA to an 

alternative TOP-motif (Fig. 3.3G; Suppl. Fig. 3.5A, +5UCCG), suggests that an alternative TOP-motif could 

instigate an endoribonuclease-dependent “TOP quality-control” mechanism. Recently, it was shown that the 
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organization of pyrimidines within the TOP-motif determines the degree of translational repression on a given 

TOP mRNA upon mTORC1 inhibition (Philippe et al., 2020). It would be feasible that a similar classification of 

TOP-motifs can determine, how efficiently a TOP mRNA is targeted by a TOP-specific endoribonucleolytic 

event. This would explain the marked effect of altering the TOP-motif on the accumulation of 3’ fragments 

derived from mutated RPL29 and RPL32 reporter mRNAs. 

 What is the fate of the TOP mRNA 3’ fragment? It is expected that a cap-deprived 3’ fragment would 

immediately dissociate from polysomes. The fact that we find RP mRNA 3’ fragments associated with poly-

somes suggests that the frequency of endoribonucleolytic events on translation-engaged RP mRNAs is on par 

with the run-off of ribosomes from RP mRNA 3’ fragments. Actively translating ribosomes on de novo cleaved 

RP mRNA 3’ fragments would shield the 3’ fragments from XRN1 degradation (Ibrahim et al., 2018), thus 

explaining their resistance to XRN1-activity. Possibly, RP mRNA 3’ fragments, which are still associated with 

one to three ribosomes, could represent the pool of TOP-mRNAs, which are constitutively associated with 

subpolysomal fractions (Damgaard and Lykke-Andersen, 2011; Fonseca et al., 2015). XRN1 depletion did not 

affect the accumulation of RP mRNA 3’ fragments (Fig. 3.2F), suggesting that clearance of 3’ fragments was 

independent of XRN1. However, lack of XRN1 activity is reportedly compensated by general decay through 

lysosome-mediated autophagy (Delorme-Axford and Klionsky, 2019; Delorme-Axford et al., 2018). Moreover, 

the sequestration of RP 3’ fragments within lysosomes (e.g. autophagosomes), in which degradation does not 

rely on XRN1, could explain the XRN1-independent clearance of RP 3’ fragments. Recently, TOP mRNAs with 

truncated 5’ ends were found to be targets for cytoplasmic recapping (del Valle Morales et al., 2020; Otsuka et 

al., 2009). However, how the TOP mRNAs were initially truncated remained unknown. Potentially, the RP 

mRNA 3’ fragments that are described in this study could be substrates for cytoplasmic recapping. In that case, 

the TOP-specific endoribonucleolytic cleavage would be the initial step in forming RP mRNAs, which are 

insensitive to translational co-regulation through the mTORC1-LARP1 axis. 

 Besides associating with the TOP-motif, LARP1 has recently been shown to bind directly to the 3’ UTR  

and poly(A) tail of mRNAs (Al-Ashtal et al., 2019; Aoki et al., 2013; Hong et al., 2017). Since these two 

elements are considered central determinants of mRNA stability (Van Etten et al., 2012; Lykke-Andersen and 

Wagner, 2005; Peng et al., 1998; Schoenberg and Maquat, 2012), it would be reasonable to link a LARP1-

dependent stabilization to a function related to the 3’ end of mRNAs, e.g. maintaining poly(A) tail length. The 

recently reported concomitant detection of poly(A) tails and the TOP-motif context by the La-module in LARP1 

presents an interesting possibility, where LARP1 discriminates between non-TOP and TOP mRNAs through the 

5’ TOP-motif in parallel with instigating a stabilizing effect through the 3’ poly(A) tail (Al-Ashtal et al., 2019; 

Ogami et al., 2019). Our data are compatible with a LARP1-dependent stabilization of TOP mRNAs, which is 

managed by a LARP1-40S complex (Gentilella et al., 2017). Additionally, our data indicate that the TOP-motif 
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guides an endoribonucleolytic cleavage in the proximal downstream context. This mechanism could involve 

LARP1 associating with the TOP-motif (and possibly also 40S), thereby disconnecting the TOP-mediated 

recruitment of an endoribonuclease. Additionally, the translational repression of TOP mRNAs by LARP1 could 

confer an indirect inhibition of the co-translational endoribonucleolytic cleavage, thus further enhancing the 

protection of TOP mRNAs by LARP1. Blocking an endoribonucleolytic event in TOP mRNAs, hence also the 

resulting exoribonucleolytic decay, would explain the TOP mRNA specific stabilization by LARP1 (Fonseca et 

al., 2015; Gentilella et al., 2017; Philippe et al., 2018). The association between LARP1 and the TOP-motif and 

the protection from the TOP-specific endoribonucleolytic cleavage, which is presented in this study, are 

potentiated by mTORC1 inhibition, thus possibly explaining how mTORC1 inhibition instigates an enhanced 

LARP1-dependent stabilization of TOP mRNAs. 

Materials and methods 

Oligos and antibodies 

Oligos: Adapter RNA: 5'-HO-ACACUCUUUCCCUACACGACGCUCUUCCGAUCU-OH-3'; RPL29 splint: CCGCGGCTCCCGAAGCGCCTAGA-

TCGGAAGAGCGTCGTGT; RPL29 RT: CTGTCCTCATGTTGGCAGAG; RPL29 PCR: GGTGTGGTTCTTGGACTTGGC; RPL37 splint: TTCTGC-

GGCCGAGACCAGAAAGATCGGAAGAGCGTCGTGT; RPL37 RT: CTTCACGGAATCCATGCCTG; RPL37 PCR: CGTGTGCGTCTTATTGCGA-

C; RPS5 splint: ACCACGCGCCGCCCTGGTACAGATCGGAAGAGCGTCGTGT; RPS5 RT: GCACTCAGCAATGGTCTTAA; RPS5 PCR: 

AACACAGCCTGAGCGTCTCT; FLAG-MS2 splint: GGTGGCAGCTTGGGTCTCCCAGATCGGAAGAGCGTCGTGT; FLAG-MS2 RT: 

GTATTTGCGATTCTGCGCAG; FLAG-MS2 PCR R: TTTGTAAGCCTGTGATCGCG; β-globin RT SEQ: CCTCACCACCAACTT; β-globin PCR 

SEQ: CAGTAACGGCAGACTTCTCC; β-globin TSS-SEQ: AGTGAACACAGTTGTGTCAG; β-globin RT: CAGTAACGGCAGACTTCTCC; β-globin 

PCR: AGTGAACACAGTTGTGTCAG; β-globin qPCR F: ATGGTGCACCTGACT; β-globin qPCR R: CCTCACCACCAACTT; Pre-β-actin qPCR F: 

TTCCCCAGTGTGACATGGTG; Pre-β-actin qPCR R: AGAGGCGTACAGGGATAGCA; (Fluorescent) Adapter PCR F: (Cy5.5)CCCTACACGACGC-

TCTTCCG; RPL29 qPCR F: TGTTGACCCTATTTCCCGTG; RPL29 qPCR R: TTTCTGTGCCATTTTCGGGA; c-Myc qPCR F: 

CAGCTGCTTAGACGCTGGAT-T; c-Myc qPCR R: GTAGAAATACGGCTGCACCGA; GAPDH qPCR F: GTCAGCCGCATCTTCTTTTG; GAPDH 

qPCR R: GCGCCCAATACGACCAAATC; RPL29 probe: GGTTGTGTGTGGTGTGGTTCTTGGACTTGGCCATGTCTGCACCATAAGCCGCGGCT-

CC; β-actin probe: GGGCGGCGGATCGGCAAAGGCGAGGCTCTGTGCTCGCGGGGCGGACGCGGTCTCGGCGGT; RPL29 RNase H oligo: 

GATCGGGGTTTCTTGATACC; snRNA U6 probe: GAATTTGCGCTGTCATCCTTGCGCAGGGGCCATGCTAA. Mutagenesis F: GGCGTTTTGCG-

CTGCTTCGC. 

 Mutagenesis R primers: RPL29-β-globin +6AAA: GTAAGCTTGTCTGCACCATAAGCCGCGGCTCCCGAAGCGCCTAGAACTTTAAGA-

GAAAGGTGGCC; RPL29-β-globin +22AGA: GTAAGCTTGTCTGCACCATAAGCCGCGGCTCTCTAAGCGCCTAGAACCGGAAGAG; RPL29-β-

globin +6GGC/+22GCC: GTAAGCTTGTCTGCACCATAAGCCGCGGCTCGGCAAGCGCCTAGAACGCCAAGAGAAAGGTG; RPL29-β-globin 

+11AAA): GTAAGCTTGTCTGCACCATAAGCCGCGGCTCCCGAAGCGCCTTTTACCGGAAGAG; RPL29-β-globin +14CAA: GTAAGCTTGTC-

TGCACCATAAGCCGCGGCTCCCGAAGCGTTGAGAACCGGAAGAG; RPL29-β-globin -2GAG: GTAAGCTTGTCTGCACCATAAGCCGCGG-

CTCCCGAAGCGCCTAGAACCGGAAGACTCAGGTGGCCTAAACGAG; RPL29-β-globin +6CAA: GTAAGCTTGTCTGCACCATAAGCCG-

CGGCTCCCGAAGCGCCTAGAACTTGAAGAGAAAGGTGGCC; RPL29-β-globin +6ACA: GTAAGCTTGTCTGCACCATAAGCCGCGGCTCC-

CGAAGCGCCTAGAACTGTAAGAGAAAGGTGGCC; RPL29-β-globin +6AAG: GTAAGCTTGTCTGCACCATAAGCCGCGGCTCCCGAAGCG-

CCTAGAACCTTAAGAGAAAGGTGGCC; RPL29-β-globin +6CCA: GTAAGCTTGTCTGCACCATAAGCCGCGGCTCCCGAAGCGCCTAGAA-

CTGGAAGAGAAAGGTGGCC; RPL29-β-globin +6CAG: GTAAGCTTGTCTGCACCATAAGCCGCGGCTCCCGAAGCGCCTAGAACCTGAAG-

AGAAAGGTGGCC; RPL29-β-globin +6ACG: GTAAGCTTGTCTGCACCATAAGCCGCGGCTCCCGAAGCGCCTAGAACCGTAAGAGAAAGG-

TGGCC; RPL29-β-globin +37GUA: GTAAGCTTGTCTGCACTACAAGCCGCGGCTCCCGAAGCGCCTAGAACCGGAAGAGAAAGG; RPL32-β-



146 

 

globin +9GUCU: GTAAGCTTTGCCGAGAAGGAGATGGCTGCCACCTCCGTAGGCAGCGCAGACGAAGAGAG; RPL32-β-globin +10UCU: 

GTAAGCTTTGCCGAGAAGGAGATGGCTGCCACCTCCGTAGGCAGCGCAGAGGAAGAGAG; RPL32-β-globin +7CCC/+17GGG: GTAAGCT-

TTGCCGAGAAGGAGATGGCTGCCACCTCCGTAGCCCGCGCCGAGGGAGAGAG; RPL32-β-globin +5UCCG: GTAAGCTTTGCCGAGAAG-

GAGATGGCTGCCACCTCCGTAGGCAGCGCCGAGCGGAAGAGAAGGGACGGTGG; RPL32-β-globin +5UCCG/+18CGG: GTAAGCTTTGCC-

GAGAAGGAGATGGCTGCCACCTCCGTACCGAGCGCCGAGCGGAAGAGAAGGGACGGTGG. Underlined nucleotides denote the sites of 

mutagenesis. 

Antibodies:α-eIF2α, Mouse (Cell Signaling, #2103S); α-P-S6 Ribosomal Protein (Ser235/236), Rabbit 

(Cell Signaling, #2211); α-P-eIF2α, Rabbit (Cell Signaling, #3597S); α-4E-BP1, Rabbit (Cell Signaling, 

#9644S); α-P-Akt (Ser473), Rabbit (Cell Signaling, #9271); α-LARP1, Rabbit (Abcam, #ab86359); α-PABP, 

Rabbit (Abcam, #ab21060); α-BrdU, Mouse (BD Pharmingen, #555627); α-HuR, Mouse (Santa Cruz 

Biotechnology, #sc-5261); α-XRN1 was produced in rabbits as described (Lykke-Andersen and Wagner, 2005); 

α-XRN2 was produced in rabbits as described (Brannan et al., 2012). 

Cell culture, treatments, transfection and harvest 

All media were supplemented with 10% FBS and 1% pencillin/streptomycin (hereafter referred to as full media) 

and preheated before use. Cells were grown at 37 °C/5% CO2. U-2 OS and LAN-5 cells were grown in full 

RPMI 1640 (SIGMA, #R8758-500ML). All other cells were grown in full DMEM (SIGMA, #D5796-500ML). 

Upon treatment, cells were washed twice with PBS (once for Torin 1 treated cells) and then treated with DMEM 

supplemented with 1% pencillin/streptomycin for 24 h (-FBS), Krebs Ringer (1,8 g/L glucose, 0,5 mM MgCl2, 

4,5 mM KCl, 120 mM NaCl, 0,9 mM Na2HPO4, 2 mM NaH2PO4, pH 7,4) supplemented with 10% dialyzed FBS 

for 2 h (-AA, Invitrogen, #26400) or with full DMEM supplemented with 300 nM Torin 1 for 30 min. For 

knockdown cells were grown to 50% confluency and cells were transfected with 280 ng/cm
2
 siLentFect™ (Bio-

Rad, #1703361), 4.9 pmol/cm
2
 small interfering RNA (siRNA) in 24.4 µL/cm

2
 Opti-MEM according to 

suppliers protocol. The following day media was renewed and incubated an additional 24 h. Cells were then 

transfected as previously, except siLentFect™ was substituted with  445 ng/cm
2
 Lipofectamine® 2000 (Thermo 

Scientific, #11668019). After 24h incubation media was renewed, incubated an additional 24h and cells were 

then harvested. For mutagenesis assay, HeLa T/O cells were grown to 80% confluency and transfected with 

Lipofectamine® 2000 as described above, except using 33 ng/cm
2
 mutated TOP-β-globin construct and 

supplementing cells with 50 ng/mL tetracycline upon transfection. Cells were incubated 24 h before inducing 

transcription by washing cells in PBS and adding full media without tetracycline for 6 h. Before harvest cells 

were washed once in PBS. When extracting total RNA, cells were harvested in TRIzol™ Reagent (Thermo 

Scientific, #15596026) and RNA was purified according to manufacturers protocol for TRIzol™ Reagent. 

Poly(A+) RNA was extracted from HEK293T cells according to supplier's protocol for IllustraTM RNAspin 

Midi RNA isolation kit (GE Healthcare). When extracting protein cells were harvested in 2xSDS load-buffer 

(100 mM Tris-HCl (pH 6,8), 2% SDS (w/V), 0.02% Bromophenol Blue (w/V), 10% β-Mercaptoethanol (V/V)) 
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and lysates were boiled 7 min/95 °C and again 4 min/95 °C immediately before loading for SDS-PAGE, when 

performing western blotting. 

In vitro transcription (synthesizing spike-in RNA) 

For in vitro transcription 10 µg vector was digested ≈450 bp downstream of a T7 promoter directing 

transcription of FLAG-MS2-coat protein. Digested vector was purified through a phenol/chloroform/alcohol 

(PCA) extraction using Phenol-Chloroform isoamyl alcohol (Ambion, #AM9732). In vitro transcription was 

carried out according to ThermoFisher's protocol for MEGAscript
TM

 T7 transcription kit (Ambion, #1330M) 

using 1.5 µg digested vector and running the transcription for 4.5 h/37 °C. When synthesizing BrU-labeled 

spike-in RNA, the ratio between BrUTP and UTP was 1:2. RNA was mixed 1:1 with formamide load buffer 

(95% formamide, 0.025% xylene cyanol, 0.025% bromophenol blue, 18 mM EDTA, and 0.025% SDS), 

denatured at 95 °C/3 min and resolved on a 4% denaturing urea PAGE. The dominating band was excised and in 

vitro transcripts were extracted from the gel by diffusion, i.e. shaking O/N in 300 µL 0.3 M NaAc added 100 µL 

Phenol/Chloroform isoamyl Alcohol. The gel slurry was spun down at 14000 RPM/10 min/4 °C. The aqueous 

phase was extracted and transcripts were purified by PCA-extraction. The RNA was dissolved in nuclease free 

ddH2O and dephosphorylated with Fast AP (Thermo Scientific, #EF0654), then PCA extracted, then 5’ 

monophosphorylated with T4 PNK (Thermo Scientific, #EK0031) and finally PCA extracted; all according to 

manufacturers protocol. 5’ monophosphorylated RNA was then dissolved in 20 µL nuclease free ddH2O. The 

added amount of spike-in RNA to each adapter ligation RT-PCR was determined empirically by adapter ligation 

RT-PCR, aiming at obtaining an amplification of spike-in RNA that matched the amplification of 3’ fragments. 

(DNA-splint oligo guided) Adapter ligation RT-PCR 

For unbiased adapter ligation 12 µL mixes were made with 0.5 µg RNA, spike-in RNA (≈1500-fold dilution in 

final reaction), 50 pmol adapter RNA (for DNA-splint guided ligation 50 pmol RPL29 splint oligo and FLAG-

MS2 splint oligo were added). The mixes were denatured 3 min/85 °C and cooled 15 min/RT. 13 µL was added 

for a final mix with 50 mM Tris HCl (pH 7.5), 10 mM MgCl2, 10 mM DTT, 2 mM ATP, 5% PEG-8000, 20 U 

Ribolock RNase Inhibitor, 5 U T4 RNA ligase (Invitrogen, #AM2140). For DNA-splint guided ligation concen-

trations were following: 40 mM Tris HCl (pH 7,8), 10 mM MgCl2, 10 mM DTT, 1.5 mM ATP, 5% PEG-8000, 

20 U Ribolock RNase Inhibitor, 5 U T4 DNA ligase (Thermo Scientific, #EL0011). RNA was ligated for 2 h/37 

°C and RNA was purified by adding 45 µL RNAClean XP beads (Beckman Coulter, #A63987) according to 

suppliers protocol. RNA was eluted in 25 µL nuclease free ddH2O. Gene-specific first strand synthesis was 

carried out in 20 µL reactions according to suppliers protocol for SuperScript™ III (Thermo Scientific, 

#18080044) adding 11.7 µL ligated RNA, 1.5 pmol gene specific primer  and FLAG-MS2 RT oligo. 4 µL cDNA 

(or 2 µL from DNA-splint oligo guided ligated cDNA) in each of 50 µL PCR reactions (95 °C/2 min; 28-30 
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cycles of 95 °C/30 s, 60 °C/30 s, 69 °C/30 s; 69 °C/4 min) to individually amplify ligated spike-in RNA and 

ligated RP RNA according to suppliers protocol for high-fidelity amplification with Phusion High-Fidelity DNA 

Polymerase (Thermo Scientific, #F530L); except using 25 pmol gene-specific reverse primer (R), 25 pmol 

Cy5.5-conjugated adapter-specific forward primer (F) and 1 U polymerase.  PCR products were resolved on a 

2.5% agarose gel. Images were acquired on an Odyssey®-Fc imaging system (LI-COR Biosciences) and 

quantifications performed in Image Studio 5.2. 

RNase H Assay  

20 μg total RNA or 2 μg poly(A+) RNA was denatured in an 18 µL mix with 15 pmol RNase H oligo, 20 mM 

Tris HCl pH 7.8 and 40 mM KCl. After annealing 20 min/45 °C, 3 µL RNase H mix was added containing 15 U 

RNase H (Ambion, #AM2292), 1.67 mM DTT, 53.3 mM MgCl2, 20 U Ribolock. The digestion was carried out 

at 37 °C/1 h and stopped by adding 2 µL 200 mM EDTA, 180 µL nuclease-free ddH2O and performing a PCA-

extraction. The RNA pellet was dissolved in formamide load buffer and denatured (85 °C/3 min) immediately 

before loading onto an 8% denaturing PAGE. Resolved RNA was transferred to a HybondTM-N+ nylon mem-

brane (GE HealthCare, #RPN119B), UV-crosslinked and results were obtained through northern blotting. 

Primer Extension on RPL29 mRNA  

100 ng poly(A+) RNA was denatured at 90 °C/2 min in 6 µL mixes with 10 mM Tris pH 6.9, 40 mM KCl, 0.5 

mM EDTA and 0.1 pmol 
32

P-end-labeled reverse primer. After annealing at 50 °C/20 min we added 4 µL 

extension mix: 250 mM Tris pH 8.4, 50 mM MgCl2, 10 mM dTT, 2.5 mM dNTP and 200 U SuperScript® III. 

The reaction was run at 55 °C/45 min, inactivated for 15 min/70 °C and extracted by performing PCA extraction. 

Extended primers were dissolved 1:1 in formamide load buffer, denatured at 95 °C/3 min and resolved on a 6% 

denaturing urea PAGE.  

Mutagenesis 

pcTET2 TOP-β-globin reporter constructs are described elsewhere (Damgaard and Lykke-Andersen, 2011). To 

introduce mutations, a PCR was run as described above, except performing 40 cycles of amplification and using 

100 ng respective WT TOP-reporter vector as template, 50 pmol Mutagenesis F primer and 50 pmol respective 

Mutagenesis R primer. The PCR amplicon was ligated into the MluI-HindIII site within the respective TOP-re-

porter vector. Decapping was performed in 20 µL reaction mixes containing 50 mM NaOAc (pH 6), 1 mM 

EDTA, 0.1% β-mercaptoethanol and 0,01% Triton X-100, 20 U Ribolock RNase Inhibitor (Fermentas, 

#EO0381), 7.5 U Cap-ClipTM Acid Pyrophosphatase (CELLSCRIPT™, #C-CC15011H) and 2 µg total RNA 

from HeLa T/O cells expressing the respective reporter constructs. The samples were decapped 2 h/37 °C and 

RNA was purified using RNAClean XP beads as previously described. 40% of eluted decapped RNA was used 
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for unbiased adapter ligation RT-PCR from which amplicons were resolved on a 2.5% agarose gel. The 

predominant band was excised, DNA was extracted and used for Sanger sequencing to determine TSSs.  

Polysome Profilling by Sucrose Gradient Fractionation 

HEK293T cells were grown to 90% confluency in P10 dishes and then left non-treated (Full) or starved of amino 

acids (-AA) for 2 h. Cells were then added 100µg/mL cycloheximide for 3 min and washed twice in ice cold 

PBS/100 µg/mL cycloheximide. Cells were harvested by adding Polysome Extraction Buffer (PEB)-based lysis 

buffer (50 mM Tris-HCl (pH 7.4), 150 mM NaCl, 7.5 mM MgCl2, 0.5% Triton X-100, 500 µg/mL Heparin, 100 

µg/mL cycloheximide). In the case of EDTA-treated polysome profiles, lysis buffer was supplemented with 

30mM EDTA. Lysates were homogenized by pipetting and incubated on ice for 10 min. Samples were cleared 

by centrifugation at 12000 RPM/10 min/4 °C. 900 µL cleared lysate was sedimented in 11mL linear 10-50% 

sucrose gradients (50 mM Tris-HCl (pH 7.4), 150 mM NaCl, 7.5 mM MgCl2, 500 µg/mL Heparin, 100 µg/mL 

cyclohexamide, 10%-50% sucrose) by ultracentrifugation at 35000 RPM/2.5 h/4 °C. Gradients were fractionated 

into 12x1 mL samples on a Teledyne/ISCO fractionation system. Precipitation of RNA was carried out on 400 

µL of a fraction by adding 600 µL 8 M guanidine-HCl and 600 µL isopropanol, vortexing thoroughly and 

precipitating O/N at -20 °C. RNA was pelleted by spinning at 12000 RPM/25 min/4 °C. The supernatant was 

removed and the pellet was dissolved in 0.5 mL Trizol® reagent. Purified RNA was dissolved in 12 µL nuclease 

free ddH2O of which 4 µL was used for adapter ligation RT-PCR, and 7 µL was used for northern blotting. 

Nuclear/Cytoplasmic Fractionation 

HEK293T cells were grown to 90% confluency in 6-well plates, washed with ice cold PBS and added 400 µL 

PBS/2 mM EDTA. Cells were scraped off, suspended by pipetting and spun down at 12000 RPM/10 sec/RT. 

Cells were aspirated and applied 300 µL Igepal lysis buffer (20 mM Tris-HCl pH 7.5, 140 mM NaCl, 1 mM 

EDTA, 0.5% Igepal-630). After incubating 2 min on ice the samples were spun 3200 RPM/4 min/4 °C. The 

supernatant/cytoplasmic fraction was added 1 ml Trizol
®
 Reagent. The nucleus pellet was washed in 500 µL 

Igepal lysis buffer, spinning nuclei down at 3200 RPM/4 min/4 °C. The aspirated pellet was added 250 µL 

Igepal lysis buffer. The nuclei were suspended by sonicating two times on ice (amplitude 2, 5 sec) and 1 mL 

Trizol
® 

Reagent was then added. RNA was purified and dissolved in equal volumes of nuclease free ddH2O. 

Equal volumes of nuclear and cytoplasmic RNA was used for adapter ligation RT-PCR. 

BrU assay 

HEK293T or HEK293T LARP1 KO cells were grown to 80% confluency. Cells were then left non-treated (Full) 

or treated with 300 nM Torin 1 for 1 h before supplementing the cells with 2 mM BrU for 1 h. Cells were then 

washed three times with preheated media with 300 nM Torin 1 (Torin 1) or without (Full). Cells were left to 
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integrate remaining intracellular BrU until 3 h after commenced wash. Cells were harvested at the indicated time 

points and total RNA was purified. All washes for BrU-immunoprecipitation (BrU-IP) was with 400 µL BrU-IP 

buffer (20 mM Tris-HCl pH 7.5, 250 mM NaCl, 500 µg/mL BSA, 20 U/mL Ribolock). For each BrU-IP sample, 

20 µL Dynabeads™ M-280 Sheep Anti-Mouse IgG (Thermo Scientific, #11201D) was prepared in one tube as 

follows: beads were washed twice, incubated 30 min/RT in BrU-IP buffer with 1 mg/mL heparin, washed once, 

incubated >2 h/RT in BrU-IP buffer with 2.5 µL -BrdU antibody (BD Pharmingen, #555627) per BrU-IP-sam-

ple, washed three times, incubated 30 min/RT in BrU-IP buffer with 1 mM BrU, washed three times, and resus-

pended in 55 µL BrU-IP buffer per BrU-IP-sample. For BrU-IP 40 µg total (BrU-labeled) RNA and an empiri-

cally determined amount of BrU-labeled spike-in RNA in 200 µL nuclease free ddH2O RNA was denatured 80 

°C/3 min, then added 200 µL 2xBrU-IP buffer (40 mM Tris-HCl pH 7.5, 500 mM NaCl, 1 mg/mL BSA, 40 

U/mL Ribolock) and finally 50 µL resuspended antibody-conjugated beads. BrU-labeled RNA was pulled down 

1.5 h/RT and was then washed once with BrU-IP buffer, washed twice with BrU-IP buffer/0.01% Triton X-100, 

and then once without Triton X-100. Immuno-precipitated RNA was eluted by adding 200 µL nuclease free 

ddH2O with 0.1% SDS. After vortexing RNA was extracted through PCA-extraction and RNA was dissolved in 

12 µL nuclease free ddH2O of which 5 µL was used for adapter ligation. 9.5 µL purified ligated RNA and 1 µg 

total yeast RNA was used for cDNA synthesis according to manufacturer’s protocol for Maxima First Strand 

cDNA Synthesis Kit (Thermo Scientific, #K1672). Samples were analyzed by qPCR according to manufacturers 

protocol for  Platinum™ SYBR™ Green qPCR SuperMix (Thermo Scientific, #11558656) and quantified on 

AriaMx Real-time PCR System (Agilent Technologies) with following program: 95 °C/10 min; 40 cycles of 95 

°C/15 s, 58 °C/15 s, 72 °C/15 s.  
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CHAPTER IV  

LARP1-regulated non-TOP mRNAs encode regulators of 

ribosome biogenesis, mTORC1 activity and resource homeostasis 

This chapter comprises a bioinformatical study of global LARP1-dependent changes in TOP and non-TOP 

mRNA abundance and translation, during basal conditions or mTOR inactivation. I will provide an introduction, 

which emphasizes that the collection of LARP1-regulated transcripts could potentially extend beyond that of 

TOP mRNAs. Hereafter, I will present and discuss my obtained results with focus on the implications of 

LARP1-dependent regulation of non-TOP mRNAs for ribosome biogenesis.  

Introduction 

LARP1 controls the translation of TOP mRNAs in human cells and hence also the synthesis of RPs and 

ribosome biogenesis (Fonseca et al., 2018). The DM15 domain of LARP1 provides the protein with an 

mTORC1-regulated capacity to associate with the 5’ cap and TOP-motif of TOP mRNAs (Fonseca et al., 2015; 

Lahr et al., 2015, 2017), which consequently becomes stabilized and undergo a prominent translational 

repression (Fonseca et al., 2015; Gentilella et al., 2017; Philippe et al., 2018). A mainly bioinformatical study 

recently established a transcriptome-wide “TOP-score” – a metric factor based on the frequency and length of 5’ 

TOPs among all transcript variants for a given gene, as determined by analyzing CAGE-seq data (Philippe et al., 

2020). The TOP-score was proposed to provide a quantitative metric for a transcript’s sensitivity towards 
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LARP1-dependent inhibition of translation upon inactivation of mTORC1. Accordingly, a set of 105 core TOP 

mRNAs was defined, as they displayed more than 100 CAGE-seq reads as well as a TOP-score above 3 in at 

least 10 out of 16 analyzed human tissues, and their translation is decreased 2-fold in response to mTOR 

inactivation in HEK293T cells (Philippe et al., 2020). This highly conservative filtering did not include all 

previously defined TOP mRNAs (Meyuhas and Kahan, 2015); nevertheless the 105 core TOP mRNAs are used 

to report on TOP mRNA regulation and to define TOP-deficient datasets in this study.  

In the context of mTORC1 inactivation, the translational repressive effects of LARP1 on TOP mRNAs 

are indisputable. However, the regulatory functions of LARP1 in proliferating cells are elusive. Due to the 

bimodal effects of LARP1 in managing both transcript abundance and translation during basal conditions 

(Fonseca et al., 2015; Philippe et al., 2018), it was emphasized that to properly report on LARP1-dependent 

changes in TOP mRNA translation, it is imperative to divert from exclusively analyzing translation efficiencies 

(Gentilella et al., 2017). Instead, the absolute number of translating ribosomes engaged on a given mRNA – what 

I previously coined “absolute translation” (chapter I) – should be addressed. Thus far, absolute translation has 

been reported to remain stable for TOP-mRNAs upon removing LARP1 during basal conditions (Gentilella et 

al., 2017). When analyzing LARP1 in a proliferative context, the same study owed the LARP1-mediated 

reduction in translation efficiency of TOP mRNAs to the stabilization  of subpolysomal TOP mRNAs, which 

they emphasized would not affect absolute translation, yet it would read out as a misleading LARP1-mediated 

repression of translation efficiency on TOP mRNAs (Gentilella et al., 2017). However, it remains unclear to 

what extent the LARP1-dependent accumulation of subpolysomal TOP mRNAs is derived from either the shift 

of polysomal TOP mRNAs into subpolysomes, or the stabilization of subpolysomal TOP mRNP complexes. 

Ultimately, the question is, how much one or the other of these processes contributes to protein output, and how 

this regulatory bimodality of LARP1 affects transcript abundance and translation. 

The initial relationship between the function of LARP1 and TOP mRNA regulation was elucidated in 

parallel with demonstrating that LARP1 associates with the 3’ terminal of poly(A) tails (Aoki et al., 2013). Since 

then, the N-terminal La-Module, was found to associate with the internal part of the poly(A) tail, as well as with 

PABP (Al-Ashtal et al., 2019; Fonseca et al., 2015). The recently gained insight into LARP1 functions shows 

that LARP1 is positioned directly on the poly(A) tail, thereby giving rise to a supposed model, where LARP1 

stabilizes mRNAs via regulation of poly(A) tail homeostasis (Al-Ashtal et al., 2019; Ogami et al., 2019). 

Interestingly, the La-Module was also found to show affinity for terminal pyrimidine tracts independent of the 5’ 

cap (Al-Ashtal et al., 2019). Speculatively, the La-module could be responsible of recruiting LARP1 to internal 

pyrimidine stretches within the 5’ UTR of an array of transcripts, as reported elsewhere (Hong et al., 2017). 

These findings raise the question, whether the compilation of LARP1-regulated transcripts extends way beyond 

TOP mRNAs, due to LARP1 associating with poly(A) tails and pyrimidine-rich sequences in non-TOP mRNAs. 
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Thus far, it has been verified that a large proportion of the non-TOP transcriptome undergoes LARP1-dependent 

changes in steady-state levels (Hopkins et al., 2015). However, the validation of LARP1-dependent changes in 

transcript abundance and translation is limited (Hopkins et al., 2015; Mura et al., 2015). Importantly, an apparent 

impediment of mTORC1 signaling upon LARP1 depletion was assigned to the reduced expression of mTOR 

(Mura et al., 2015). However, the lessened activity of mTORC1 was reproduced despite of unaffected mTOR 

levels upon LARP1 depletion (Hong et al., 2017), thus suggesting that other LARP1-regulated effectors 

modulate mTORC1 signaling. Taken together, the biological relevance of the LARP1-dependent changes in the 

non-TOP transcriptome virtually remains unexplored.   

Aim of study 

Considering that the stabilizing effect of LARP1 likely extends onto non-TOP mRNAs, and that the biological 

relevance of LARP1-regulated non-TOP mRNAs remains unexplored, I was primed to dissect LARP1-depend-

ent changes in steady-state levels and translation on a transcriptome-wide scale. Since I also wanted to 

interrogate the dependency on mTORC1-activity, I aimed to assess the individual and combined effect of LARP1 

knockout and mTORC1 inactivation. In the process of investigating the response of non-TOP mRNAs to these 

conditions, the response of TOP mRNAs was first assessed to validate known mTORC1-regulated LARP1-

dependent dynamics. Besides regulating the expression of RPs, it remains unknown whether LARP1 regulates 

the expression of other effector proteins that are involved in e.g. ribosome biogenesis or in yet undefined cellular 

pathways. By establishing a set of primary LARP1-regulated mRNA candidates from a TOP-deficient dataset, 

and by analyzing the biological relevance of their LARP1-dependent differential expression, I anticipate to 

evaluate the potential of LARP1-mediated regulation of non-TOP mRNAs. Due to time limitations, this study is 

at a preliminary stage and will present a bioinformatical analysis of publicly available datasets and our own 

RNA-seq data obtained from HEK293T WT and LARP1 KO cells.  

Contribution 

Transcriptome-wide RNA-seq analysis had been carried out on RNA from HEK293T WT or LARP1 KO cell 

lines previous to my involvement in this project. I performed all bioinformatical analyses of our own RNA-seq 

dataset. Moreover, I retrieved and analyzed publically available datasets, when needed. The script used to 

analyze CAGE-seq datasets was written in a joint effort by me and Søren Lykke-Andersen, Molecular Biology 

and Genetics, Aarhus University. In the process of writing scripts for the generation of heatmaps, I obtained 

much welcomed advice from a dear colleague, Sara Moeskjær, Molecular Biology and Genetics, Aarhus 

University.  
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Results 

TOP mRNA steady-state levels are enhanced by LARP1 and potentiated by mTOR inactivation 

The human transcriptome undergo extensive changes in the wake of varying LARP1 expression levels (Hopkins 

et al., 2015), yet the relevance of LARP1-dependent regulation has only been established for a few non-TOP 

mRNAs (Hopkins et al., 2015; Mura et al., 2015). This prompted me to identify the LARP1-regulated changes in 

steady-state mRNA levels in HEK293T cells during conditions that activate or deactivate mTORC1. I was 

confident that the mTORC1-regulated LARP1-dependent effects would help shed light on LARP1-dependent 

control of non-TOP mRNA expression. 

The Damgaard lab has previously utilized the CRISPR/cas9 system to knockout LARP1 in HEK293T 

cells (cf. materials and methods, chapter II and IV). We generated RNA-seq libraries from RNA harvested from 

HEK293T WT cells and HEK293T LARP1 KO cells, which were cultured under basal conditions (Full) or 

exposed to acute mTOR inhibition (30 min treatment with Torin 1). Transcriptome expression levels were 

quantified as described in materials and methods. To interrogate the LARP1 and/or mTOR-mediated changes in 

transcript steady state levels, I performed several differential expression RNA-seq 2 (DESeq2) analyses (Love et 

al., 2015), which revealed transcript steady-state levels that are significantly altered (p-adj < 0.001; n=3), due to 

being either mTOR-regulated (Fig. 4.1A, blue/orange), mTOR-regulated dependent on secondary effects of 

LARP1 knockout (Fig. 4.1B, blue/orange), LARP1-regulated during basal conditions (Fig. 4.1C, blue/orange) 

or LARP1-regulated during mTOR inactivation (Fig. 4.1D, blue/orange). Before scrutinizing non-TOP mRNAs 

I validated the quality of our data by analyzing 105 previously identified bona fide TOP mRNAs (Fig. 4.1, 

orange/black; Suppl. Fig. 4.1; Suppl. Table 1) (Philippe et al., 2020). I observed a marked destabilization of 

TOP mRNAs in the absence of LARP1, as seen by their reduced steady-state levels in LARP1 KO cells 

irrespective of mTOR activity (Fig. 4C and D, orange; Suppl. Fig. 4.1, column 3 and 4) (Fonseca et al., 2015; 

Gentilella et al., 2017; Philippe et al., 2018). Interestingly, in HEK293T WT cells, TOP mRNA steady-state 

levels are generally increased upon mTOR inactivation (Fig. 4A, orange; Suppl. Fig. 4.1, column 1), but the 

effect is canceled by removing LARP1 (Fig. 4B, orange; Suppl. Fig. 4.1, column 2). Importantly, these marked 

differential expression effects are established within a 30 min treatment of cells with Torin 1. Furthermore, when 

comparing the changes in TOP mRNA abundance due to knocking out LARP1 in fully supplemented cells (Fig. 

4C, orange; Suppl. Fig. 4.1 column 3) or Torin 1 treated cells (Fig. 4D, orange; Suppl. Fig. 4.1 column 4), I 

noted that the reduction in TOP mRNA steady-state levels is augmented by treating LARP1 KO cells with Torin 

1. Taken together, this suggests that mTORC1 inactivation enhances the LARP1-mediated stabilization of TOP 

mRNAs, likely by LARP1 preventing decay of TOP mRNAs while LARP1 resides on the TOP-motif. 
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Steady-state levels of various non-TOP mRNAs are responsive to LARP1 and mTOR activity 

To investigate how LARP1 potentially could manage a positive feedback loop within the LARP1-mTORC1 axis 

(Hong et al., 2017; Mura et al., 2015), I focused on LARP1-regulated non-TOP mRNAs that encode modulators 

of mTORC1 activity. To define non-TOP mRNAs it is necessary to acquire a list of all TOP mRNAs, but a 

concise list of bona fide TOP mRNAs is not yet available, due to multiple studies reporting individual criteria in 

the process of identifying genuine TOP mRNAs (Gentilella et al., 2017; Huo et al., 2012; Meyuhas and Kahan, 

2015; Philippe et al., 2020; Thoreen et al., 2012). Philippe et al. present a list of core TOP mRNAs, which were 
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defined by considering both the configuration of 5’ TOPs and the prominent translational repression in response 

to mTOR inactivation for all transcript variants derived from a given gene (Suppl. Table 1) (Philippe et al., 

2020). As a result, they present a list of core TOP mRNAs, of which virtually all undergo a LARP1-dependent 

translational repression (Philippe et al., 2020) and also a LARP1-dependent stabilization (Suppl. Fig. 4.1) upon 

treating HEK293T cells with Torin 1 (i.e. inactivating mTOR). The RNA-seq datasets, which are analyzed to 

interrogate the LARP1-dependent regulation of non-TOP mRNAs in this study, are generated by removing the 

set of core TOP mRNAs defined by Philippe et al. I acknowledge that this does not provide an ideal dataset that 

is entirely depleted of TOP mRNAs, but rather a “TOP-deficient” dataset, which primarily reports on the 

regulation of non-TOP mRNAs. Eventually, these TOP-deficient datasets facilitated my investigation of whether 

the LARP1-dependent control of non-TOP mRNAs could be related to pathways, where LARP1 has been shown 

to exert tight control, such as ribosome biogenesis and translation. 

By scrutinizing the responses of TOP-deficient transcripts to manipulation of LARP1 and mTOR 

activity, I detected significant changes in transcript steady-state levels, which showed that 2637 transcripts are 

mTOR-regulated (Fig. 4.1A, blue), 2093 are mTOR-regulated dependent on secondary effects of LARP1 

knockout (Fig. 4.1B, blue), 3075 are LARP1-regulated during basal conditions (Fig. 4.1C, blue) and 5535 are 

LARP1-regu-lated during mTOR inactivation (Fig. 4.1D, blue). The population of TOP-deficient transcripts that 

exhibit reduced abundance upon mTOR inactivation is largely absent in LARP1 KO cells (compare Fig. 4.1A 

and B, blue below L2FC cut-off). This suggests that mTOR inactivation either negatively regulates a 

subpopulation of TOP-deficient transcripts in a LARP1-dependent manner, or that the presence of this 

subpopulation is generally dependent on LARP1. Furthermore, I found that both the quantity of differentially 

expressed transcripts and the average absolute change in steady-state levels were enhanced by 80% and 13%, 

respectively, when comparing the effects of removing LARP1 in fully supplemented cells or Torin 1 treated cells 

(compare Fig 4.1C and D, blue). These results suggest that LARP1 controls the abundance of various non-TOP 

mRNAs in a manner that is enhanced and likely also more diversified upon mTORC1 inactivation. 

 To provide an overview of the most differentially expressed transcripts, I generated gene ontology (GO)-

term clustered heatmaps comprising the 125 TOP-deficient transcripts, which display the highest variance in 

log(2)-fold change for the respective DESeq2 analysis (hereafter “top 125 TOP-deficient transcripts”) (Fig. 4.2; 

Fig. 4.3; Suppl. Fig. 4.3; Suppl. Fig. 4.4). As expected, the top 125 TOP-deficient transcripts comprise several 

mRNAs that are identified as genuine TOP mRNAs or TOP-like mRNAs in other studies, e.g. mRNAs encoding 

RPS7, RPS15, RPS17, RPL6, RPL9, RPL27 (Fig. 4.2; Fig. 4.3; Suppl. Fig. 4.3; Suppl. Fig. 4.4) (Gentilella et 

al., 2017; Huo et al., 2012; Meyuhas and Kahan, 2015; Thoreen et al., 2012). Since this study aims to verify 

previously unidentified aspects of LARP1-mediated control of ribosome biogenesis or unknown cellular 
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pathways, I will not assign further attention to mRNAs encoding RPs in the following analyses, as their 

regulation by LARP1 is well-established (Fonseca et al., 2015; Gentilella et al., 2017; Meyuhas and Kahan, 

2015; Philippe et al., 2020; Thoreen et al., 2012). On that premise, I emphasize that the generated heatmaps 

mainly reports on differentially expressed non-TOP mRNAs, for which the regulation by LARP1 and the 

resulting biological relevance, if any, have not yet been reported elsewhere.  

Due to lack of time, I was unable to explore the enrichment of all GO-terms represented by the 

differentially expressed transcripts in my DESeq2 outputs. However, among the TOP-deficient transcripts in the 

output from my DESeq2 analyses, I found that the GO-terms, “Ribosome”, “RNA-binding”, “Growth” and 

“Cellular response to growth factor stimulus” (hereafter “Response to GF”) were near-significantly enriched 

(“growth”) or significantly enriched in at least one of the DESeq2 outputs (Suppl. Fig. 4.2). Since these GO-

terms would likely be associated with transcripts that encode modulators of mTORC1 or regulators of ribosome 

biogenesis, the heatmaps were annotated with these GO-terms (Fig. 4.2; Fig. 4.3; Suppl. Fig. 4.3; Suppl. Fig. 

4.4).  

To investigate non-TOP mRNAs with LARP1-dependent changes in steady-state levels during fully 

supplemented conditions or mTOR inactivation, I directed my focus towards the top 125 TOP-deficient 

transcripts that displayed a LARP1-dependent phenotype during basal conditions or mTOR inactivation, i.e. the 

transcripts included in the heatmaps  “Full – WT vs KO” or “Torin – WT vs KO”, respectively (Fig. 4.2 and 

Fig. 4.3, respectively). As an interesting observation, the two sets of LARP1-regulated transcripts showed that 

removing LARP1 resulted in the reduced abundance of the translation related Glutaminyl-Aminoacyl tRNA 

Synthetase (QARS, UniProtKB: #P47897) (Fig. 4.2 and Fig. 4.3, arrowheads), whereas during fully 

supplemented conditions also Valyl-Aminoacyl tRNA Synthetase (VARS, UniProtKB: #P26640) had its steady-

state levels reduced (Fig. 4.2, arrowheads). Moreover, both sets of LARP1-regulated transcripts presented a 

strong obstruction of the steady-state levels of the mRNA encoding the mTORC1 modulator E3 Ubiquitin-

Protein Ligase Midline-1 (MID1). The mRNAs encoding Rheb and Tyrosine 3-Monooxygenase/Tryptophan 5-

Monooxy-genase Activation Protein Epsilon (YWHAE or 14-3-3ε) became either more (Rheb) or less abundant 

(YWHAE) upon removing LARP1 specifically during full conditions or Torin 1 treatment, respectively (Fig. 4.2 

and Fig. 4.3, arrowheads). Moreover, the tumor suppressor N-Myc Downstream Regulated 1 (NDRG1) 

accumulates upon LARP1 knockout specifically during proliferative conditions (Fig. 4.2, arrowheads). These 

genes will be further analyzed in the following sections, thus I will discuss the implication of their LARP1-

dependent differential expression later.  
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PAR-CLIP-seq and CAGE-seq analysis identify primary LARP1-regulated TOP-deficient candidates  

Many of the observed fluctuations in mRNA abundance upon LARP1 knockout are likely indirect cell responses 

that lead to steady-state changes of certain transcripts over time, which can happen in both a transcriptional 

and/or post-transcriptional manner. Thus, to define primary LARP1-regulated targets among the LARP1-regula-

ted top 125 TOP-deficient transcripts (Fig. 4.2 and Fig. 4.3), I next scrutinized LARP1-mRNA binding. The 

LARP1-interactome has previously been established through PAR-CLIP-seq on LARP1 pull-downs from 

HEK293T cells, which were either fully supplemented or treated with PP242 – an ATP-competitive inhibitor, 

which is similar to Torin 1 (inhibits mTORC1 and mTORC2) (Hong et al., 2017). In that process, transcripts 

with PAR-CLIP-seq reads that displayed one to two T to C mismatches were considered to be bound by LARP1 

(cf. original study for more details (Hong et al., 2017)). Moreover, I compiled a subset of transcripts, which are 

exclusively differentially expressed in the absence of LARP1 upon mTOR inactivation, thus I considered these 

transcripts to be regulated as an indirect or secondary effect of knocking out LARP1 (Fig. 4.1B; Suppl. Fig. 

4.4). By subtracting the subset of transcripts, which are indirectly regulated by the absence of LARP1, I reasoned 

that it would facilitate the definition of a concise list of primary LARP1-regulated TOP-deficient candidates 

among the top 125 TOP-deficient LARP1-regulated candidates. 

 Initially, I removed any overlap between transcripts that were regulated in a LARP1-dependent manner 

(Fig. 4.4A and B, blue) and transcripts that were regulated, due to secondary effects of LARP1 knockout (Fig. 

4.4A and B, yellow). Thus, I defined 1790 or 3796 transcripts that were likely to be directly regulated by 

LARP1, during full conditions or Torin 1 treatment, respectively (Fig. 4.4A and B, respectively). I rationalized 

that the intersection between the 1790 or 3796 LARP1-regulated transcripts and the LARP1-bound transcripts 

(PAR-CLIP-seq) would provide a collection of transcripts that are highly likely to be directly regulated by 

LARP1. From this filtering, I extracted a subset of 146 or 347 transcripts, which interact with LARP1 and 

become differentially expressed in a LARP1-dependent manner, during fully supplemented conditions or mTOR 

inactivation, respectively (Fig. 4.4A and B, respectively, white box in red circle). This initial filtering is the 

first step in defining a list of primary LARP1-regulated TOP-deficient candidates. In the following I will refer to 

the subsets of 146 and 347 candidates as the “LARP1-interacting candidates”. 

Next, I aimed to assess the expression level of LARP1-interacting candidates, and whether they harbored 

LARP1-related regulatory motifs near the 5’ terminal of the LARP1-interacting candidates. The TOP-motif as 

well as internal pyrimidine-rich sequences proximal to the 5’ cap mediate a LARP1-dependent control of 

transcript abundance and translation (Fonseca et al., 2015; Gentilella et al., 2017; Hong et al., 2017; Meyuhas 

and Kahan, 2015). Thus, to consider the presence of pyrimidine-rich sequences that are proximal to the 5’ end of 

the LARP1-interacting candidates, I was initially necessitated to define the 5’ end of the LARP1-interacting 
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candidates. By analyzing CAGE-seq data from HEK293T cells (Lykke-Andersen et al., 2014), I classified 

LARP1-interacting candidates as amply expressed, if the transcript displayed at least one CAGE-peak with >10 

CAGE-seq reads (annotated as +CAGE). A solitary dominant CAGE-peak denotes a distinct TSS, but in many 

cases multiple CAGE-peaks are in close vicinity of each other, thereby preventing the definition of a distinct 

TSS. To include the adjacent CAGE-peaks in my definition of 5’ ends, I designed a CAGE-analysis tool (cf. 

materials and methods) that defines a genomic region – a CAGE-peak region – which comprises immediately 

adjacent TSSs/CAGE-peaks. In the situation, where prominent CAGE-peaks are situated beyond the borders of 

previously defined CAGE-peak regions, I defined another CAGE-peak region that would comprise the distal 

prominent CAGE-peak and its respective adjacent CAGE-peaks. I assumed that the individual CAGE-peak 

regions define the 5’ ends for all transcript variants that relate to each of the LARP1-interacting candidates. To 

elaborate on terminal and internal pyrimidine-rich sequences proximal to the 5’ cap, I looked for a CYYYYY-

motif (Y = C or U) within the identified CAGE-peak regions. If the CAGE-peak region was shorter than 10 nt, I 

searched from the beginning of the CAGE-peak region and 10nt downstream. Thereby, our CAGE-analysis tool 

will detect amply expressed genes that comprise at least one transcript variant that harbors a pyrimidine-rich 

sequences in the vicinity of the 5’ cap (annotated as +CAGE/+CYYYYY). However, as this tool is still a work-

in-progress, it does not discern between terminal (i.e. TOP-motifs) and internal pyrimidine-rich sequences that 

are proximal to the 5’ cap. 

By applying the described CAGE-analysis tool, I found that 84-86% of the LARP1-interacting 

candidates were amply expressed (Fig. 4.4C and D, All, +CAGE). Furthermore, LARP1-interacting candidates 

in both fully supplemented and mTOR inactivated samples displayed equal ratios of amply expressed transcripts 

with a pyrimidine-rich sequence proximal to the 5’ cap (Full: 33%; Torin 1: 32%) (Fig. 4.4C and D, All, 

+CAGE/+CYYYYY). By removing core TOP mRNAs (Suppl. Table 1) from the LARP1-interacting subsets, I 

defined 130 and 303 LARP1-interacting TOP-deficient candidates from fully supplemented samples and mTOR 

inactivated samples, respectively (Fig. 4.4C and D, TOP-def, Total). These TOP-deficient candidates 

comprised 82-83% amply expressed transcripts (Fig. 4.4C and D, TOP-def, +CAGE) and 24-27% amply 

expressed transcripts that also harbored a pyrimidine motif proximal to the 5’ cap (Fig. 4.4C and D, TOP-def, 

+CAGE/-+CYYYYY). As a sign of the applicability of our CAGE analysis tool, I was able to detect the 

removal of core TOP mRNAs from the LARP1-interacting candidates, as seen by the ratio of transcripts 

containing pyrimidine-rich sequences shifting from 32-33% to 24-27% (Fig. 4.4C and D, compare ‘All’ to 

‘TOP-def’, +CAGE/-+CYYYYY). However, the change is minute, likely owing to the collective classification 

of transcripts displaying terminal and internal pyrimidine-rich sequences near the 5’ cap, of which transcripts 

with the latter feature are likely still present in my TOP-deficient datasets.  
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Finally, I was able to define a concise list of primary LARP1-regulated TOP-deficient candidates by 

extracting the overlap between the LARP1-interacting candidates from fully supplemented or mTOR inactivated 

samples and the respective top 125 TOP-deficient transcripts. Furthermore, I utilized our CAGE-analysis tool to 

isolate the primary LARP1-regulated TOP-deficient candidates that are amply expressed, and also to assess the 

presence of cap-proximal pyrimidine-rich sequences within these candidates. First, I extracted the overlaps 

between LARP1-interacting candidates and the respective top 125 TOP-deficient transcripts, which amounted to 

12 or 21 transcripts for fully supplemented or mTOR inactivated samples, respectively (Fig. 4.4C and D, TOP-

def Top 125, Total). Among these primary candidates, our CAGE-analysis tool demonstrated that 11 and 19 

transcripts were amply expressed in fully supplemented or mTOR inactivated samples, respectively (Fig. 4.4C 

and D, TOP-def Top 125, +CAGE; Suppl. Fig. 4.5 and 4.6). Moreover, pyrimidine-rich sequences that were 

proximal to the 5’ cap were found in 4 and 5 transcripts, when analyzing primary candidates from samples that 

were exposed to full conditions or mTOR inactivation, respectively (Fig. 4.4C and D, TOP-def Top 125, 

+CAGE/-+CYYYYY; Suppl. Fig. 4.5 and 4.7). The CAGE-peak regions that were defined by our CAGE-

analysis tool, when analyzing the primary candidates from fully supplemented or mTOR inactivated samples, are 

displayed in the supplementary information (Suppl. Fig. 4.5 or Suppl. Fig. 4.6 and Suppl. Fig. 4.7, 

respectively). To provide an overview of the differential expression of the amply expressed primary LARP1-

regulated TOP-deficient candidates, I presented the log(2)-fold change of these candidates in Fig. 4.4E and F, 

and marked all primary LARP1-regulated TOP-deficient candidates with asterisks in the previously described 

heatmaps (Fig. 4.2, Fig. 4.3 and Suppl. Fig. 4.3, asterisks). As previously stated, I will not pay further attention 

to the presence of RPS7 and RPL9 among my primary LARP1-regulated TOP-deficient candidates, as the 

relation between LARP1 and the expression of RPs is thoroughly established (Gentilella et al., 2017; Huo et al., 

2012; Meyuhas and Kahan, 2015; Thoreen et al., 2012).  

Intriguingly, the primary LARP1-regulated TOP-deficient candidates for mTOR inactivated samples 

exhibited the previously discussed YWHAE (Fig. 4.4F). Moreover, mTOR inactivation likely allows LARP1 to 

bind and regulate the steady-state levels of the transcripts encoding Triosephosphate Isomerase 1 (TPI1, 

UniProtKB: #P60174), Pyruvate Kinase M1/2 (PKM, UniProtKB: #P14618), and Creatine Kinase B (CKB, 

UniProtKB: #P12277), which are imperative for gluconeogenesis, glycolysis and energy flux, respectively (Fig. 

4.4F). I also found that LARP1 likely reduces the abundance of transcripts encoding key enzymes in the 

pathway of amino acid biosynthesis, during full conditions or mTOR inactivation, i.e. Aldehyde Dehydrogenase 

18 Family Member A1 (ALDH18A1, UniProtKB: #P54886) or Methionine Synthase (MTR, UniProtKB: 

#Q99707), respectively (Fig. 4.4E and F, respectively). Finally, the transcript encoding the tumor suppressor 

and facilitator of ribosome biogenesis, Nucleophosmin 1 (NPM1) (Lindström, 2011; Maggi et al., 2008; Yu et 

al., 2006) was less abundant upon LARP1 knockout irrespective of mTOR activity (Fig. 4.4E and F).  
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LARP1 likely regulates the expression of metabolic effectors and regulators of mTORC1 activity  

The changes in steady-state levels of the LARP1-regulatome are interesting, as it could be accompanied by an 

equivalent change in the protein expression and hence activity of the encoded enzyme. Translation efficiencies 

were recently interrogated for the entire HEK293T transcriptome in the wake of LARP1 knockout and mTOR 

inactivation (Philippe et al., 2020). However, as mentioned previously, when studying the bimodal effect of 

LARP1-mediated stabilization and translational repression of TOP mRNAs, it was emphasized that LARP1-

dependent changes in translation efficiency on TOP mRNAs is unable to accurately address their absolute 

translation (Gentilella et al., 2017). Possibly, similar dynamics would exist for the highly LARP1-regulated 

candidates in this study, hence necessitating the separate analysis of transcript abundance and absolute 

translation. 

To acquire transcriptome-wide changes in the association with actively translating ribosomes, I 

performed DESeq2 analysis on RPF-seq data (next-generation sequencing on ribosome-protected mRNA 

fragments; n = 2) from HEK293T WT or HEK293T LARP1 KO cells that were either fully supplemented or 

exposed to mTOR inactivation (2h treatment with Torin 1) (Philippe et al., 2020). Thus, I defined transcripts that 

experienced a LARP1-dependent change in both their steady-state level (p < 0.001, log(2)-fold change > +/–0.3) 

and their overall translation (p < 0.05) (Fig. 4.5A-C). I initially validated the quality of this analysis by 

scrutinizing the LARP1-dependent responses to mTOR inactivation for TOP mRNAs. By removing LARP1 in 

fully supplemented contexts, TOP mRNAs that were significantly regulated (47 out of 105 TOP mRNAs) 

collectively displayed reduced steady-state levels, whereas the association with ribosomes was distributed 

around the horizontal axis (i.e. log(2)-fold change = 0) with most TOP mRNAs being less associated with 

ribosomes (Fig. 4.5B, orange; Suppl. Fig. 4.1, column 3). Interestingly, the TOP mRNA encoding the 

mTORC1 modulator, Receptor For Activated C Kinase 1 (RACK1 or GNB2L1), was also differentially 

expressed during full conditions (RNA-seq log(2)-fold change: -1.06, RPF-seq log(2)-fold change: -1.26; Fig. 

4.5B, arrow; Suppl. Fig. 4.1, arrowhead). Removing LARP1 during mTOR inactivation prominently 

encouraged TOP mRNAs to associate with ribosomes and instigated a potentiated collective reduction in their 

steady-state levels (Fig. 4.5C, orange; Suppl. Fig. 4.1, column 4). Taken together, these findings suggest that 

basal conditions cause LARP1 to reduce or enhance the translation of distinct subpopulations of TOP mRNAs, 

albeit favoring a LARP1-mediated augmentation of TOP mRNA translation (Fig. 4.5B, orange). Moreover, 

LARP1-mediated control of TOP mRNAs during mTORC1 inactivation is strictly biased towards enhancing the 

abundance of TOP mRNAs, while also inhibiting their translation (Fig. 4.5C, orange).  
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I next investigated the correlation between LARP1-dependent regulation of transcript abundance and 

translation for the 125 highly LARP1-regulated non-TOP mRNA candidates. Of the LARP1-regulated top 125 

TOP-deficient transcripts from fully supplemented or Torin 1 treated cells (Fig. 4.2 and Fig. 4.3, respectively), I 

found that 76 and 51 transcripts experienced differential association with ribosomes, respectively (Fig. 4.6A and 

B). Upon removing LARP1 during fully supplemented conditions, the alterations in steady-state levels of the 

differentially expressed transcripts generally lacked an equivalent change in their association with ribosomes 

(Fig. 4.6A, dotted line). On the other hand, removing LARP1 in an mTOR inhibited context gave rise to a trend, 

where transcripts with reduced steady-state levels also displayed an enhanced association with ribosomes (Fig. 

4.6B, dotted line). The TOP-deficient transcripts, which exhibit reduced steady-state levels and increased 

number of engaged ribosomes upon removing LARP1 during mTOR inactivation (Fig. 4.6B), mimic the effects 

that I observed for TOP mRNAs (Fig. 4.5C, orange). Therefore, I found it necessary to ensure that the trend 

observed for TOP-deficient transcripts during mTOR inactivation (Fig. 4.6B) was unlikely to be constituted by 

the TOP mRNAs that were present in my TOP-deficient datasets. I assessed the TOP-score landscape (Philippe 

et al., 2020) among the LARP1-regulated top 125 TOP-deficient candidates, thus giving the impression that 

there was no bias towards transcripts that displayed high TOP-scores also experienced decreased steady-state 

levels as well as enhanced ribosome association upon LARP1 knockout (Suppl. Fig. 4.8A and B, grey peaks). 

By analyzing the concise list of primary LARP1-regulated TOP-deficient candidates (Fig. 4.4E and F), I noticed 

that these transcripts displayed the same trend as the LARP1-regulated top 125 TOP-deficient transcripts: In 

fully supplemented cells, there was little correlation between the shift in transcript abundance and their 

association with ribosomes upon removing LARP1 (Fig. 4.5B, red; Fig. 4.5D). However, removing LARP1 

during mTOR inactivation caused transcripts with markedly reduced steady-state levels to associate more with 

ribosomes, whereas transcripts with lesser changes in their abundance generally displayed diminished 

association with ribosomes (Fig. 4.5C, red; Fig. 4.5D). Taken together, I find that the LARP1-mediated changes 

in transcript abundance and translation generally do not correspond to each other. Moreover, my data suggest 

that the TOP-score defined elsewhere (Philippe et al., 2020) becomes inaccurate, when reporting on the 

sensitivity to LARP1-mediated translational repression for borderline TOP mRNAs and non-TOP mRNAs. 

Previously I highlighted TPI1, PKM, CKB, ALDH18A1, MTR, YWHAE, NPM1, VARS, QARS, 

MID1, Rheb, NDRG1 among the highly LARP1-regulated candidates, due to their relation to energy 

homeostasis (TPI1, PKM, CKB), amino acid management (ALDH18A1, MTR, VARS, QARS), ribosome 

biogenesis (NPM1) or mTORC1 signaling (MID1, Rheb, NDRG1). Among these interesting candidates, I noted 

that the mRNAs encoding NPM1, PKM, MTR, Rheb, YWHAE, NDRG1 and QARS altered their association 

with ribosomes upon removing LARP1, during full conditions (Rheb, NDRG1) (Fig. 4.6C) or Torin 1 treatment 
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(PKM, MTR, YWHAE, QARS) (Fig. 4.6D) or both (MID1) (Fig. 4.6C and D). Specifically, the transcripts 

encoding NPM1, PKM, MTR, Rheb, YWHAE and NDRG1 became less associated with ribosomes upon 

removing LARP1 (Fig. 4.5D; Fig. 4.6C and D), whereas mRNAs encoding QARS increased its association with 

ribosomes (Fig. 4.6D). When considering the changes in the steady-state levels of these mRNAs, it seems that 

the LARP1-mediated control of transcript abundance is only conveyed as an indirect control of translation in the 

case of transcripts encoding NPM1, YWHAE, PKM and MID1 (Fig. 4.5D; Fig. 4.6C and D).  

Discussion 

This study was initiated to explore shifts in mRNA expression upon removing LARP1, while mTORC1 is active 

or inactive, thereby enabling the identification of hitherto unknown aspects of LARP1-mediated control of non-

TOP mRNAs with relation to ribosome biogenesis or mTORC1 activity. I demonstrated that the presence of 

LARP1 affects the abundance of a great variety of transcripts. Similar to TOP mRNAs, the LARP1-mediated 

control of the abundance of non-TOP mRNAs is potentiated upon mTORC1 inactivation (Fig. 4.1). Based on a 

set of mainly non-TOP mRNAs with highly LARP1-regulated steady-state levels (Fig. 4.2; Fig. 4.3), I 

established a concise list of primary LARP1-regulated candidate transcripts, which also interact with LARP1, 

and are thus likely to be subjects of direct LARP1-mediated post-transcriptional control (Fig. 4.4E and F). To 

investigate whether the LARP1-dependent effects on transcript abundance were also manifested in the 

expression of the respective proteins, I assessed the LARP1-dependent changes in absolute translation for the 

highly LARP1-regulated transcripts. I found that the LARP1-dependent changes in abundance and translation for 

highly LARP1-regulated transcripts displayed a slight inverse correlation, during conditions that inactivate 

mTORC1, whereas proliferative conditions did not give rise to any trend (Fig. 4.5; Fig. 4.6). My findings 

suggest that only some of the primary LARP1-regulated candidate transcripts are differentially translated in a 

LARP1-dependent manner (Fig. 4.5D). Among these differentially translated transcripts, I identified NPM1, 

YWHAE, PKM, MTR, MID1, QARS, Rheb and NDRG1 as primary LARP1-regulated candidates for future 

studies, as they are either related to ribosome biogenesis (NPM1), mTORC1 signaling (YWHAE, MID1, Rheb, 

NDRG1), energy homeostasis (PKM) or amino acid management (MTR, QARS). In parallel, this 

bioinformatical study also assessed TOP mRNAs, thereby providing the first individual analysis of LARP1-

dependent changes in both transcript abundance and translation for TOP and non-TOP mRNAs (Fig. 4.5). As a 

curious contrast to previous reports (Fonseca et al., 2015; Philippe et al., 2018, 2020), my analysis of TOP 

mRNAs suggests that basal conditions does not entail a LARP1-mediated repression of TOP mRNA translation.  

I was surprised by the lack of correlation between the LARP1-dependent changes in steady-state levels 

and absolute translation of non-TOP mRNAs. Recently, it was demonstrated that a transcript’s sensitivity to 

LARP1-mediated translational control could largely be defined by a metric determinant called “TOP-score”, 



178 

 

which is a metric score that is based on the length of terminal pyrimidine tracts exhibited by all the individual 

transcript variants for a given gene. However, at least when focusing on a limited set of 125 transcripts, which 

are not included in a set of core TOP mRNAs (Philippe et al., 2020), my results suggest that the TOP-score is an 

insufficient indicator of sensitivity towards regulation of transcript abundance and translation by LARP1 (Fig. 

4.6A and B). Thus, it also follows that LARP1-dependent post-transcriptional control of both TOP mRNAs and 

non-TOP mRNAs is likely to be mediated by other elements than terminal pyrimidine tracts, such as GC-rich 

regions in the 5’ UTR, internal pyrimidine-rich sequences or by direct or indirect interaction with the poly(A) 

tail (Al-Ashtal et al., 2019; Avni et al., 1994; Fonseca et al., 2015; Hong et al., 2017; Meyuhas and Kahan, 

2015). Alternatively, the poor correlation between LARP1-dependent alterations in transcript levels and their 

engagement by the translational machinery could in part be owed to different durations of Torin 1 treatment, i.e. 

30min for RNA-seq; 2h for RPF-seq. Acute inhibition of mTORC1 causes an instant LARP1-dependent change 

in the abundance of a subset of non-TOP mRNAs (Fig. 4.1D). However, possibly a secondary response is 

initiated within the time window between 30min and 2h of mTORC1 inactivation, thereby reimbursing the 

change in steady-state levels through various effects on the translation of non-TOP mRNAs (Fig. 4.6). 

How could the LARP1-dependent changes in steady-state levels and translation for the highlighted 

primary candidates impact mTORC1 signaling and the translational machinery? I explored transcriptome-wide 

LARP1-dependent changes in steady-state levels to assess the sensitivity of given transcripts to LARP1-medi-

ated control. However, in terms of gene expression, the change in the abundance of an mRNA is essentially 

irrelevant, if it is not accompanied by a concomitant change in its absolute translation. Thus, I settled with a 

concise set of genes that were related to mTORC1 signaling or the translational machinery and that also 

experienced LARP1-dependent differential abundance as well as translation: NPM1, YWHAE, PKM, MTR, 

MID1, QARS, Rheb and NDRG1. Among these genes it should be noticed that the effect of MID1 and YWHAE 

on the mTORC1 signaling network is essentially speculative (Fischer et al., 2009; Liu et al., 2011; Nakamura et 

al., 2017). My data suggest that LARP1 enhances the expression of MID1, YWHAE, Rheb, NPM1 and NDRG1 

during proliferative conditions (Fig. 4.5D; Fig. 4.6C). By stimulating the expression of the positive regulator of 

ribosome biogenesis, NPM1 (Lindström, 2011; Maggi et al., 2008; Yu et al., 2006), LARP1 could possibly 

enhance ribosome biogenesis in proliferating cells. Furthermore, my data suggest that LARP1 could regulate the 

propagation of mTORC1 signaling through enhanced expression of the mTORC1 stimulators MID1, YWHAE 

and Rheb (Condon and Sabatini, 2019; Fischer et al., 2009; Liu et al., 2011; Nakamura et al., 2017) or the 

mTORC1 inhibitor NDRG1 (Ma et al., 2015; Sun et al., 2013) (Fig. 4.5D; Fig. 4.6C and D). Glycolysis and 

methionine biosynthesis could be stimulated during cellular stress, as LARP1 enhances the expression of PKM 

(UniProtKB: #P14618) and MTR (UniProtKB: #Q99707) during mTOR inactivation (Fig. 4.5D). The 

potentiated LARP1-mediated reduction in QARS expression (UniProtKB: #P47897) upon mTOR inhibition, 
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suggests that LARP1 could negatively impact the charging of tRNAs and hence also global translation during 

inactivation of mTORC1 (Fig. 4.6C and D). It is important to note that I recapitulated the LARP1-dependent 

enhanced expression of the TOP mRNA encoding RACK1 (Fig. 4.5B, arrow; Suppl. Fig. 4.1, arrowhead) 

(Philippe et al., 2020). Since RACK1 stimulates mTORC1 activity through the ERK and AKT1-pathways 

(Carrière et al., 2008; Vomastek et al., 2007; Zhang et al., 2016), it would be highly interesting to examine a 

potential RACK1-dependent positive feedback loop within the mTORC1-LARP1 axis. In contrast to what my 

data suggest for human cells, LARP1 in C. elegans attenuates signaling within the ERK signaling pathways 

(Nykamp et al., 2008). Speculatively, the evolution of the well-established LARP-dependent control of ribosome 

biogenesis in vertebrates, also included a LARP1-dependent mechanism that simultaneously positively regulates 

mTORC1 signaling through RACK1 TOP mRNAs. However, since the relation between LARPs and RACK1 

has gained much attention recently, I expect the biological relevance of LARP1-mediated regulation of RACK1 

expression will be demonstrated in the foreseeable future (Berman et al., 2020; Philippe et al., 2020; Schäffler et 

al., 2010).  

Are the effects reported in this study related to previously described phenomena that are dependent on 

LARP1? In the process of controlling the quality of our RNA-seq libraries, I interrogated the mTOR-regulated 

LARP1-dependent response of TOP mRNAs. I solidified the commonly accepted observation that the LARP1-

dependent stabilization of TOP mRNAs is potentiated by inactivation of mTOR. The stabilization of TOP 

mRNAs was recently suggested to be implemented by a LARP1-40S complex (Gentilella et al., 2017). However, 

the data that were presented to establish the significance of a LARP1-40S complex, and the data presented in this 

study, could also suggest that LARP1 stabilizes TOP mRNAs, which are associated with translational hindered 

40S complexes (Fig. 4.1A, C and D). LARP1 depletion reportedly triggers the accumulation of p53 through the 

impaired ribosome biogenesis checkpoint, due to deficient synthesis of RPs (Gentilella et al., 2017). Since 

LARP1 ensures sufficient synthesis of RPs, it is interesting that my data suggest that LARP1 also enhances early 

stages of ribosome biogenesis by promoting the expression of NPM1 (Fig. 4.5D), which chaperones the initial 

interactions between RPs and rRNA (Lindström, 2011; Yu et al., 2006). Moreover, NPM1 enhances tumorigen-

icity by sequestering the tumor suppressor ARF1 within the nucleus (Korgaonkar et al., 2005). One could 

speculate that the correlation between NPM1 and LARP1 expression could  mediate the elevated tumorigenicity 

that is evidently associated with long-term LARP1 expression (Mura et al., 2015; Stavraka and Blagden, 2015; 

Ye et al., 2016).  Though this study is at its early stages, I expect that my bioinformatic research is a stepping 

stone in elucidating LARP1-regulated expression patterns, which comprise mediators that can clarify or add new 

insight in how LARP1 can affect mTORC1 signaling, ribosome biogenesis and tumorigenicity.  
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Materials and methods 

Cell culture, sample treatment and preparation of RNA-seq data 

The generation of LARP1 CRISPR/Cas9 Knockout (KO) HEK293T cell lines has been described previously in 

this dissertation (cf. chapter 2, Materials and methods). HEK293T cells were cultured in DMEM (SIGMA, 

#D5796-500ML) supplemented with 10% FBS and 1% penicillin/streptomycin.  HEK293T WT and LARP1 KO 

cells were grown to 85% confluency and were treated with DMEM/FBS/Penicillin/streptomycin supplemented 

with 0.1% DMSO (vehicle) or 300 nM Torin 1. After 30 min, cells were washed once with Phosphate Buffered 

Saline (PBS) and harvested in TRIzol™ Reagent (Thermo Scientific, #15596026). RNA was purified according 

to manufacturers protocol for TRIzol™ Reagent, except that the chloroform extraction was carried out twice to 

increase purity.  

RNA-seq and DESeq2 

Three biological replicates of total RNA from each condition was sent to Novogene, where it was depleted for 

rRNA before generating standard Illumina stranded library generation. From an Illumina NovaSeq 6000 

platform we obtained >20 million reads per sample with >150 paired-end. Acquired reads were trimmed using 

Trimmomatic (default settings) and they were aligned to GRCh38/hg38. Two biological replicates of RNA-seq 

data on ribosome protected RNA fragments (RPF RNA-seq) from HEK293T WT and single LARP1 KO cells 

was acquired from another study ((Philippe et al., 2020): supplementary dataset S02). DESeq2 analysis (default 

settings (Love et al., 2015)) was performed on transcripts that displayed a total of >60 RNA-seq reads for three 

biological replicates (average >20 reads per replicate). Adjusted p-values were acquired from a Benjamin-

Hochberg adjustment of p-values from a Wald test. Significantly differentially expressed transcripts were 

defined by an adjusted p-value that was lower than 0.001 for our RNA-seq data and lower than 0.05 for the 

output from DESeq2 analyses on RPF RNA-seq data. For further processing and sorting of data only transcripts 

displaying a log(2)-fold change greater than +/–0.3 were used. A list of core TOP mRNAs and a list of TOP-like 

mRNAs (TOP-score > 2) were derived from another study ((Philippe et al., 2020), supplementary dataset S07 

and S05, respectively). Datasets containing transcripts, which associate with LARP1, during fully supplemented 

conditions or mTOR inactivation, were harvested elsewhere (supplementary file 1 (Hong et al., 2017)). The full 

list of LARP1-bound transcripts for the respective conditions were implicated in the analysis of my data.  

Hypergeometric test for analysis of GO-term enrichment 

In lay terms, the p-value derived from the hypergeometric test is the probability of randomly extracting the GO-

terms within the filtered p > 0.001/L2FC > +/-0.3 dataset from the GO-terms found in the corresponding raw 

DESeq2 output (> 20 RNA-seq reads). Specifically, I calculated the propability, P, of randomly drawing the 
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specific number of genes, k, with a given GO-term within the p>0.001/L2FC >+/-0.3 dataset, in the number of 

draws, n, defined by the total number of genes in the p>0.001/L2FC >+/-0.3 dataset without replacement. These 

draws are made from the raw DESeq2 output (>20 RNA-seq reads), which comprises a total number of genes, N, 

and a number of genes, K, that display the given GO-term:  

                   
 
 
 
  

   
   

 

  
 
 
 

 

CAGE-region definition and finding CYYYYY-motifs 

CAGE-seq data from HEK293T Flp-In T-Rex cells was harvested from another study (Lykke-Andersen et al., 

2014). The genomic region, where we searched for CAGE-peaks in a given gene, was defined by the extending 

the extreme genomic terminal positions among all transcript variants for the given gene by 100nt. Within this 

genomic interval the dominant CAGE-peak was defined. Only if the dominant CAGE-peak had more than 10 

CAGE-seq reads would the gene be characterized as “+CAGE”. The peak-region surrounding the dominant 

CAGE-peak was defined by scanning for nearby secondary peaks that met following criteria: a minimum 

intensity of 5% of the dominant CAGE-peak and at least 10 CAGE-seq reads and the CAGE-peak must be 

within 10nt of the dominant CAGE-peak. In case of success, the CAGE-peak region was extended to include this 

nearby secondary CAGE-peak. The secondary peak was then set as the origin for a new scan for nearby CAGE-

peaks, which the CAGE-peak region would be extended to in case of success. This loop continued until no more 

CAGE-peaks were found that would extend the CAGE-peak region surrounding the dominant CAGE-peak. 

Multiple CAGE-peak regions were defined like this, as long as a given CAGE-peak outside of the previously 

defined CAGE-peak regions displayed an intensity of more than 5% of the dominant CAGE-peak and a 

minimum of 10 CAGE-seq reads. A query motif with a cytosine followed by 5 pyrimidines, CYYYYY, was then 

searched for within the defined CAGE-peak-regions. If a CAGE-peak region was less than 10nt, the query motif 

was searched for in an extension of the CAGE-peak region, by elongating the region until a length of 10nt in the 

direction of transcription. If a single CAGE-peak region displayed the motif, the gene was defined as a 

“+CAGE/+CYYYYY” transcript. 
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CHAPTER V 

Concluding remarks 

A unifying discussion 

Which translational regulators specifically targets TOP mRNAs?  

The translation of TOP mRNAs has been suggested to be hypersensitive to the inhibitory effect of 4E-BP1 

(Thoreen et al., 2012) or particularly sensitive to the stimulatory effect of S6K1 (Jefferies et al., 1997). The data 

presented in this study captures the incapability of 4E-BP1 to direct the co-regulatory repression of TOP mRNA 

translation during mTORC1 inactivation (Fig. 2.1) (Meyuhas and Kahan, 2015; Miloslavski et al., 2014). S6K1 

was previously rejected as a regulator of TOP mRNA translation (Pende et al., 2004; Stolovich et al., 2002; Tang 

et al., 2001), but whether S6K1-mediated phosphorylation of LARP1 modulates LARP1-mediated control of 

TOP mRNA translation has not been assessed. This thesis demonstrates that the association of endogenous 

LARP1 with TOP mRNAs is largely unaffected by inhibiting S6K1 activity (Suppl. Fig. 2.9C and E). Since the 

association of LARP1 with the TOP-motif is necessary for the LARP1-mediated translational repression of TOP 

mRNAs (Fonseca et al., 2015; Lahr et al., 2015, 2017; Philippe et al., 2018), these results indirectly suggest that 

LARP1-mediated regulation of TOP mRNAs is unaffected by S6K1 activity. The relationship between mTORC1 

and LARP1 drew our attention towards the remaining LARP superfamily, which speculatively could also 

contribute to TOP mRNA regulation (Bousquet-Antonelli and Deragon, 2009; Schäffler et al., 2010; Stavraka 

and Blagden, 2015). This study assesses the interaction between the entire LARP superfamily and mTORC1, 
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thereby establishing that only LARP1 and LARP2 interacts with mTORC1 (Fig. 2.4B and C; Suppl. Fig. 2.8). 

However, the association between LARP2 and mTORC1 is very weak, suggesting that, among the LARP 

superfamily, only LARP1 is likely to be subdued to tight control by mTORC1-mediated phosphorylation. This is 

in accordance with other studies showing that only LARP1 and LARP2 associates strongly and weakly with 

mTORC1 (Hong et al., 2017), respectively, and that the inhibition of mTORC1 does not mount a LARP2-

dependent change in TOP mRNA translation (Philippe et al., 2020). Thus, within the LARP superfamily, only 

LARP1 is tightly controlled by mTORC1 in the process of regulating TOP mRNA translation.  

 The present study, as well as other reports, show that the knockout of LARP1 does not entirely alleviate 

the repression of TOP mRNA translation efficiencies upon mTORC1 inactivation (Fig. 2.2C, LARP1 KO; Fig. 

2.3B, Empty Vector) (Philippe et al., 2018, 2020). Speculatively, the removal of LARP1 establishes a set of 

circumstances, where an otherwise unnoticeable TOP-specific translational repression by 4E-BP1 (Fig. 2.1D) 

becomes potentiated, thereby providing a compensatory 4E-BP1-dependent repression of TOP mRNA 

translation (Fig. 2.2D) (Thoreen et al., 2012). Alternatively, mTORC2 could control a set of unknown 

translational regulators, which are capable of compensating the knockout of LARP1 or complement the 

repressive functions of LARP1 in WT cells during mTORC1 inactivation (Fig. 2.2D).  

 I provide the first data that display the global analysis of TOP mRNA abundance and absolute 

translation individually (see chapter I or IV for definition of absolute translation) (Fig. 4.5). During mTORC1 

inactivation, LARP1 causes the vast majority of TOP mRNAs to experience a 1.5 to 3.5-fold increase in steady-

state levels and a 1.5 to 7-fold decrease in absolute translation (Fig. 4.5C). Hence, the data in this thesis, as well 

as other reports, unambiguously demonstrate that the dephosphorylation of LARP1 during cellular stress triggers 

a prominent translational repression of TOP mRNAs by LARP1 (Fig. 2.2C; Fig. 2.3B; Fig. 2.8D; Fig. 2.9; 

Suppl. Fig. 2.3; Fig. 4.5C, orange) (Cassidy et al., 2019; Fonseca et al., 2015; Lahr et al., 2015, 2017; Philippe 

et al., 2018, 2020). On the contrary, the effect of LARP1 on RP expression during basal conditions is a focal 

point for disputes: LARP1 reportedly inhibits TOP mRNA translation efficiency during basal conditions 

(Fonseca et al., 2015; Philippe et al., 2018, 2020), which at first glance seems to be in contrast to the LARP1-

dependent enhanced expression of RPs during said conditions (Hong et al., 2017; Tcherkezian et al., 2014). 

Importantly, the data presented in this thesis captures the inhibition of TOP mRNA translation efficiency by 

LARP1 during basal conditions (Fig. 2.2C; Suppl. Fig. 2.3B), and also that these conditions cause LARP1 to 

slightly stimulate the absolute translation of TOP mRNAs (Fig. 4.5B, orange). On account of this, I suggest that 

mTORC1 in proliferating cells effectively phosphorylates and inhibits the LARP1-mediated repression of 

absolute translation on TOP mRNAs, thereby compelling LARP1 to slightly enhance RP expression through the 

stabilization of TOP mRNAs. Possibly, a thorough examination of LARP1-mediated stabilization of TOP 
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mRNAs can explain how an activatable repressor of RP synthesis also seems to slightly enhance RP expression 

dependent on the context. 

 Currently, the specific and collective targeting of TOP mRNAs by LARP1, as well as the magnitude of 

LARP1-dependent co-regulatory translational repression of TOP mRNAs during mTORC1 inactivation (Fig. 

4.5C, orange), vastly overrule the effects of any previously reported TOP-specific translational regulators 

(Damgaard and Lykke-Andersen, 2011; Jefferies et al., 1997; Meyuhas and Kahan, 2015; Ørom et al., 2008; 

Schwartz et al., 2004; Zhu et al., 2001). This gives the impression that the mTORC1-LARP1 axis is the main 

regulator of TOP mRNA translation in response to cellular stress. However, to establish the relative significance 

of the mTORC1-LARP1 axis in controlling RP synthesis, it is necessary to investigate the impact of the known 

or unknown factor(s), which are responsible for repressing the translation of TOP mRNAs, during mTORC1 

inactivation and in the absence of LARP1 (Fig. 2.2C; Fig. 2.3B).  

Which sites in LARP1 mediate its recruitment and phosphorylation by mTORC1? 

This study suggests that R840 is necessary for the recruitment of LARP1 to mTORC1 by RAPTOR (Suppl. Fig. 

2.6). However, as the presence of R840 in LARP2 does not entail a strong interaction with RAPTOR, the 

mutation of R840 in LARP1 is likely to affect the association between LARP1 and RAPTOR in an indirect 

manner. Similarly, putative TOS-motifs in the DM15 domain of LARP1 are also dispensable for the LARP1-

RAPTOR interaction (Suppl. Fig. 2.5) (Fonseca et al., 2015). In agreement with another study, which identified 

the LARP1 497-703 segment as a regulatory domain (Philippe et al., 2018), the data presented in this thesis 

suggests that residues within the 550-697 segment of LARP1 encompasses a critical interface for RAPTOR 

(Suppl. Fig. 2.10B and D). Reportedly, S689 and T692 are important for a strong LARP1-RAPTOR interaction 

(Hong et al., 2017). We extended on these findings, by showing that S550, S554, S689, T692 and possibly also 

S697 are necessary for a strong LARP1-RAPTOR interaction (Suppl. Fig. 2.10B and D). 

The present research showed that the expression of a 669-1019 LARP1 fragment yields a constitutive 

repressor of TOP mRNA translation (Fig. 2.3). As the 669-1019 LARP1 fragment likely harbors a partly 

compromised interface for the LARP1-RAPTOR interaction (Fig. 2.4D), the 669-1019 LARP1 fragment is 

probably constitutively active, due to being largely dephosphorylated despite of an activated mTORC1. This 

report dissects the mTORC1-mediated phosphorylation of LARP1 through a series of assays: firstly, by 

verifying clusters of residues in LARP1 that are targeted for mTORC1-mediated phosphorylation (Fig. 2.6); 

secondly, by validating the direct phosphorylation of full-length LARP1 by mTORC1 in vivo and in vitro (Fig. 

2.5); lastly, by investigating the impact on the translational repression of the 669-1019 LARP1 fragment by 

converting its mTORC1-targeted phosphorylation sites to phosphomimetic residues (Fig. 2.7; Fig. 2.8). The 

most prominent mTORC1-targeted residues in LARP1 are present in the 669-1019 LARP1 fragment, i.e. 
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residues within cluster  5, 6 and 7 (Fig. 2.6). Of these mTORC1-targeted clusters all residues were converted to 

phosphomimetic residues in cluster 5 or 7, while residues in cluster 6 were either all mutated or only the residues 

that exhibited the consensus of an mTORC1-targeted site (Fig. 2.7, cluster 6 (partial)) (Hsu et al., 2011). The 

present study demonstrates that LARP1 likely becomes incapable of binding the TOP-motif, as well as 

repressing TOP mRNA translation, upon mTORC1-mediated phosphorylation at several of the following 

residues: S747, T768, S770, S772, S774, S776, T779, S784, T788, and S791 (Fig. 2.7; Fig. 2.8). Hence, this 

thesis provides the first biochemically validated identification of mTORC1-targeted residues in LARP1, which 

are phosphorylated to control the LARP1-mediated translational repression of TOP mRNAs. To underscore the 

legitimacy of these findings, it will be necessary to ensure that the structural integrity of the DM15 domain in the 

mutated LARP1 669-1019 fragment is unaffected upon introducing a series of phosphomimetic residues. 

How does LARP1 regulate the abundance of transcripts? 

LARP1 is localized at central determinants of mRNA stability: LARP1 associates with poly(A) tails by 

interacting directly with poly(A) sequences (Al-Ashtal et al., 2019), or by binding PABP irrespective of 

mTORC1 activity (Fig. 2.4; Suppl. Fig. 2.4; Suppl. Fig. 2.8) (Burrows et al., 2010; Fonseca et al., 2015; Hong 

et al., 2017; Tcherkezian et al., 2014); moreover, LARP1 associates with the 5’ cap and the TOP-motif of TOP 

mRNAs (Fonseca et al., 2015; Lahr et al., 2015, 2017; Philippe et al., 2018) as well as internal pyrimidine-rich 

sequences near the 5’ end, which speculatively could affect transcript stability (Al-Ashtal et al., 2019; Hong et 

al., 2017). Accordingly, I verified that a vast amount of TOP mRNAs and non-TOP transcripts display LARP1-

dependent changes in their abundance, and that these changes are sensitive to the inactivation of mTORC1 (Fig. 

4.1). I focused on subsets containing mainly non-TOP transcripts, which interact with LARP1 and display 

LARP1-dependent changes in their steady-state levels, during basal conditions (146 transcripts) or cellular stress 

(347 transcripts) (Fig. 4.4A and B, respectively). Thereby, I defined non-TOP transcripts that are likely to 

undergo differential expression due to direct LARP1-dependent post-transcriptional control. To this end, time 

limitations have prevented me from investigating, whether LARP1 is capable of controlling the steady-state 

levels of these non-TOP mRNAs, due to the association between LARP1 and pyrimidine-rich sequences or 

poly(A) tails at the 5’ or 3’ ends of the regulated transcripts, respectively. 

 In line with previous reports (Fonseca et al., 2015; Gentilella et al., 2017; Philippe et al., 2018), I find 

that TOP mRNAs undergo a LARP1-dependent stabilization. I extend this observation by verifying that the 

stabilization of TOP mRNAs is enhanced during mTORC1 inactivation (Fig. 4.1). In the pursuit of establishing a 

TOP-specific decay-related mechanism, I demonstrated that the TOP-motif, in at least a collection of TOP 

mRNAs, guides an endoribonucleolytic cleavage immediately downstream of the TOP-motif (Fig. 3.1; Fig. 3.3; 

Suppl. Fig. 3.1; Suppl. Fig. 3.2). This phenomenon is likely a frequently occurring co-translational event (Fig. 
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3.5), which is expected to abrogate cap-dependent translation initiation on the cleaved TOP mRNA and to 

commit the transcript to exoribonucleolytic decay. Importantly, the removal of LARP1 partly rescued the 

complete inhibition of this endoribonucleolytic event on TOP mRNAs during mTORC1 inactivation (Fig. 3.4). 

Interestingly, my bioinformatical examination verifies a collective stabilization of TOP mRNAs upon mTORC1 

inactivation (Fig. 4.1A and D, orange). Possibly, the potentiated stabilization of TOP mRNAs upon mTOR 

inactivation could at least in part be owed to LARP1 protecting the 5’ UTR of TOP mRNAs from an 

endoribonucleolytic event, while LARP1 resides on the TOP-motif (Fig. 3.6). Due to insufficient time, I could 

not validate, whether the yet unknown endoribonuclease targets the majority of TOP mRNAs, nor could I assess 

how efficiently LARP1 protects TOP mRNAs during basal conditions. Before I can establish that the LARP1-

dependent stabilization of TOP mRNAs generally relies on the inhibition of a TOP-specific endoribonuclease, 

this line of research requires more work. Firstly, a thorough biochemical characterization of the relation between 

the unidentified endoribonuclease and LARP1 is needed, and secondly, an assessment of how broadly and 

specifically the unidentified endoribonuclease targets TOP mRNAs would be required. As previously discussed 

in this chapter, the LARP1-mediated control of TOP mRNA abundance could prove to be an important facet in 

controlling RP expression during basal conditions. Thus, it is paramount that future research dissects how RP 

expression is affected by the LARP1-dependent stabilization of TOP mRNAs. Interestingly, the stabilization of 

TOP mRNAs by LARP1 has already been linked to a few mechanisms: a 40S-LARP1 complex that stabilizes 

TOP mRNAs in a yet unknown manner (Gentilella et al., 2017); the LARP1-dependent preservation of poly(A) 

tails during long-term stress (Ogami et al., 2019); and finally, a speculative model, where the La-Module in 

LARP1 concomitantly binds TOP mRNAs through their poly(A) tail and TOP-motif, thereby enabling LARP1 

to control the translation as well as stability of TOP mRNAs (Al-Ashtal et al., 2019). 

Does LARP1-mediated control of non-TOP mRNAs have implications for ribosome biogenesis? 

Although the portion of the transcriptome that experiences LARP1-dependent differential steady-state levels has 

been verified to comprise numerous non-TOP transcripts (Hopkins et al., 2015), the significance of the 

regulation of non-TOP mRNAs by LARP1 has only rarely been addressed (Hopkins et al., 2015; Mura et al., 

2015). To develop the understanding of LARP1-mediated regulation of non-TOP mRNAs I analyzed RNA-seq, 

LARP1 PAR-CLIP-seq and RPF-seq datasets, which reported on LARP1-dependent effects, during basal 

conditions and mTORC1 inactivation. As a result, I provide a concise list of 11 and 19 primary LARP1-

regulated transcripts, which are likely regulated by LARP1 in a post-transcriptional manner, during basal 

conditions and mTORC1 inactivation, respectively (Fig. 4.4E and F). By scrutinizing the absolute translation 

for all transcripts within these two subsets, I verified whether their protein expression was also likely to be 

affected by LARP1. Accordingly, I emphasized that the primary LARP1-regulated transcripts encoding NPM1, 
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YWHAE, PKM, MTR, MID1, QARS, Rheb or NDRG1 displayed a LARP1-dependent change in absolute 

translation. These putative LARP1-regulated candidates were highlighted, as they are related to early stages of 

ribosome biogenesis (NPM1), mTORC1 signaling (YWHAE, MID1, Rheb and NDRG1), energy homeostasis 

(PKM) or amino acid management (MTR, QARS). Importantly, as ribosome biogenesis relies heavily on 

mTORC1 signaling and resource availability, the LARP1-dependent regulation of these transcripts affords the 

possibility that LARP1 regulates ribosome biogenesis independent of TOP-mediated control of RP synthesis. 

Recently, it was emphasized that LARP1 affects immortalized and cancerous cell lines differentially (Berman et 

al., 2020). Accordingly, LARP1 levels in cancerous cell lines correlate with tumorigenicity and the expression of 

ribosomal proteins (Berman et al., 2020; Burrows et al., 2010; Hong et al., 2017; Hopkins et al., 2015; Mura et 

al., 2015; Ye et al., 2016). Thus, it would be interesting to investigate, whether the LARP1-dependent regulation 

of NPM1, YWHAE, PKM, MTR, MID1, QARS, Rheb and NDRG1 responds similar to the manipulation of 

LARP1 levels in cancerous or immortalized cell lines. Speculatively, the acquired knowledge could explain 

some of the mechanisms that bestow LARP1 with pro-oncogenic features. 

Conclusion 

This dissertation aimed to investigate the mTORC1-LARP1 axis to elaborate on the LARP1-mediated control of 

TOP mRNA expression and ribosome biogenesis in human cells. My dissertation emphasizes that the human cell 

relies strongly on the mTORC1-LARP1 axis to continuously balance the expression of ribosomal proteins to the 

demand for ribosome biogenesis, as determined by growth-regulating cues in the cellular environment. To better 

understand the mechanism that enables mTORC1 to control LARP1, this study presents a distinct set of 

neighboring residues in LARP1, which are targeted for phosphorylation by mTORC1 to regulate the repressive 

effect of LARP1 on TOP mRNA translation. My study accentuates the importance of investigating a LARP1-

depend-ent mechanism that controls the abundance of TOP mRNAs and non-TOP mRNAs, and to what extent 

these mechanisms ultimately affect the expression of the affected transcripts. Accordingly, I discovered that the 

abundance of select TOP mRNAs is likely reduced, due to their degradation being triggered by an 

endoribonucleolytic event, which is guided by the TOP-motif. Possibly, LARP1 inhibits the responsible 

endoribonuclease, while LARP1 is residing on the TOP-motif, thereby enhancing the steady-state levels of the 

particular TOP transcripts, at least during conditions that inactivate mTORC1. Moreover, the human cell might 

draw on LARP1 to confer a post-transcriptional regulation of the abundance and translation of non-TOP 

mRNAs, which are related to ribosome biogenesis, mTORC1 signaling and resource homeostasis. Whether the 

presented TOP-specific decay-related mechanism and the LARP1-dependent changes in the expression of non-

TOP transcripts bestow the cell with an additional facet of post-transcriptional control over ribosome biogenesis, 

remains to be discerned in future studies. 
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 In detail, this dissertation demonstrates that, among known translational regulators that specifically 

target TOP mRNAs, LARP1 is by far the most prominent during cellular stress. However, other factor(s) also 

contribute to the full-scale inhibition of TOP mRNA translation that is triggered upon mTORC1 inactivation. To 

facilitate the mTORC1-mediated phosphorylation of LARP1, the mTORC1 constituent, RAPTOR, likely 

interacts with an interface on LARP1 that comprises residue S550, S554, S689, T692, S697 and possibly also 

R840. The phosphorylation of LARP1 by mTORC1 was verified to occur at 7 distinct clusters of residues. 

Importantly, this study presents strong evidence that the translational repression exerted by LARP1 is ultimately 

regulated by the mTORC1-mediated phosphorylation of LARP1 adjacent to the DM15 domain at several of the 

following residues: S747, T768, S770, S772, S774, S776, T779, S784, T788, and S791. 

 By examining the targeted decay and stabilization of TOP mRNAs, I identified a co-translational endo-

ribonucleolytic event that occurs in the 5’ UTR of select TOP mRNAs dependent on the TOP-motif. This study 

also presents indicators that LARP1 is capable of protecting the 5’ UTR of TOP mRNAs from a yet unidentified 

endoribonuclease during mTORC1 inactivation. The inhibition of the endoribonucleolytic event could explain 

the verified potentiated LARP1-dependent stabilization of TOP mRNAs upon mTORC1 inactivation, but the 

causal connection was not established.  

 My bioinformatical study has verified that LARP1 likely exerts a post-transcriptional control of the 

expression of non-TOP mRNAs, which are related to ribosome biogenesis (NPM1), mTORC1 signaling 

(YWHAE, MID1, Rheb, NDRG1), energy homeostasis (PKM) or amino acid management (MTR, QARS). 

Future work will aim to validate the impact of the LARP1-dependent regulation of these non-TOP mRNAs on 

the mTORC1 signaling network and ribosome biogenesis.  

Outlook 

Research on the mTORC1-LARP1 axis has been considered controversial ever since the LARP1-mediated 

control of TOP mRNA translation was established, as recently discussed elsewhere (Berman et al., 2020). I find 

that the research on LARP1 is now at a stage, where it is capable of putting an end to these controversies, by 

thoroughly examining how the LARP1-dependent control over TOP mRNA translation and abundance 

individually affects the synthesis of RPs. I speculate that rather than strictly being a controllable repressor or 

stimulator of TOP mRNA expression, LARP1 might be a post-transcriptional buffer of TOP mRNA expression. 

Mechanistically, this would imply that, even though cellular stress triggers the LARP1-dependent prominent 

repression of TOP mRNA translation, the bimodality of LARP1 enables it to concomitantly prepare the human 

cell for a rapid recovery from stress by maintaining high levels of TOP mRNAs (Ogami et al., 2019). Moreover, 

the continuous maintenance of TOP mRNA abundance by LARP1 could assist proliferation by constitutively 

enhancing the amount of TOP mRNAs that is available to the translational machinery, thereby stimulating RP 
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synthesis and ribosome biogenesis during proliferative conditions (Hong et al., 2017; Tcherkezian et al., 2014). 

However, the question is, whether the field of LARP1 is methodologically equipped to assess these dynamics?  

 LARP1 research recently reached an important milestone, by establishing CRISPR/Cas9-mediated 

LARP1 KO cell lines, which enabled the complete removal of LARP1. However, the constant yearning for 

homeostasis within human cells induces compensatory effects that reportedly take place already 48h after 

removing LARP1 (Berman et al., 2020). Possibly, some of the acute effects of LARP1 KO are diminished or 

maybe even fully compensated, during the first days of selection of KO cell lines. To diminish the time window 

between the manipulation of LARP1 levels and the assessment of the resulting phenotype, it would be suitable to 

ectopically express LARP1 in LARP1 KO cells. This assay would be expected to rescue any LARP1-dependent 

effect, but most importantly, the phenotype could be examined within 24h, thereby greatly diminishing the risk 

of the phenotype becoming compensated. Interestingly, a group has managed to ectopically express proteins, 

which were tagged with an auxin-inducible degron, thereby enabling them to induce the rapid decay of these 

exogenous proteins dependent on a co-expressed plant E3 ubiquitin ligase (Nishimura et al., 2009). This system 

was recently combined with CRISPR/Cas9 to label endogenous proteins with the inducible degron tag within 

human cells that stably expressed the plant E3 ubiquitin ligase (Davidson et al., 2019). By doing so, it was 

possible to trigger the removal of the targeted protein within an hour and to study the immediate effects of its 

absence. By generating a cell line with inducible depletion of LARP1, future research would be capable of 

analyzing even the most acute LARP1-dependent effects on e.g. determinants of stability on TOP mRNAs, such 

as poly(A) tail length, 5’ cap integrity and exposure to endoribonucleolytic cleavages. 

 Polysome profiling and ribosome profiling are resourceful techniques, when assessing the translational 

status of a given pool of mRNAs at a given time point. However, these tools are not capable of disclosing, 

whether translational changes are caused by regulating the flux of mRNA between subpolysomes and polysomes 

or by preventing the degradation of polysomal or subpolysomal mRNAs. Ample data strongly suggest that 

LARP1 directly represses translation initiation of TOP mRNAs during cellular stress, thereby shifting polysomal 

TOP mRNAs into subpolysomes (Fonseca et al., 2015; Lahr et al., 2015, 2017; Philippe et al., 2018, 2020). 

Much less is known about the bimodal functions of LARP1 in a proliferative context, where the impact of 

LARP1 on TOP mRNA translation initiation seems minute, yet an elusive LARP1-dependent effect seems to 

positively regulate RP synthesis (Hong et al., 2017; Tcherkezian et al., 2014). To advance our knowledge on 

how the bimodal function of LARP1 affects translational kinetics in proliferating cells, research would benefit 

from characterizing the acute consequence of manipulating LARP1 levels for the stability of translating and non-

translating TOP mRNAs. This poses a technological challenge, as it would involve a qualitative and continuous 

assessment of an mRNA’s localization to (sub)polysomes, while in parallel carrying out a temporal analysis of 

mRNA stability. Real-time imaging of translation is probably the most promising contender to report on such 
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LARP1-regulated dynamics, as it readily reports on the localization of mRNAs to polysomes, and it is proficient 

in assessing temporal aspects of molecular dynamics such as mRNA stability (Wang et al., 2016; Wilbertz et al., 

2019). However, a laborious effort will be needed, before the low-throughput process of live cell imaging can 

interrogate a sufficient number TOP mRNAs to deliver a reliable extrapolation onto the entire class of TOP 

mRNAs.  

 This thesis reports on the presence of an RGG-motif, which resides in the N-terminal half of LARP1 

near the La-Module. Among other functions, RGG-motifs are capable of interacting with RNA and mediating 

phase separation, and accordingly RGG-motif are present in multiple protein markers of cytoplasmic granules, 

such as SGs and processing bodies (Arribas-Layton et al., 2016; Chong et al., 2018). However, the functions that 

the RGG-motif bestows to LARP1 are currently unknown. Moreover, the recently reported binding of poly(A) 

tails and TOP-motifs by the LARP1 La-Module suggests that the function of this domain is more multifaceted, 

than previously believed (Al-Ashtal et al., 2019). As suggested by others, a meticulous investigation of the La-

Module might be the key to comprehend how LARP1 stabilizes both TOP mRNAs (Al-Ashtal et al., 2019) and 

possibly also non-TOP mRNAs. We verified that multiple mTORC1-targeted phosphorylation sites on LARP1 

are unlikely to affect the functions of the DM15 domain. In relation to this, it would be interesting to assess, 

whether mTORC1 phosphorylates LARP1 at select sites to specifically regulate the known and yet unknown 

RNA-binding features of the La-Module and perhaps also the RGG-motif. Speculatively, the La-Module and the 

RGG-motif could contribute to the bimodal function that enables the mTORC1-LARP1 axis to control TOP 

mRNA expression and ribosome biogenesis.  
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