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ABSTRACT 

Cellular perturbations cause the proteins to misfold precluding their functions. In response 

to proteotoxic stress, cells downregulate gene expression by reducing cap-dependent translation. 

Concurrently, they upregulate the expression of a subset of molecular chaperones known as Heat 

Shock Proteins (HSPs) in charge of protein folding. The fast induction and rapid attenuation of the 

inducible HSP70 expression define the Heat Shock Response (HSR), which is critical for cell 

survival from stress. However, the ubiquitous expression of the inducible HSP70 is toxic and 

promotes tumorigenesis in mammalian cells. Thus, the fast degradation of the HSP70 mRNA 

allows for tailoring the HSP70 synthesis to the misfolded protein load in the cell is vital.  

Since the HSR is an evolutionarily conserved survival response, the induction and 

attenuation of the HSR have been studied in different model organisms. While the transcription of 

HSP70 mRNA is well studied, our initial studies revealed an important difference between yeast 

and mammalian cells on HSP70 mRNA translation. In yeast, the HSP70 synthesis peaks during 

heat shock, while in mammalian cells, it peaks during recovery. Based on this, we hypothesize that 

distinct regulatory elements in the sequence of the inducible HSP70 mRNA in yeast and 

mammalian cells regulate its translation upon heat shock and recovery.   

We discovered that in Saccharomyces cerevisiae, the coding sequence of the inducible 

HSP70, SSA4, is biased towards rare codons. These codons promote ribosome stalling and 

collisions on the mRNA that result in the control of Ssa4p expression by the ribosome quality 

control (RQC) mechanism. In RQC, the ribosomal protein Asc1p stabilizes the collided ribosomes 

triggering a series of downstream events to reduce translation and dissociate ribosomes. Our work 

elucidates the SSA4 coding sequence as a novel regulatory element and describes RQC as an 
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unexpected mechanism to restrain, rather than enhance, the synthesis of Ssa4p during heat shock. 

Interestingly, Asc1p also mediates decay of SSA4 mRNA independently of RQC. Thus, Asc1p 

appears as a novel master regulator of the HSR.   

The RQC-mediated regulation of inducible HSP70 synthesis is not conserved in mammals 

(Hspa1a) because it is rich in optimal codons. However, the 5’ UTR forms a compact structure 

upon heat shock made of several stem loops suggesting a regulation at the level of translation 

initiation. We have found that the HSPA1A synthesis during heat shock, but not during recovery, 

is independent of the helicase eIF4A and the ternary complex factor eIF2α. Thus, we propose the 

5’ end of Hspa1a mRNA to regulate its translation by acting like an internal ribosome entry 

(IRES). However, assessing the functions of each stem-loop by causing the unzip mutation did not 

show a significant effect on HSP70 synthesis. Interestingly, using a CRISPR-cas9-based single-

base editing approach, we defined specific nucleotides on the 5’ UTR and CDS to regulate 

translation induction during heat shock. As a result of my thesis work, we have identified novel 

molecular mechanisms that regulate the translation of Hspa1a mRNA upon heat shock and its 

decay during recovery.  
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RÉSUMÉ 

Les perturbations cellulaires entraînent un mauvais repliement des protéines, empêchant ainsi leurs 

fonctions. En réponse au stress protéotoxique, les cellules régulent à la baisse l'expression des 

gènes en réduisant la traduction dépendante de la coiffe. Parallèlement, ils régulent à la hausse 

l'expression d'un sous-ensemble de chaperons moléculaires appelés protéines de choc thermique 

(HSP) responsables du repliement des protéines. L'induction rapide et l'atténuation rapide de 

l'expression inductible de la HSP70 définissent la réponse au choc thermique (HSR), qui est 

essentielle à la survie des cellules en cas de stress. Cependant, l'expression omniprésente de la 

HSP70 inductible est toxique et favorise la tumorigenèse dans les cellules de mammifères. Ainsi, 

la dégradation rapide de l'ARNm de la HSP70 permet d'adapter la synthèse de la HSP70 à la charge 

protéique mal repliée dans la cellule, ce qui est vital. 

Le HSR étant une réponse de survie conservée au cours de l'évolution, l'induction et l'atténuation 

du HSR ont été étudiées dans différents organismes modèles. Bien que la transcription de l'ARNm 

de HSP70 soit bien étudiée, nos premières études ont révélé une différence importante entre les 

cellules de levure et les cellules de mammifères en ce qui concerne la traduction de l'ARNm de 

HSP70. Chez la levure, la synthèse de la HSP70 atteint son maximum lors d'un choc thermique, 

tandis que dans les cellules de mammifères, elle culmine lors de la récupération. Sur cette base, 

nous émettons l'hypothèse que des éléments régulateurs distincts de la séquence de l'ARNm 

inductible de la HSP70 dans les cellules de levure et de mammifères régulent sa traduction lors 

d'un choc thermique et d'une reprise. 

Nous avons découvert que chez Saccharomyces cerevisiae, la séquence codante de la HSP70 

inductible, SSA4, est biaisée en faveur de codons rares. Ces codons favorisent le blocage des 



5 

 

ribosomes et les collisions sur l'ARNm, ce qui entraîne le contrôle de l'expression de SSA4p par 

le mécanisme de contrôle de la qualité des ribosomes (RQC). Dans le RQC, la protéine 

ribosomique Asc1p stabilise les ribosomes en collision, déclenchant une série d'événements en 

aval visant à réduire la traduction et à dissocier les ribosomes. Nos travaux élucident la séquence 

codante SSA4 en tant que nouvel élément régulateur et décrivent le RQC comme un mécanisme 

inattendu visant à restreindre, plutôt qu'à améliorer, la synthèse de SSA4p lors d'un choc 

thermique. Fait intéressant, Asc1p médie également l'ARNm de SSA4 indépendamment du RQC. 

Ainsi, ASC1p apparaît comme un nouveau régulateur principal du HSR. 

La régulation de la synthèse de la HSP70 inductible par l'intermédiaire du RQC n'est pas conservée 

chez les mammifères (Hspa1a) car elle est riche en codons optimaux. Cependant, l'UTR 5' forme 

une structure compacte lors d'un choc thermique composée de plusieurs boucles de tige suggérant 

une régulation au niveau de l'initiation de la traduction. Nous avons découvert que la synthèse de 

HSP70 pendant le choc thermique, mais pas pendant la récupération, est indépendante de l'hélicase 

eIF4A et du facteur complexe ternaire eIF2α. Ainsi, nous proposons l'extrémité 5' de l'ARNm de 

Hspa1a pour réguler sa traduction en agissant comme une entrée interne du ribosome (IRES). 

Cependant, l'évaluation des fonctions de chaque tige-boucle en provoquant la mutation unzip n'a 

pas montré d'effet significatif sur la synthèse de HSPA1A. Fait intéressant, en utilisant une 

approche d'édition à base unique basée sur CRISPR-Cas9, nous avons défini des nucléotides 

spécifiques sur l'UTR 5' et le CDS pour réguler l'induction de la traduction lors d'un choc 

thermique. À la suite de mes travaux de thèse, nous avons identifié de nouveaux mécanismes 

moléculaires qui régulent la traduction de l'ARNm de Hspa1a lors d'un choc thermique et sa 

désintégration lors de la récupération. 
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CONTRIBUTION TO ORIGINAL KNOWLEDGE 

The contributions to original knowledge are listed below: 

 

Chapter 2:  

In yeast… 

1. The coding sequence of inducible HSP70 mRNA (SSA4 in yeast) is highly non-optimal 

compared to constitutively expressed HSP70s. 

2. Through the deletion of RQC factors Asc1p and Hel2p, we found that the coding sequence of 

SSA4 mRNA is repressing the translation by ribosome quality control (RQC) during heat 

shock. 

3. SSA4, the first endogenous mRNA characterized to undergo regulation by RQC.  

4. During recovery, the SSA4 mRNA is not being translated and so there is no regulation by RQC.  

5. Optimizing the CDS of SSA4 mRNAs enables them to escape the regulation by RQC.  

6. The binding of Asc1p to the ribosome is required for the regulation of SSA4 mRNA 

translation.   

7. Codon optimized SSA4 mRNA gets translated under permissive conditions. This suggests a 

different mechanism in action to regulate undesired Ssa4p expression upon leaky transcription 

under permissive conditions.  

8. SSA4 mRNA does not undergo clearance by RQC or No-Go Decay (NGD). Instead, Asc1p is 

solely responsible for the decay of the SSA4 mRNA during recovery independently of ribosome 

binding activity.  

9. Degradation of codon optimized SSA4 mRNAs are also mediated by Asc1p during recovery.  

10. Asc1p functions along with helicase Dhh1p and exonuclease Xrn1p, to mediate the decay of 

inducible HSP70 mRNA during recovery.  

11. Asc1p is a prosurvival factor and a new role as master regulator for the cells to survival during 

stress. The prosurvival activity of Asc1p is independent of its ribosome binding.  

12. We identified novel RQC factors Rps28A and Rps19B functions alongside Asc1p during heat 

shock to regulate the Ssa4p expression.  

13. Rps19B could be a generic RQC factor whereas Rps28A appears to be specific to certain 

substrate mRNAs (eg., SSA4 mRNA) and/ or cell state specific (heat shock).  
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14. Collectively, Asc1p regulates the SSA4 mRNA translation and decay by different pathways. 

For the effect on SSA4 mRNA translation, Asc1p needs to bind to ribosome whereas for the 

decay no ribosome binding is needed.  

 

Chapter 3:  

In mammalian cells…. 

1. The translation efficiency of inducible Hsp70 mRNA (Hspa1a) is higher during recovery than 

during heat shock.   

2. The Hspa1a mRNA translation is independent of cap-dependent translation initiation factors- 

eIF4A and eIF2α during HS.  

3. The translation of Hspa1a mRNA during recovery requires eIF4A and eIF2α.  

4. Through knock down RACK1 (Asc1 ortholog), we identified that RQC of Hspa1a mRNA is 

not conserved in MEFs.  

5. The Hspa1a mRNA does not require non-canonical translation factors RACK1 or eIF3d for its 

translation during HS or recovery.  

6. The 5’UTR and 102 nts from CDS of Hspa1a mRNA is favoring the translation induction 

during HS.  

7. The stem loop close to the 5’ cap inhibits the binding of cap-recognition factors and thus the 

translation of Hspa1a mRNA under permissive conditions.   

8. The stem loops described to be important (H1, H4 and H6) for in vitro structure formation by 

Pyle’s lab did not constitute any significant effect on translation of Hspa1a mRNA in vivo 

during heat shock.  

9. Through CRISPR-Cas9 single base editing technique, we identified certain nucleotides (146-

147 and 179-181) on the Hspa1a mRNA to be important for its translation induction during 

HS.  

10. The 5’UTR Hspa1a mRNA encompasses two binding sites for miRNA - Mir-30c-1-3p and 

RNA binding proteins such as PCBP1 and PCBP2 which could mediate structural changes on 

the mRNA and facilitate translation. 

11. The formation of a temperature-induced RNA thermometer resembling HCV or CrPV IRES-

like structure on the Hspa1a mRNA is still under investigation.  
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CHAPTER 1: INTRODUCTION 

1.1 Overview of cellular stress response and their key components 

1.1.1 Stress and cellular damage 

At the cellular level, stress can be defined as any perturbation in the internal or external 

cellular environment that challenges cellular functions and survival. This includes nutrient 

deprivation, shifts in pH, UV irradiation, osmolality changes, heavy metals presence, and 

temperature increases (1). Stressors damage most cellular macromolecules; proteins, nucleic acids, 

and lipids (2,3). Due to the conformational-dependent function of proteins and their high 

abundance, they are readily susceptible to stress, which results in protein denaturation and 

aggregation, threatening cells’ ability to perform functions. Thus, failure to respond and resolve 

these perturbations ultimately leads to cell death (1). Depending on the intensity of the stress and 

level of cellular damage, cells attempt to restore to a homeostatic state and/or undergo transient 

adaptation or eliminate stressed cells (3,4). 

1.1.2 Cellular adaptation and response to stress 

In response to stress, cells exit the cell cycle and enter a state of quiescence where they 

downregulate transcription and translation to conserve energy and prevent the synthesis of protein 

that cannot achieve the native state (3,5). Thus, stress cells limit gene expression and cellular 

functions and metabolism, while solely upregulating the stress protective pathways (6,7). To limit 

the availability of mRNA regulatory proteins and mRNAs, stress includes the formation of 

membraneless organelles such as Stress Granules (SGs) and P bodies (PBs) by phase separation 

as part of the adaptation to stress (Fig 1.1.1A).  
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SGs are assembled when global protein synthesis is inhibited (8). In general, 

phosphorylation of the translation initiation factor eIF2α triggers SG assembly. Alternatively, 

inhibition of another initiation factor, the RNA helicase eIF4A by pateamine or hippuristanol also 

induces the formation of SGs (1–4). In contrast to SGs, PBs are constitutively present in 

mammalian cells, however, they enlarge upon cellular stress (12). While SGs and PBs possess 

some shared components, they are markedly distinguished by unique core components (12–14). 

For example, PBs are enriched in mRNA decay factors in addition to non-translating mRNAs, and 

RNA binding proteins (RBPs) (12,15). SGs are composed of translation initiation factors, 40S 

ribosomal subunits, disordered proteins, non-translating mRNAs, and RBPs (9,11,13). These two 

cytoplasmic structures help to attenuate cellular functions by acting as a reservoir of protein and 

mRNAs serving to pause cellular metabolism. Remarkably, their fast dissociation during recovery 

allows cells to return to their constitutive functions (8,16). 

The formation of SG and PB does not disrupt the upregulation of expression of genes 

involved in stress protection pathways; the unfolded protein response (UPR) protects proteins in 

the endoplasmic reticulum and the heat shock response (HSR) protects cytosolic and nuclear 

proteins (1,17–21). The HSR is the cellular stress response that triggers the expression of heat 

shock proteins (HSPs) and received this name because it was found upon exposing cells to 

temperatures higher than the homeostatic plateau that sustains life (22–24) (Fig 1.1.1B). HSPs are 

molecular chaperones that alleviate the damage caused by stress by refolding misfolded proteins 

and preventing aggregation. The HSR is a universally conserved mechanism from prokaryotes to 

higher eukaryotic cells to cope with stress conditions (25–30). Therefore, in all organisms, the 

upregulation in the expression of HSPs in response to heat stress overcomes the general shut-down 

of cellular functions. 
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Figure 1.1.1. Overview of cellular adaptation and response to stress conditions. When cells 

experience stress, they adapt and respond to stress through the rapid formation of SG and PBs (A) 

and upregulation of HSP despite the general downregulation of gene expression (B). A. The 

formation of SGs and PBs recruit mRNAs, translation factors, decay enzymes, and RBPs that adapt 

the cells to stress. B. The upregulation of HSP protein synthesis in the cytosol is the cellular 

response to stress known as HSR. During stress, the load of misfolded protein increases triggering 

the upregulation of transcription and selective translation of HSPs to help with restoring the 

proteostasis. 
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1.1.3 The Heat Shock Response 

The discovery of the Heat Shock Proteins 

The discovery of HSPs dates to 1962 when geneticist Ferruccio Ritossa accidentally incubated the 

salivary gland cells of drosophila larvae at an elevated temperature (5 degrees higher than growth 

temperature, from 25 to 30 °C) (31). Upon exposure to heat, Ritossa observed a puffing pattern on 

the chromosomes and called it “chromosomal puffs” (31). This chromosomal pattern represents 

the transcriptional activation of several genes as a response to elevated temperature (31). From a 

decade of intensive research, the response to elevated temperature was termed the “heat shock 

response” (17). The genes induced by heat shock are known as “heat shock genes” and the resultant 

proteins are termed “heat shock proteins” (6,32–34). Subsequent studies in diverse model 

organisms confirmed that the HSR and some HSPs are highly conserved among organisms (4). 

Other stress conditions such as heavy metal (arsenite), high ethanol concentrations, and viral 

infection have also been shown to induce HSP expression (35–37). The discovery of the HSPs has 

been foundational in understanding the cellular response to stress, and how organisms maintain 

protein homeostasis under challenging conditions. 

HSPs in protein homeostasis 

HSPs play a pivotal role in maintaining cellular protein homeostasis (proteostasis) as they 

participate in all three machineries that embody the proteostasis network. First, HSPs mediate the 

folding of the nascent polypeptide chain by coordinating with the translation machinery. Second, 

HSPs ensure proper 3D conformation of the proteome as a component of folding machinery. Third, 

HSPs eliminate irreversibly misfolded proteins through degradation machinery or autophagy. 

Therefore, HSPs play a central role in escorting proteins from birth to their death. 
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Classification of HSPs 

HSPs are classified based on their molecular weight into large HSPs (HSP90, HSP70, 

HSP60, HSP40), large (HSP110, HSP104) and small HSPs (HSP25, HSP10). All families of HSPs 

contain constitutive and stress-inducible members. This indicates that the functional importance 

of HSPs in protein folding extends beyond stress conditions to encompass general cellular protein 

folding processes. The housekeeping functions of HSPs include protein folding, transport, 

assembly and disassembly of protein subunits (38). The families of HSPs serve as holdases, 

foldases, disaggregases, or sequesterases and work as a network to maintain proteostasis in the cell 

(39). The HSP110 and HSP104 function in an ATP-dependent manner to disaggregate misfolded 

proteins by working with the HSP70-HSP40 complex. Metazoans lack HSP104, thus they rely 

exclusively on HSP110 for disaggregation (40). In yeast, targeting of aggregate proteins to HSP70-

HSP104 complex is impaired in the absence of HSP110. This indicates that the function of HSP110 

is essential for the efficient reactivation of misfolded proteins by HSP104 (40,41). 

HSP60, also known as chaperonin (Cpn60 in chloroplasts), is the most conserved ATP-

dependent chaperone expressed in archaea, bacteria, and eukaryotes (42). HSP60 forms two groups 

depending on the requirement of co-chaperone HSP10 (GROES in prokaryotes) Group I (HSP10-

dependent) and Group II (HSP10-independent). The group I HSP60 functions in bacteria as 

GROEL-GROES complex and in eukaryotic organelles of bacterial origin (as HSP60‐HSP10) (43–

47). Group II HSP60 also known as TriC or CCT  functions in archaea and cytosol of eukaryotes 

(48–50). The group I HSP60 forms a folding cage-like structure made of two heptameric rings 

with cochaperone HSP10 forming the lid of the cage. Although the assembly of cage formation 

differs in eukaryotic and bacterial systems, the substrate folding in both is achieved through the 

binding and hydrolysis of ATP, which induces conformation change in the cage that provides space 
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and time for the protein to fold by itself. The function of HSP60s is highly essential for the integrity 

of the mitochondrial respiratory chain as they mediate the folding and transportation of 

mitochondrial proteins. The group II HSP60 or TRiC assembles into a 1 Mda octameric complex 

with a double ring structure and an in-built lid (51). TriC allows 10% of the newly synthesized 

proteins to fold co-translationally either through direct interactions or handed over by other 

chaperones HSP40 or HSP70 (48). 

In mammals, the HSP90 family has structurally similar members which are expressed in 

the cytosol (HSP90AA, HSP90AB), mitochondria (TRAP) or ER (GRP94). HSP90 is an ATP-

dependent chaperone that functions as a homodimer. It possesses an N-terminal nucleotide-binding 

domain, a substrate binding middle domain, and a dimerization domain with a MEEVD motif in 

the C-terminus, which allows for the binding of TPR co-chaperones to form chaperone networks 

with HSP70s and HSP40s in the cytosol (52,53). A cycle of substrate binding, ATP hydrolysis, 

ADP and substrate release directs to the proper folding of client proteins. Almost 10% of the 

proteome are clients of HSP90 which includes actin, microtubule, intermediate filaments, steroid 

receptors, transcription factors, and kinases (6,18,19). 

HSP70s are the main ATP-dependent chaperone that cooperates with other HSPs to 

promote cellular proteostasis. All these chaperones play a central role in the refolding of denatured 

proteins, preventing their aggregation and regulating apoptosis in response to stress.  

1.1.4 The Heat Shock Protein 70 family 

Family of HSP70  

HSP70s are highly conserved through evolution (1). The human HSP70 protein shares 

95%, 74%, 73%, and 50% identity to HSP70s of mice, yeast, Drosophila and Escherichia coli in 
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all eukaryotes possess multiple members with functional redundancy. In mammals, the members 

of the HSP70 family contain either organelle or tissue-specific functions and their expression is 

either transient or permanent (1,57). In humans, 13 independent genes code for HSP70. These 

HSP70s are categorized into two main groups, the stress-inducible HSP70s (such as HSPA1A, 

HSPA1B), and the constitutively expressed HSP70s (such as HSPA8) (58–60). HSP70 can be 

localized to various cellular compartments such as the nucleus (HSPA1L), ER (HSPA5), and 

mitochondria (HSPA9). GRP78 and mtHSP70 have a compartmental-specific role in maintaining 

proteostasis within the ER and mitochondria, respectively. The mitochondrial HSP70 is often 

involved in the import and folding of mitochondrial proteins by coordinating with mtHSP60 and 

cytoplasmic HSPs (58). The list of different members of the HSP70 family in yeast, mouse, and 

humans and their cellular localization are shown in table 1.1.1. 

TABLE 1.1.1 LIST OF HSP70 MEMBERS 

Cellular localization Yeast Mouse Humans 

Cytoplasm/ nucleus SSA1 

SSA2 

SSA3 

SSA4 

SSB1 

SSB2 

SSE1 

SSE2 

SSZ1 

Hspa1a 

Hspa1b 

Hspa1l 

Hspa2 

Hspa4 

Hspa4l 

Hspa8 

Hspa13 

Hspa14 

Hsph1 

Hyou1 

HSPA1A 

HSPA1B 

HSPA1L 

HSPA2 

HSPA4 

HSPA4L 

HSPA6 

HSPA7 

HSPA8 

HSPA13 

HSPA14 

HSPH1 

HYOU1 

Endoplasmic 

reticulum 

KAR2 

LHS1 

Hspa5 HSPA5 

Mitochondria SSC1 

SSQ1 

ECM10 

Hspa9 HSPA9 

 

Table 1.1.1: Tabulation of various HSP70 isoforms in yeasts, mice and humans functioning in 

cellular compartments such as cytoplasm/ nucleus, endoplasmic reticulum, and mitochondria. 
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HSP70 machinery 

The structural features of HSP70 are highly conserved from bacteria (DNAK) to humans. 

HSP70 has two domains; a NucleoTide binding Domain (NTD) in the N terminal linked to a 

Substrate Binding Domain (SBD) with a C terminal EEVD motif for interacting with TPR co-

chaperones (Fig 1.1.2). HSP70 when bound to ATP has low affinity for substrates. The 

cochaperone HSP40, also known as DNAJ because they have a J-domain protein, stimulates the 

ATPase activity of HSP70 and brings the substrate to be folded. Now the ADP-bound HSP70 binds 

to its substrate with high affinity (61–65). A Nucleotide Exchange factor (NEF) binds at NBD to 

mediate the ADP-ATP exchange inducing the HSP70 conformational change and releasing the 

substrate. The cycle continues until the native state of the protein is reached or the protein is 

transferred to HSP90 by HOP or targeted to degradation by CHIP (61–63). 

 

 

Figure 1.1.2. Domains of HSP70. The HSP70 has a nucleotide binding domain, substrate binding 

domain and EEVD motif. These domains harbor interaction sites for several co-chaperones to 

mediate the function of HSP70. The interaction sites for DNAJ/HSP40, NEFs (BAG1, BAG3, 

HIP, HSP110 and HSPBP1) (66), TPR cochaperones (HOP, CHIP) and client protein are shown.  
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Interacting partners or cochaperones of HSP70 

The function of HSP70 solely relies on its interaction with several cochaperones or 

interacting partners. In fact, the interaction of HSP70 with cochaperones alters the fate of the 

substrate protein (Figure 1.1.3). The folding of client proteins is mediated by the interaction with 

DNAJs, NEFs and various other cochaperones. These cochaperones associate with either the NBD, 

the SBD or C-terminal EEVD motif of HSP70 (Fig 1.1.2). The DNAJs interact at the interface 

between the NBD and the SBD of HSP70. They recognize the hydrophobic regions of the 

misfolded protein or nascent protein and provide the substrate to HSP70 (67–71). Despite the 

presence of several NEFs, they all have different binding affinities for HSP70. The first type of 

NEF, HSP110, catalyzes ADP-ATP exchange by binding to the NBD of HSP70. The association 

of HSP70 with HSP110 increases the folding activity of HSP70 and mediates protein 

disaggregation (72–74). The second common type of NEF is the BAG which has at least five 

members functioning in protein quality control (PQC). BAG1 has an intrinsic ubiquitin-like 

domain which serves as a signal for the Ubiquitin proteosome system (UPS). Thus BAG1 binding 

to HSP70 stimulates the ADP release and transfer of client protein to UPS for degradation (75–

77). BAG3 on the other hand facilitates the degradation of substrate protein through the 

autophagosome-lysosome pathway (78,79). The third type of NEF comprises Fes/HSPBP1, which 

in addition to ADP release, directly prevents unproductive rebinding of the client protein to HSP70  

(80,81). The cochaperone HIP alters the rate of the chaperone cycle of HSP70 by slowing down 

the release of ADP. Thus HIP favors the premature release of substrate protein while also 

preventing its aggregation and facilitating the substrate transfer to other chaperones or UPS 

(54,82).  
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Often, the HSP70 works with other chaperone machinery such as HSP60-HSP10/TriC and 

HSP90 to fold the protein to its native conformation. For the transport and folding of mitochondrial 

proteins, cytoplasmic HSP70 coordinates with the mitochondrial HSP60-HSP10 system (83). 

Likewise, HSP70 hands over the folding intermediate to either the TriC chaperonin system or 

HSP90 to complete folding (84). HSP70 substrates are handed to HSP90 by the action of 

cochaperone HOP. HOP has a tetratricopeptide repeats (TPR) domain which recognizes the EEVD 

motifs of both HSP70 and HSP90 chaperones. Thus HOP acts as a bridge and facilitates the 

transfer of client proteins from HSP70 to HSP90 (52). Steroid receptors, kinases, p53, and HSF1 

are examples of proteins whose biological activity is controlled by transient interactions with 

HSP90 and HSP70 (85). The EEVD domain harbors binding for another TPR domain protein 

CHIP. CHIP often competes with HOP for the EEVD motif on HSP70 and HSP90. CHIP contains  

E3 ubiquitin ligase activity which adds ubiquitin molecules to the substrate for degradation through 

UPS (86). Thus, the activity of HSP70 and the fate of the substrate protein depends on the 

interacting cochaperones.  
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Figure 1.1.3. Cochaperones of HSP70 and their function. The HSP70 interacts with several 

cochaperones to alter the fate of the client protein. Depending on the cochaperone, HSP70 could 

mediate clathrin assembly and disassembly on vesicles, disassemble SGs and resume translation 

of mRNAs, target the SGs to the vacuole, nascent polypeptide chain folding, mark misfolded 

proteins with ubiquitin for degradation (Top, left to right); slow down the substrate release, 

disaggregate misfolded proteins, transfer substrate to other chaperones, target aggregates to UPS 

and degrade aggresome by autophagy. 

 

Client proteins of HSP70 

HSP70 requires DNAJ/HSP40 cochaperones to assist in binding and releasing substrates 

(61–65). The DNAJ/HSP40 binds to the hydrophobic region of the substrate protein that needs to 

be folded and presents the client protein to HSP70. HSP70 interaction requires recognition of 

hydrophobic residues on client proteins by HSP40s (68–71). Generally, regions of proteins 

enriched in hydrophobic residues (around 5-7) need assistance to fold into proper conformation 

(67–71). During stress, the misfolded proteins often expose their hydrophobic regions, and they 

interact with each other forming aggregates (87–89). As HSP70 has a broader role to play in the 
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cells, it also has a wide range of client proteins (90,91). Some general clients are stress-induced 

misfolded proteins, nascent polypeptides, and terminally misfolded proteins. The nascent 

polypeptide chain at the ribosome exit tunnel interacts with HSP70 for assistance with protein 

folding (92,93). The absence of this interaction during stress mediates translation pausing at the 

stage of elongation (92,93). Disassembly of protein complexes such as clathrin for vesicle 

formation requires HSP70 (94). Certain mitochondrial proteins and ER localizing proteins that are 

being imported need assistance from HSP70 (89–91).  

1.1.5 Function of HSP70 in stress alleviation 

HSP70 has several critical functions in the cellular stress response (Fig 1.1.4). Firstly, 

HSP70 provides cytoprotection by mitigating the damage caused by stress and promotes cellular 

recovery once the stress stimulus is removed (95,96). This was discovered by subjecting the yeast, 

saccharomyces cerevisiae, to a mild heat shock at 39°C prior to a lethal heat shock at 42°C (97–

99). Yeast that experienced a mild heat shock overexpress HSP70s which condition them to 

survive better to the lethal heat shock than the yeast kept at homeostatic temperatures (99). Thus, 

HSP70 fits yeast cells to survive a lethal heat shock (97–99). This phenomenon of cytoprotection 

is conserved from yeasts to mammals (95–97,100–102). 

Secondly, HSP70 promotes cellular recovery by mediating the disassembly of SGs formed 

during stress (10). In yeast, it has been shown that several members of the HSP70 family (SSA1, 

SSA2, and SSA4) and HSP40 (Sis1 and Ydj1) colocalize with SGs, whose disassembly depends 

on the ATPase activity of HSP70 (10,16). Depending on the interaction with Sis1 or Ydj1, the fate 

of SGs tends to change. While Ydj1 promotes the SGs disassembly and translation, Sis1 

accumulates SGs in a vacuole and limits SGs disassembly. In mammalian cells, a minor portion 

of SGs are targeted directly to autophagy for clearance (16). The majority of SGs undergo 
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dissociation where the defective ribosomal proteins and other misfolded proteins are sorted to the 

perinuclear region by their interaction with HSPB8 inside SGs. The HSPB8 facilitates the 

recruitment of the BAG3-HSP70 complex to target only the misfolded client proteins for 

autophagy (78,103). This ensures that the components of SGs are disassembled while targeting 

only misfolded protein for degradation (104).   

Thirdly, the HSP70-HSP40 complex, along with HSP110 is involved in the disaggregation 

and refolding of misfolded proteins. This was demonstrated in a cell-free system by creating 

aggregates of GFP and luciferase through heat deactivation or urea-denaturation, respectively. The 

aggregates were then incubated with purified HSP70/HSP110 from mammalian cells or yeast for 

refolding-mediated functional reactivation. The activity of GFP or luciferase was measured as a 

readout to determine the refolding kinetics mediated by the chaperones (73,105).  From the 

experiments, the function of each chaperone in protein disaggregation was identified. 

HSP70/HSP40/HSP110 failed to rapidly refold in the absence of the yeast HSP104 (105). In cell-

free system, the absence of HSP104, HSP70/HSP40/HSP110 complex failed to rapidly refold the 

amyloid substrates or alpha-synuclein. This suggests that the combined activity of HSP110 and 

HSP104 is required to reactivate the aggregated proteins (40). 
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Figure 1.1.4. Cellular functions of HSP70 under non stress and stress conditions. The HSP70 

has constitutive housekeeping functions (green) as well as stress-related functions (red). The 

housekeeping functions include protein folding, assembly of multimeric protein complexes and 

their disassembly, cotranslational folding of nascent polypeptides and apoptosis. The stress-related 

functions of HSP70 include the dissolution of SGs, disaggregation of misfolded protein 

aggregates, autophagy and UPS-mediated clearance of terminally misfolded protein aggregates. 

 

Finally, in the case of irreversibly damaged proteins, HSP70 initiates their clearance 

through the proteasome or triggers autophagy to eradicate the terminally damaged cell. The 

association with an E3 ubiquitin ligase CHIP or NEF BAG1 with HSP70 mediates degradation of 

the client protein (such as actin, Tau, histone, alpha crystalline, misfolded CFTR) by proteasome  

(54,86,106–110). Alternatively, when the amount of misfolded protein exceeds the capacity of the 

chaperone-refolding and proteasome system, then aggregates of misfolded proteins form a 

perinuclear structure called the aggresome (78). In this case, the HSP70 is directed to aggresome 

by BAG3 through microtubule reorganization. The BAG3 recruits autophagic receptor p62 
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(SQSTM1)  which is recognized by autophagosome-lysosomal for fusion and degradation 

(79,111–113). 

1.1.6 Regulation of HSP70 expression 

The inducible member of the HSP70 family, HSPA1A (SSA4 in yeast), is the most stress-

inducible of all HSPs. The tight regulation of HSP70 induction relies on the master transcription 

regulator, Heat shock Factor 1 (HSF1). The HSF1 is sequestered as monomers in the cytoplasm 

by chaperones HSP70 and HSP90 under physiological conditions. The misfolded proteins caused 

by stress dilute the chaperones thereby liberating the HSF1. HSF1 undergoes trimerization and 

relocation to the nucleus. In the nucleus, HSF1 is activated by several post-translational 

modifications (PTMs) and binds to Heat Shock Elements (HSE) to induce the transcription of the 

downstream heat shock genes (covered more in detail in section 1.3). Thus, the stress upregulates 

both constitutive (HSPA8 in mammals and SSA2 in yeast) and inducible HSP70s. Upon entering 

the cytoplasm, the Hspa1a mRNA encounters a translation-deficient environment as canonical 

translation initiation factors are depleted during stress (covered in section 1.4). 

Despite the downregulation of global translation, cells preferentially translate only the 

inducible HSP70 mRNAs. In contrast to the inducible HSPA1A, the constitutive HSP70 mRNAs 

undergo only slight upregulation at the level of transcription and translation. During stress, splicing 

is downregulated which further reduces the processivity of newly transcribed constitutive HSP70 

mRNA in mammals. Thus, reducing the availability of constitutive HSP70 mRNA for translation 

in mammalian cells. Soon after the removal of stress, inducible HSP70 mRNAs are rapidly cleared 

from the cell to attenuate the HSR (114,115). The cells tightly control the inducible HSP70 mRNA 

levels during heat shock and recovery to avoid the potential cytotoxic effect of these proteins (114). 

All organisms conserve the process of transcriptional induction, selective translation and 
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degradation upon stress and recovery, respectively. Investigations conducted over past decades 

have identified the significance of the 5’UTR in selective translation and 3’UTR in selective 

degradation of inducible HSP70s. Interesting to note that the length and composition of 5’UTR of 

inducible HSP70 mRNA varies between organisms (116–118). In yeast, the 5’UTR of inducible 

HSP70 mRNA is 72% AT-rich and shorter compared to mammalian cells. In addition to the 

difference in the 5’UTR, the CDS of inducible HSP70 in yeast, are highly non-optimal (53%) 

while the mouse CDS are less non-optimal (~20%). These differences suggest the possibility of 

variations in the regulation of HSP70 mRNA translation from lower to higher eukaryotes. 

Therefore, my thesis work was directed towards gaining insights into the gene expression 

regulation encoding in the sequence of the inducible HSP70 mRNAs in yeast and mammals. In 

yeast, the non-optimal codons of inducible HSP70 mRNA caused ribosomes to stall and collide. 

Thereby, controlling the translation of inducible HSP70 mRNA by a mechanism of ribosome 

quality control (RQC) expression. However, in mammalian cells, we found that the translation 

regulation of inducible HSP70 mRNA relies on the structural and sequence elements involving the 

5’UTR and CDS. In the upcoming review, I will provide background on the mechanisms of HSR 

and RQC both involved in maintaining proteostasis. In chapter 1.2, I will focus on how the cell 

downregulates the global gene expression during cellular stress. This section will emphasize the 

importance of prompt activation of HSR followed by timely attenuation in promoting cell recovery 

from stress. In Chapter 1.3, I will focus on the RQC mechanisms, including examining processes 

such as the inhibition of translation initiation, degradation of problematic mRNA through No Go 

Decay (NGD), ribosomal subunit recycling, and the degradation of truncated polypeptides. This 

section will provide a deeper understanding of how cells maintain the fidelity of protein synthesis 
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and prevent the accumulation of aberrant proteins, thus safeguarding cellular function and 

viability. 
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1.2.1 Abstract 

All cells possess an internal stress response to cope with environmental and pathophysiological 

challenges. Upon stress, cells reprogram their molecular functions to activate a survival 

mechanism known as the heat shock response, which mediates the rapid induction of molecular 

chaperones such as the heat shock proteins (HSPs). This potent production overcomes the general 

suppression of gene expression and results in high levels of HSPs to subsequently refold or degrade 

misfolded proteins. Once the damage or stress is repaired or removed, cells terminate the 

production of HSPs and resume regular functions. Thus, fulfillment of the stress response requires 

swift and robust coordination between stress response activation and completion that is determined 

by the status of the cell. In recent years, single-cell fluorescence microscopy techniques have begun 

to be used in unravelling HSP-gene expression pathways, from DNA transcription to mRNA 

degradation. In this review, we will address the molecular mechanisms in different organisms and 

cell types that coordinate the expression of HSPs with signaling networks that act to reprogram 

gene transcription, mRNA translation, and decay and ensure protein quality control. 

mailto:maria.veraugalde@mcgill.ca
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1.2.2 Introduction 

For organisms to grow and function properly, they must maintain specific internal cellular 

conditions that allow proteins to acquire their functional conformations and cells to achieve protein 

homeostasis (proteostasis) (1). Maintaining proteostasis becomes critical when facing abrupt 

changes in the external conditions, such as an increase in temperature, which can lead to protein 

misfolding and aggregation, and consequently, cellular dysfunction (2). Thus, organisms must 

sense, rapidly respond, and adapt to new environmental conditions for survival. Organisms from 

bacteria to mammals have evolved similar and varying stress responses to cope with protein 

misfolding and maintain proteostasis successfully. Some of these strategies include modulations 

of signaling cascades, changes in transcriptional programs, and regulation of translation, 

posttranslational modifications, and the dynamic assembly of RNA and protein condensates 

(ribonucleoprotein [RNP] granules) through liquid–liquid phase separation (1, 3, 4, 5, 6, 7). 

Several of these molecular mechanisms converge to sustain proteostasis in response to sudden and 

acute changes in environmental conditions. 

Increases in the environmental temperature is a universal proteostasis challenge encountered by 

most organisms. For historical reasons, thermal stress has been used as a paradigm to study the 

stress response. Nowadays, these studies have an additional relevance due to the increased 

exposure of organisms to heatwaves derived from climate change (8, 9, 10). Increased thermal 

energy in the cells can result in heat-induced denaturation of proteins and thermally altered 

metabolic activity leading to an increase in reactive oxygen species, which can damage all 

biological macromolecules, including proteins (11). Cells cope with an increased load of unfolded 

and misfolded proteins by modulating the expression of specific molecular chaperones, also known 

as heat shock proteins (HSPs) (12, 13, 14, 15). The heat shock response (HSR) refers to the 
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activation of the expression of HSPs, and it is the most common and widely studied cell response 

to thermal stress. HSPs play a central role in the lifecycle of proteins because they promote the 

folding of nascent polypeptides into their native/functional configurations and prevent protein 

misfolding and aggregation (12, 15, 16). HSPs also collaborate with the quality control 

mechanisms, the ubiquitin-proteasome system, and autophagy, to target misfolded proteins and 

aggregates whose native functional state cannot be recovered for degradation (5, 17). 

Given that HSPs are central to the cellular proteostasis network, cells undertake several 

gene expression adaptations to favor the synthesis of HSPs at the expense of decreasing most 

cellular functions (Fig. 1.2.1). Biochemical and molecular biology approaches highlight the unique 

regulation of HSP gene expression. The spatiotemporal resolution of such precise regulation is 

now being uncovered using high-resolution quantitative fluorescence microscopy. Gene 

expression adaptions during stress act together to protect macromolecules and promptly resume 

the cytoplasmic and nuclear activities once permissive conditions are restored (3). The regulation 

of HSP expression coordinates with other cell protective mechanisms, like the formation of RNP 

condensates and the activation of the integrated stress response (ISR) to repress translation 

initiation. HSPs are grouped into families based on an apparent molecular weight (18, 19). The 

HSP70 and HSP90 families are the most functionally relevant HSPs in the cell (15, 20). 
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Figure 1.2.1. Overview of the cellular response to heat stress. Cells under nonstress conditions 

keep the transcription of the inducible HSPs inactive. A paused polymerase occupies their 

promoter, and the transcription factor HSF1 is sequestered in monomeric form by constitutive 

chaperones HSC70/HSP90 in the cytoplasm. Constitutive chaperones also assist in protein folding 

and preserving protein homeostasis. Under physiological conditions, nonstress–regulated genes 

are transcribed, and their mRNAs undergo canonical cap-dependent translation. Exposure to heat 

stress induces protein misfolding, which titrates out the HSC70/HSP90 and allows HSF1 to 

trimerize and translocate to the nucleus, where it binds to the HSE in the promoter of HSPs and 

activates transcription. Concomitant to the HSR activation, there is a global transcriptional and 

translational repression. The translation is repressed by (1) phosphorylation of eIF2α (2); inhibition 

of eIF4F complex formation (3); recruitment of untranslated mRNAs and regulatory proteins in 

stress granules (SGs) and processing bodies (PBs) (4); and translation arrest at the stage of 

elongation. The inducible HSP mRNAs, especially HSP70, skip translation repression and are 

translated through a cap-independent mechanism to increase the number of available chaperones 

needed to cope with the abundant misfolded proteins and prevent their toxic aggregation. Once the 

temperature returns to being permissive, the newly synthesized HSPs favor recovering proteostasis 

and functionality by folding misfolded proteins and disabling SGs. The resumption of regular 

translation and transcription coincides with the decay of HSP mRNAs and silencing of their 

transcription. HSEs, heat shock elements; HSF1, heat shock factor 1; HSP, heat shock protein. 

 

They are ATP-dependent chaperones that cooperate with small HSPs and HSP110. Cochaperones 

of the J-domain family of proteins modulate HSP70 activity by accelerating ATP hydrolysis, 
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participating in substrate recognition and substrate folding or refolding (Fig. 1.2.2) (21, 22, 23, 24, 

25, 26, 27). HSPs are further categorized as constitutive or inducible based on their steady-state 

expression levels. The expression of all inducible and some constitutive HSPs is upregulated to 

some extent upon heat stress. Among them, the inducible HSP70 genes are the fastest and most 

upregulated (23, 24, 27).  

 

Figure 1.2.2. The function of HSC70/HSP70 in retaining the cellular proteostasis. The 

illustration depicts the significant tasks of the HSP70 chaperone network inside the cell to maintain 

proteostasis. (Starting from the top left tile) Under nonstress conditions, HSC70 provides 

cotranslational folding of the nascent polypeptide to obtain native conformation; helps to refold 

misfolded proteins; transports nascent polypeptide from the cytoplasm to the mitochondria where 

it is assisted by mitochondrial HSP70 (mtHSP70) and HSP60 to attain functional conformation; 

involved in protein complex assembly and/or disassembly; and leads specific proteins for their 

degradation by the lysosome through chaperone-mediated autophagy (236, 237). (Continuing 

bottom left tile) During stress, the lack of HSP70 at the exit of the ribosome tunnel represses the 

translation at the elongation stage. HSP70 and HSP90 prevent protein aggregation, and HSP70 

also resolves stress granules so that the sequestered mRNAs can resume their translation during 

recovery from stress; targets terminally misfolded protein for proteasomal degradation; and 

mediates autophagy by autophagosome. HSP, heat shock protein. 
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Interestingly, they are highly conserved among species having an amino acid similarity of 50% 

between Homo sapiens and Escherichia coli, while some domains are 96% similar, which 

highlights its vital role in cell adaption to changing environmental conditions (28). 

In this review, we frame the molecular regulation of the HSR to the context of the gene 

expression changes undertaken by eukaryotic cells in response to an increase in temperature. We 

compare the response mounted by different organisms and cell types and suggest new 

technological approaches to overcome the gap in our knowledge on the HSPs expression. 

1.2.3 Transcriptional regulation of inducible HSPs versus constitutive genes 

Transcriptional upregulation of stress-inducible HSPs 

The robust transcriptional induction of genes of the HSP70 family is one of the main and 

fastest response to heat stress. Their transcriptional induction occurs at the expense of a general 

transcriptional downregulation of constitutively expressed genes. Most inducible HSP70 genes are 

short (around 2500 nucleotides) and intronless, and their promoter contains one or more binding 

sites, known as heat shock elements (HSEs), for the association of the master transcription factor 

heat shock factor 1 (HSF1) (29). Under physiological conditions, the inducible HSP70 genes are 

not expressed. However, their loci are neither present in a compact heterochromatin domain nor 

marked by repressive epigenetic histone modification. The promoter and 3′ end of HSP70 gene is 

nucleosome-free while its gene body is covered by nucleosomes. The promoter is bound by a 

paused RNA polymerase II (RNAPII) (30). These characteristics prevent the stable transcriptional 

repression of HSP70 genes and facilitate their prompt activation in response to the binding of 

HSF1. 
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Under physiological conditions, HSF1 shuttles between the nucleus and cytoplasm, and it 

is kept as an inactive monomer by constitutive members of HSP90 and HSP70 families. Upon 

stress, HSF1 is released from HSPs, trimerizes, and localizes in the nucleus where it binds to the 

HSE, which is comprised of at least three nGAAn repeats organized head to tail in the promoters 

of genes encoding HSPs and other gene products (31, 32) (Fig. 1.2.3). HSF1 has three domains, 

an oligomerization domain next to the DNA binding domain at the N terminus, a trans-activation 

domain at the C terminus that induces transcription initiation and elongation, and a regulatory 

domain in the middle that negatively regulates the function of the trans-activation domain in 

nonstress conditions. By forming a trimer, the affinity of HSF1 for the HSE increases as each HSF1 

of the trimer binds to a nGAAn repeat through its DNA binding domain. The binding of HSF1 to 

HSE is not sufficient to activate transcription and has to be accompanied by extensive 

posttranslational modifications. HSF1 undergoes hyperphosphorylation of serine and threonine 

residues that cover up to 90% of the regulatory domain (33, 34, 35, 36). However, only a few of 

these phosphorylation sites, like serines 230 or 326, are necessary for the activity of HSF1 (35, 

37). Concomitantly, sumo groups that have an inhibitory effect on transcription are removed from 

HSF1 (38). HSF1 acetylation at lysines 116 and 118 favors its transcriptional activity, whereas 

acetylation at several other lysine residues regulates its nuclear localization and oligomerization 

(31). Acetylation of HSF1 occurs a few hours after heat shock to decrease its DNA affinity and the 

transcriptional response (39). In summary, HSF1 undergoes extensive posttranslational 

modifications, which are regulated under various stresses. Although the function of some of these 

modifications has been identified, the role of many others, as well as the proteins responsible for 

their regulation, remains to be elucidated. 
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The combination of posttranslational modifications and titration of HSPs by misfolded 

proteins have been demonstrated to activate HSF1. Recent work in the yeast, Saccharomyces 

cerevisiae, has allowed building a simple mathematical model that points to the dissociation of 

HSP70/HSP90 from HSF1 as the first “switch on” step to activate HSP70 transcription, which 

feedback to HSF1 to switch it off or repress it (40, 41). Zheng et al. (41) identified 70 

phosphorylation sites on HSF1 upon heat shock and were able to model that these 

phosphorylations have no effect on HSF1 activation but instead increase its transcriptional activity 

by favoring its association with the mediator complex. Additionally, the translation factor eEF1A 

and the noncoding RNA HSR1 are among the factors activating HSF1. They act together to form 

a nucleoprotein complex with HSF1 and stimulate HSF1 trimerization (42). Following heat shock, 

HSF1 recruits multiple cofactors to HSE (43, 44, 45, 46), including SGO2, which recruits the 

subunit mediator complex MED12, essential for the strong transcriptional induction of HSPs genes 

(47). SGO2 binding to hypophosphorylated RNAPII targets it to the promoter of HSP genes by 

forming a complex with HSF1. Transcription is then induced by other transcription factors like P-

TEFb, recruitment of which are mediated by HSF1 (48). P-TEFb is sufficient to induce the 

phosphorylation of the serine 2 in the C-terminal domain of RNAPII, which leads to transcription 

elongation (48, 49). However, a strong transcriptional induction requires the nucleosomes 

positioned along the HSP70 gene body to be removed. The chromatin remodelers SWI/SNF in 

mammals and FACT together with the histone chaperone Spt6 in Drosophila melanogaster (D. 

melanogaster) are recruited by HSF1 to the HSP70 genes within minutes after heat shock to 

remove the nucleosomes (31).  



53 

 

Figure 1.2.3. Chromatin remodeling and transcriptional activation of HSP genes. The figure 

represents the changes in the chromatin region and the promoter of heat shock genes under 

nonstress and stress conditions in mammalian cells. Under physiological conditions, HSF1 is 

sequestered in the cytoplasm by constitutive chaperones HSP90 and HSC70. RNAPII is bound to 

the open promoter region of HSP genes and remains paused/transcriptionally inactive, and the 

HSP70 gene locus is located close to the membrane. Under stress, the HSP70 locus moves to the 

nuclear speckle. The chaperones bound to HSF1 now bind misfolded protein, thereby releasing 

HSF1, which trimerizes and localizes to the nucleus where it binds to the heat shock elements 

(HSEs) in the HSP gene promoter. Multiple posttranslational modifications activate the HSF1 

trimer, resulting in the recruitment of transcription factors (P-TEFb) and nucleosome removal 

factors (FACT, SWI/SNF, Spt6) to the site causing chromatin remodeling and favoring 

transcription elongation. HSF1, heat shock factor 1; HSP, heat shock protein; RNAPII, RNA 

polymerase II. 

 

 

Besides the activation of HSF1, heat shock induction of HSP70 in mammalian cells depends on 

the relocation of the HSP70 loci from the nuclear membrane to speckles (50, 51). The rapid, active, 

and unidirectional movement of HSP70 loci is mediated by nuclear actin polymerization. The 

association of the HSP70 locus with speckles depends on the promoter sequence and determines 

the robust transcriptional activation of HSP70 upon heat shock stress. Although speckles contain 

serine 2–phosphorylated RNAPII and other components of the transcriptional machinery, the 

specific speckle factors critical for the transcriptional activation of HSP70 have not been yet 

identified. In yeast, genes encoding for different HSPs coalesce in discrete spots in the nucleus 
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upon transcription stimulation. This interallelic clustering leads to the interaction between HSP104 

and HSP12 loci and depends on the activation of their transcription. This result suggested the 

presence of specific transcriptional factories formed in response to heat stress, which could be 

coregulated by HSF1 (52). 

Transcriptional downregulation of nonstress genes 

The transcriptional induction of HSP genes during heat stress is accompanied by the 

upregulation of other non-HSP genes encoding for cytoskeleton and oxidative stress proteins and 

a massive downregulation of thousands of genes (For review: (53)). Detailed analysis of the 

position of the RNA polymerases, chromatin modifications, and domains in D. melanogaster and 

mammalian cells suggest that changes in the chromatin landscape cannot explain the rapid changes 

in transcriptional preferences upon heat shock (54, 55). 

Heat shock does not induce a global chromatin remodeling nor modifications of topology 

associated domains in human or D. melanogaster S2 cells (56) or rearrangements of topology 

associated domain borders in D. melanogaster Kc167 cells (57). The addition of DTT to induce 

protein unfolding in D. melanogaster S2 cells did not trigger a global decrease in nucleosome 

occupancy over the induced genes, their promoters, or enhancers, as detected by micrococcal 

nuclease sequencing (54). However, the accessibility of the chromatin is increased at upregulated 

genes as measured with ATAC-seq. These results could be explained by nucleosomes undergoing 

an increased turnover due to their increased acetylation and ongoing transcription. Mueller et al. 

also reported a decrease in nucleosome occupancy and an increase in accessibility in a few genes, 

like the constitutively expressed chaperone HSC70. Similar observations were done in human 

K562 cells following 30 minutes of heat shock. The level of histone 3 lysine 27 acetylation 

(H3K27Ac) increased at the promoter of all transcribed genes, which also experienced an increase 
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in RNAPII occupancy in the promoter and to a lesser extent in the gene body (55). Conversely, a 

decrease of polymerase occupancy is observed along the gene body of constitutively expressed 

genes whose transcription is downregulated upon stress. Hence, it is suggested that the extra 

available RNAPII quickly replaced the RNAPII undertaking transcription elongation in stress-

regulated genes. 

Additionally, noncoding RNAs have been shown to be a transcriptional repressor of non-

HSP genes during heat shock. For instance, noncoding transcripts such as Alu RNA derived from 

short interspersed nuclear elements bind to RNAPII during heat shock to inhibit transcription of 

other mRNAs, such as actin (58, 59, 60). Interestingly, it has recently been shown that the long 

noncoding RNA, heat-enhanced antisense transcript (Heat) binds to HSF1 in vitro and in vivo via 

a trans-acting manner to attenuate the expression of stress genes. Experiments on mouse 

embryonic fibroblasts suggest that Heat uses HSF1 as a carrier by forming an RNP complex to 

target stress genes. While the exact mechanism by which Heat suppresses transcription is not 

known, Ji et al. (61) suggest the attenuation of the HSR by Heat involves an m6A modification 

and the nuclear m6A reader protein YTHDC1. Furthermore, the global downregulation of 

transcription induced by heat shock is suggested to be caused by activation of cryptic intronic 

polyadenylation sites in introns. Intronic polyadenylation sites led to premature transcriptional 

termination and new short mRNAs accumulating in the nucleus (62). Thirty percent of the stress-

induced genes have HSF1 bound to the promoter. Several genes upregulated by heat stress but not 

bound by HSF1 are frequently contacted by distal regions bound by HSF1 as shown by 

chromosome conformation capture techniques, Hi-C performed in human and Drosophila cells 

(56). However, the regulatory mechanisms that coordinate the transcriptional induction of HSF1-

dependent and -independent genes with the transcriptional repression of more than 6000 genes in 
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humans remains to be uncovered. Overall, heat shock and other stresses dramatically affect global 

transcriptional regulation, leading to potent induction of genes encoding for prosurvival proteins. 

1.2.4 Translational regulation during the HSR 

To preferentially synthesize HSPs during stressful events, cells have adapted a mechanism 

whereby non-HSP transcripts are retained in the nucleus, and HSP transcripts are selectively 

exported to and translated in the cytoplasm. The exact mechanism of this selective process is not 

known. However, work conducted on S. cerevisiae has shown that nuclear export of non-HSP 

mRNA involves RNA adaptor proteins, Npl3, Gbp2, Hrb1, and Nab2, cotranscriptionally loaded 

onto the pre-mRNA, which then recruits Mex67–Mtr2 (TAP–p15 in humans), an essential 

heterodimeric receptor mRNA export factor (63). These adaptor proteins have an mRNA quality 

control function that prevents the nuclear export of incorrect, possibly improperly processed or 

assembled mRNAs (64). During stress, Mex67 and the adaptor proteins are dissociated from non-

HSP transcripts to prevent nuclear export. However, HSP transcripts do not require adaptive 

proteins and are loaded directly with Mex67 via HSF1 (64). Thus, HSP transcripts bypass the 

adaptor–protein–mediated quality control mechanism to be rapidly exported and translated. 

The newly synthesized HSP mRNAs encounter a cytoplasmic environment in which translation is 

repressed. Cells sense the load of misfolded proteins and repress translation by different pathways 

to decrease the load of unfolded and misfolded proteins. However, the translation of mRNA 

encoding for specific HSPs, such as the inducible HSP70, HSP82, and HSP27, is specifically 

favored (65). Regulation of translation enables the cells to rapidly adapt their proteome to stress 

conditions (66). From the three stages of translation: initiation, elongation, and termination, stress 

conditions repress cap-dependent translation initiation and elongation (67). The association of 

translation initiation factors (eIF4A, eIF4B, Ded1) and ribosomal proteins with mRNAs is 
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decreased immediately upon stress (68). Additionally, stress conditions promote the recruitment 

of translation factors and regulatory RNA binding proteins to stress-induced cytoplasmic structures 

known as stress granules (SGs) and processing bodies (PBs), limiting their availability (69, 70, 71) 

(Fig. 1.2.1). 

Regulation of translation initiation and elongation 

Eukaryotic translation initiation is a highly regulated multistep process and the rate-

limiting step in translation. It involves the assembly of the ternary complex (TC) and binding of 

the eIF4F complex to the 5′ m7G cap structure in the mRNA. Both steps are downregulated during 

stress by different signaling pathways (72). 

The TC, GTP-eIF2α-initiator methionine tRNA, preloaded with eIF1, eIF1A, eIF3, and eIF5, 

assembles on the 40S ribosomal subunit to form the 43S preinitiation complex (73, 74, 75). Stress 

precludes the formation of the TC by the reversible phosphorylation of the Ser51 in eIF2α. This 

phosphorylation event limits the pool of available eIF2α for the TC formation. (Fig. 1). The 

phosphorylation of eIF2α in response to stress is part of the ISR (76). Depending on the stress 

stimulus, one of four serine-threonine kinase enzymes catalyzes the phosphorylation of Ser51. 

These kinases are the heme-regulated inhibitor and the general control nonderepressible 2, which 

are conserved in eukaryotes, the protein kinase R (PKR), which is specific to vertebrates, and the 

PKR-like ER kinase, which is absent in fungi. Heme-regulated inhibitor is activated to cope with 

heme deficiency in red blood corpuscles, heat and osmotic shock, oxidative and mitochondrial 

stress, cytosolic protein aggregation, and arsenite treatment in cells other than red blood corpuscles 

(66, 77, 78, 79, 80, 81, 82). General control nonderepressible 2 phosphorylates eIF2α in conditions 

of nutrient depletion (83) and UV irradiation (84, 85). PKR mediates the phosphorylation of eIF2α 

in response to the detection of double-stranded viral RNA and hyperosmotic stress (dsRNA) (82, 
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86). PKR-like ER kinase activates upon ER stress, aggregation of misfolded proteins in the ER 

lumen, hypoxia, hypoglycemia, ischemia, oxidative stress, and perturbation in Ca2+ levels (87, 

88). The conversion of the eIF2-GDP binary complex to the translation competent eIF2-GTP is 

mediated by the eIF2-specific guanine nucleotide exchange factor, eIF2B (80, 89). Two copies of 

eIF2B forms an active decameric complex that interacts with eIF2 and loads a molecule of GTP 

on eIF2. Phosphorylated eIF2α acts as a noncompetitive inhibitor by sterically hindering the access 

of eIF2 to the catalytic domain of eIF2B and sequestering it. Consequently, the recycling of eIF2α 

is decreased, which in turn decreases the abundance of TC (80, 90, 91) and impairs cap-dependent 

translation promoting metabolic dormancy to survive through the stress (92). 

In addition to eIF2α phosphorylation, the binding of the eIF4F complex to the 5′ m7G cap structure 

is impaired by different means. The eIF4F complex is made of the cap recognizing factor eIF4E, 

the scaffold protein eIF4G, and the ATP-driven RNA helicase eIF4A that unwinds secondary 

structures in the 5′ untranslated region (UTR) of mRNAs (75, 93). The binding of eIF4E to the cap 

is partially regulated by the mammalian target of the rapamycin (mTOR) pathway (93, 94, 95, 96). 

mTOR is a kinase that phosphorylates the downstream targets eIF4E binding protein 1, preventing 

its binding to eIF4E, which allows its binding to the cap under favorable conditions (93, 97). 

During stress, mTOR is inactivated by TSC1/2, leading to the dephosphorylation of eIF4E binding 

protein 1, which readily sequesters eIF4E and suppresses the eIF4F complex formation (98, 99, 

100, 101). Additionally, the newly synthesized HSP27 binds eIF4G with high affinity preventing 

the formation of the eIF4F complex (102). Together, these mechanisms prevent the assembly and 

binding of eIF4F to the m7G cap structure and cap-dependent translation. 

The elongation step of translation is also regulated to enforce the translation repression of nonstress 

mRNAs during conditions that challenge protein homeostasis. During translation elongation, the 
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GTP-bound elongation factor eEF1A brings the aminoacyl-tRNA corresponding to the codon in 

the ribosomal A site, and eEF1A-GDP is released upon codon–anticodon base pairing. The 

ribosomal RNA in the peptidyl transfer center catalyzes the peptide bond formation, and the 

translocase eEF2–GTP triggers the mRNA–tRNA movement with the expense of GTP, and eEF2-

GDP is released (103, 104, 105). Stress regulates translation elongation by a major downstream 

effector of mTORC1, the S6 kinase. The S6 kinase phosphorylates Ser366 of the eEF2 kinase and 

inactivates it (106). Inhibition of mTORC1 upon stress leads to the activation of eEF2 kinase that 

phosphorylates eEF2 at Thr56 of the GTP binding domain, pausing translation elongation (107, 

108, 109, 110, 111, 112, 113). It should be noted that the regulation of eEF2 and its kinase is more 

complex than what we have described here, as they can be phosphorylated at different residues 

through different pathways (111, 114). 

Besides eEF2 regulation, studies from two independent laboratories have identified chaperone-

mediated regulation of translation elongation during stress. The cytoplasmic chaperone HSP70 and 

HSP90 interact with nascent polypeptides, favoring their cotranslational folding as they emerge 

out the ribosome exit tunnel (115, 116) (Fig. 1). During severe stress, the prevalence of unfolded 

proteins titrates out the chaperones leaving the nascent polypeptides unassisted for cotranslational 

folding. Hence, an arrest in elongation was observed after the synthesis of the first 65 amino acids, 

which corresponds to the length of the nascent polypeptide that fits in the ribosome exit tunnel. 

Consequently, stalled ribosomes were observed in several different mRNAs at nucleotide position 

195. The lack of chaperone–ribosome interaction impairs the cotranslational folding of nascent 

polypeptides accounting for the elongation pausing and global translation repression during severe 

heat stress (117, 118). Overall, HSP encoding mRNAs should be equipped to overcome the several 

steps at which translation is shut by the cell. 
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SGs and PB formation 

Translation repression is accompanied by changes in the physical properties of the 

cytoplasmic milieu. Stress triggers RNAs and proteins to phase separate and form SGs and PBs 

that contain untranslated, long, and highly unstructured mRNAs and proteins that participate in 

translation, transcription, splicing, and decay (71, 119, 120, 121). SGs and PBs are dynamic 

membraneless structures assembled by liquid–liquid phase transition that favor stress tolerance 

and promote cellular fitness (122, 123, 124, 125, 126). While the number and size of PBs increase 

upon stress, SGs are formed under stress conditions that invoke arrest in translation initiation 

(127). SGs and PBs have different mRNA and protein compositions. PBs are made of RNA 

processing factors (e.g., eIF4E, DDX6, and Ded1p), decapping and deadenylation enzymes, 

exoribonucleases, and factors mediating mRNA stability (For review: (124, 125)). Based on their 

enrichment in decay-related factors, PBs were believed to be mRNA degradation sites. However, 

mRNAs retained in PBs can return to the cytoplasm and engage in translation (124, 128). Thus, it 

is widely accepted that PBs could serve as a reservoir of nontranslating mRNAs and inactive decay 

enzymes (129, 130). 

SGs form under stress conditions that induce eIF2α phosphorylation (131, 132), but they 

can also form independently of eIF2α phosphorylation. For example, puromycin treatment and 

inhibition of eIF4A with hippuristanol stimulate SG assembly (133, 134, 135, 136, 137). SGs are 

enriched in translation initiation factors, mRNA binding proteins, 40S ribosomal subunit, and 

mRNAs encoding for house-keeping genes (131, 132, 138, 139). mRNAs recruited to SGs are 

translationally repressed and undergo compaction as the elongating ribosomes are released from 

the transcripts (140, 141). The SGs were speculated to function in blocking protein synthesis by 

trapping several initiation factors and stabilizing translationally inactive constitutive mRNAs so 
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that they can reengage in translation upon recovery (136, 142, 143, 144). Certain mRNAs are 

shown to have paused ribosomes at the start codon to quickly re-initiate the protein synthesis as 

the cells recover from stress (145). Even so, the lack of SGs does not change mRNA translational 

repression or stability (142). Additionally, mRNAs-encoding stress-regulated proteins like 

activating transcription factor 4 have been shown to translate inside the SGs (146). HSP mRNAs 

skip the localization in SGs and PBs as their ongoing translation prevents them from condensating 

(119, 147). 

Translation of HSP70 mRNAs under stress conditions 

Several inducible HSP mRNAs are highly translated in spite of the general repression of 

translation during heat stress (148). Among them, the inducible HSP70 is the most synthesized 

HSP, as shown in 3H-leucine pulse labeling experiments (65). Hence, the HSP70 mRNA should 

have specific features favoring its translation. In 1985, Klemenz et al. (149) were the first to 

indicate that the 5′UTR of the HSP70 mRNA is required for its preferential translation during heat 

stress. McGarry and Lindquist also reported that the 5′ leader sequence of the HSP70 mRNAs is 

the region detected by D. melanogaster cells to preferentially translate it during heat stress (150). 

Given that both deletions and insertions within the 5′ UTR rendered HSP70 mRNA untranslated 

during heat stress and actively translated during recovery from stress, the authors suggested the 

presence of a secondary structure in the 5′ UTR (150). However, it was not until 1988 that the 

internal ribosome entry sites (IRESs) were discovered to mediate the translation of picornaviral 

mRNAs (151, 152), and until 1991 that the first cellular IRES was identified in the mRNA 

encoding for the immunoglobulin heavy chain binding-protein BiP or GRP78 (153). GRP78 is 

indeed an HSP70 that localizes and functions in the ER. Unlike the picornavirus mRNAs, the 

GRP78 mRNAs are capped, and their translation is favored when cap-dependent translation is 
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halted under conditions of stress (149, 154, 155). Studies in HeLa cells also indicated that the 

factors eIF4E and eIF4G are dispensable for translation of HSP70 mRNA, suggesting a cap-

independent mechanism of translation initiation (156). Following these discoveries, several labs 

have attempted to characterize the IRES structure and trans-regulatory factors required to translate 

HSP70 mRNA in different organisms (157, 158, 159). However, those attempts were unsuccessful 

in finding an IRES in the 5′ UTR of HSP70 mRNA and provided early evidence of an HSP70 

mRNA cap-independent translation mechanism (160). Overall, these studies indicated that the 

mammalian HSP70 mRNA translation has reduced dependence on the eIF4F cap-binding complex 

during stress, HSP70 mRNA is translated in a cap-independent manner upon mTOR inhibitions, 

and the 5′ UTR is required for HSP70 mRNA translation during heat stress (157, 161) (Fig. 1.2.4). 

 

 

Figure 1.2.4. Milestones on the discovery of HSP70 mRNA translation. Timeline of the 

discoveries made toward elucidating the translation mechanism of HSP70 mRNA. Since the 

discovery of internal ribosome entry site (IRES)–mediated cap-independent translation, several 

studies have attempted to characterize an IRES in 5′ UTR of HSP70 mRNA. While no studies have 

reported an IRES so far, they have emphasized the significance of the 5′ UTR of HSP70 mRNA. 

It is now widely accepted that HSP70 mRNA undergoes IRES-independent noncanonical 

translation. UTR, untranslated region. 
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Two different translational initiation control mechanisms have been suggested for the 

mammalian HSP70 mRNA: ribosome shunting (157) and recruitment of eIF3 by N6-

methyladenosine (m6A) modification (161, 162). During ribosome shunting, the 40S ribosomal 

subunit skips a large portion of the HSP70 5′ UTR and shunts to a region proximal to the canonical 

start codon when the cap-dependent translation is inhibited during heat shock (157, 159). More 

recently, it was found that HSP70 mRNAs are cotranscriptionally imprinted at adenosine 103 of 

their 5′UTR by methylation, m6A (161, 162). This methylation supports translation initiation by 

binding to the initiation complex eIF3, which recruits the ribosome to the mRNA. A follow-up 

paper concluded that cells activate m6A-mediated translation through the factor ABCF1. ABCF1 

serves as an alternative recruiter for the TC to HSP70 mRNA during noncanonical translation upon 

heat shock (163). Further, heat-stress–mediated O-GlcNACylation of eIF4GI has been reported 

essential for the translation of HSP70 mRNAs (164). Additionally, the escape of HSP70 mRNA 

from the shutoff of global protein synthesis was explained by the existence of specialized stress 

ribosomes. These ribosomes bear the cytoplasmic version of a mitochondrial protein, MRPL18, 

synthesized upon stress and might facilitate the recruitment of factors involved in translation 

elongation (165). The main caveat of these publications is the timing at which translation of HSP70 

mRNA was studied. They used 4 h of recovery following 1 h of heat stress. At this time point, cap-

dependent translation resumes, and SGs are resolved. Hence, they provide solid evidence on the 

regulation of HSP70 mRNA translated during recovery. Whether the same factors participate in its 

translation during stress remains to be elucidated (Fig. 1.2.4). 

A relevant outcome of this research is the suggestion of cotranscriptionally imprinting of 

the mRNA that provides an advantage for its translation in the cytoplasm (163, 165). Paradigm 

shifting studies in yeast support the role of the HSE sequence in the promoter of HSP genes in 
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determining the translation of inducible HSP mRNAs in the cytoplasm of glucose-starved yeast 

(166). We have previously reported that eEF1A1 links HSP70 transcription to translation in 

mammals, implicating the evolutionary conservation of this “remote control” mechanism of 

translational regulation (167). Hence, newly synthesized HSP mRNAs might arrive at the 

cytoplasm equipped for translation. These factors, together with the intrinsic characteristics of the 

5′UTR, allow HSP mRNAs to engage in translation at the expense of housekeeping mRNAs. For 

example, the Ded1 helicase is recruited to condensates upon heat stress, precluding the translation 

of housekeeping mRNAs with secondary structures and favoring the translation of HSP mRNAs 

that have little structure in yeast (168). However, the 5′UTR sequence varies among HSP70 

inducible genes and species. While D. melanogaster contains mostly AU-rich (70%) sequence and 

no secondary structure formation, like in yeast (158), the mammalian sequence has higher GC 

content (63%) which is likely to favor a formation of stable secondary structures. Even though we 

have not yet put together all the regulatory elements and the cascade of events that lead to the 

preferential synthesis of the inducible HSP70 during stress, they might differ among species. 

1.2.5 Recovery from stress and the degradation of HSP70 mRNA 

The newly synthesized HSP70 allows cells to resume their normal functions gradually by 

recovering proteostasis through the folding of misfolded proteins, which also prevents their 

aggregation, and by participating in the disassembly of SGs (169, 170). Accordingly, the synthesis 

of a nonfunctional HSP70 or inhibition of HSP70 mRNA translation during stress delays the 

recovery of global translation in D. melanogaster cells (148, 171, 172, 173). However, the 

synthesis of HSP70 should be repressed when cells return to optimal conditions. The persistent 

expression of the inducible HSP70 under nonstress conditions causes growth defects in D. 

melanogaster (174) and promotes malignancy in mammalian cells (175). Hence, the HSP 
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transcription repression is accompanied by the rapid degradation of their mRNAs during recovery 

(171, 176). HSP70 mRNAs are the first to undergo translational repression and degradation. The 

timing and rate of its degradation during recovery depends on the severity and duration of heat 

treatment (176, 177). When cells are returned to optimal conditions following heat shock, they 

restore global protein synthesis, and constitutive mRNAs engage in translation (176, 177). 

In mammalian cells, HSP70 mRNA transitions from being a stable mRNA during heat 

stress to a short-lived mRNA with a half-life of around 50 min during recovery from heat shock 

(172, 178, 179, 180). While the instability of HSP70 mRNA is also characteristic of nonstress cells, 

other stresses like incubation of cells with sodium arsenite or inhibition of protein synthesis 

initiation with pactamycin also stabilize HSP70 mRNA. Therefore, it has been suggested that a 

trans-regulator synthesized by the cells under nonstress or recovery conditions could destabilize 

HSP70 mRNA by binding to its 3′ UTR. Deletion of the HSP70 mRNA 3′UTR or substitution with 

that of the alcohol dehydrogenase (adh) 3′UTR sequence stabilizes the transcript during recovery 

from stress (173, 177, 181). In mammalian cells, PKR directly or indirectly, for example through 

AUF1 protein, associates to the 3′UTR of HSP70 mRNA through its AU-rich elements (AUUUA) 

that destabilize the transcript during recovery (182). However, AU-rich elements become 

dispensable for the fast deadenylation of HSP70 transcripts during recovery in D. melanogaster 

cells, which suggests that RNPs mediating HSP70 mRNA stability might differ among species 

(183). Like most cellular mRNAs, most HSP70 transcripts undergo a fast deadenylation mediated 

by the CCR4-NOT complex followed by decapping and degradation by the exonuclease Xrn1 in 

the 5′-to-3′ direction, as described in D. melanogaster. HSP70 mRNA fragments shorter than the 

full-length mRNAs were identified by northern blot suggesting that some molecules might 
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undergo degradation after an endonucleolytic cleavage by the exosome in the 3′-to-5′ direction 

(183) (Fig1.2.5) 

How does the cell recognize the HSP70 transcripts as the ones to be degraded? Within 

minutes of heat shock, hundreds of these mRNAs are synthesized, and when the conditions become 

optimal, they are selectively degraded with high efficiency. Is there a link between the translational 

status of the cell and HSP mRNA turnover? Polysome fractionation to study the translational 

profile of HSP70 mRNA in D. melanogaster and mammalian cells show a fraction of transcripts 

retained in higher polysomes while a subset of them is translationally inactivated (177). Are both 

populations degraded by the exact decay mechanism? It might also be possible that RNPs 

associated with HSP70 mRNA undergo posttranslational modifications, like arginylation, 

mediated by ATE-1, to regulate the stability of HSP transcripts, providing protection to cells upon 

heat shock (184). 

 
Figure 1.2.5. Milestones on the discovery of HSP70 mRNA degradation. Stress stabilizes the 

HSP70 mRNA. However, soon after the removal of stress stimulus, the cells rapidly and selectively 

degrade the HSP70 mRNA. The figure indicates the crucial discoveries made toward elucidating 

the mechanism of degradation of HSP70 mRNA. Various studies have reported that the 3′ UTR of 

HSP70 mRNA coordinates its stability or turnover. AREs, AU-rich elements; HSP, heat shock 

protein; UTR, untranslated region. 
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1.2.6 Proteostasis on specific organisms, cell types, and conditions 

While the HSR is a universal survival response to changes in the environment, there are 

variations in the regulation of the HSR among species and even within cell types of the same 

organisms. Additionally, the adaptation to abrupt or long-term changes influence the cellular 

response differently (8, 16, 181, 182, 183). 

Variation of the HSR among organisms 

The number of genes encoding for HSPs and cochaperones has increased over evolution, 

probably reflecting the increased number of proteins and complexity of functions undertaken by 

more evolved cells (185, 186). Multicellular organisms have not only expanded on the HSPs 

encoded in the genome of unicellular organisms but also adapted them to their proteostasis needs. 

For example, the mammalian genome lacks the disaggregase HSP104 present in S. cerevisiae (in 

eubacteria ClpB), which reverses stress-induced protein aggregation (187, 188, 189) and has been 

suggested to serve as a potential therapeutic agent to disaggregate toxic misfolded aggregates 

characteristic of neurodegenerative diseases (NDs) (187). While it is unknown why mammalians 

lack HSP104, in vitro data have shown that protein disaggregation in humans (and other metazoans 

such as nematodes) relies on the molecular machinery comprised of HSP70, HSP110, and J-

proteins (188, 190, 191). These J-proteins are critical in driving HSP70–HSP110–based 

disaggregase by concomitantly interacting with both substrates and HSP70 partner proteins via 

single or mixed cooperating J-protein cochaperones of class A and B which relocalize to protein 

aggregates following heat shock promote specific or broad-range aggregate targeting (188, 190, 

191, 192). Overall, the core chaperones of the HSP70 and HSP90 families are similar among 

species and their organization as constitutive or inducible HSPs depends on their basal expression 

level (Table 1.2.1).  
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There is a variation in the temperature threshold needed to activate the HSF1 and the HSR 

across multicellular and unicellular eukaryotic species (193, 194) (Table 1). For example, while 

D. melanogaster induces the HSR at 30 °C, humans do so at 40 °C. This variability in temperature 

threshold has been suggested to be based on the environmental temperature of the organism and 

its capacity to maintain a constant body temperature (195, 196). Indeed, organisms occupying 

moderate variable thermal environments can modify the constitutive levels of HSPs and adjust 

their HSR to a higher onset temperature. In contrast, those organisms from a stable or highly 

variable thermal environment are not as capable of readjusting the levels of their HSPs or onset 

temperature as they are already meeting their maximum thermal limit. 

An interesting example is multicellular organisms lacking the induction of an HSR, like 

the Antarctic marine invertebrate ciliates and the Antarctic fish of the suborder Notothenioidei (8, 

197). The absence of the HSR is suggested to be due to these animals living in a highly stabilized 

cold environment; thus, they evolved to adapt to this nontransient environment. However, this is 

the opposite of the Notothenioidei cold-temperate relatives in New Zealand, which have been 

shown to induce an HSR following heat stress. Another example of an animal with no HSR is the 

freshwater cnidarian species Hydra oligactis, which is also highly sensitive to minor thermal 

variations. Its congener, Hydra vulgaris, can tolerate greater thermal ranges because it induces 

thermal tolerance following induction of HSPs synthesis (8, 197). Despite the lack of expression 

of inducible HSPs, these organisms express constitutive HSPs. They might have adapted the 

expression of their constitutive HSPs to help them overcome challenges faced in their 

environmental niche (8, 198). Thus, constitutive HSPs might play an essential role in overcoming 

proteostasis challenges without an inducible HSR. Examining the potential coordinated network 
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of constitutive and inducible HSPs in promoting a competent HSR would provide a better 

understanding of the network of HSPs participating in the adaptation to changes in temperature. 

Table 1.2.1. Comparison of HSP genes and ranges of temperatures across different organisms 

 

Multicellular endothermal organisms tolerate higher ranges in temperature than unicellular 

or stenothermal multicellular organisms. However, endothermal organisms required a lower 

increase over their body temperature to induce the HSR (Table 1). There are unicellular organisms 

from the Archaeal species that can tolerate extreme temperatures such as those between 50 °C to 



70 

 

70 °C (thermophiles) and 80 °C or higher (hyperthermophiles) before the HSR is induced (199). 

In addition to the HSR, bacteria rely on a structural liability in response to temperature changes 

which create biological temperature sensors, such as DNA- and RNA-based environmental 

temperature sensors. Temperature changes will alter gene expression at transcriptional and 

posttranscriptional steps via DNA and RNA thermosensors to maintain proteostasis. Furthermore, 

changes in the secondary or tertiary structure can also be used by “RNA thermometers” in bacteria 

to regulate the translation efficiency of heat shock mRNAs. In this RNA ‘zipper-like’ 

thermosensory mechanism, the mRNA will adopt a thermolabile stem-loop structure in the 5′UTR 

which will either close to block translation at low temperatures or open at high temperatures to 

favor ribosome binding and translation (3, 10). These RNA thermosensing mechanisms are also 

important in the translation control of some HSPs in eukaryotic cells when cap-dependent 

translation initiation is inhibited (3, 10). For example, HSP90 mRNA in D. melanogaster becomes 

actively translated in response to heat shock but is inefficient in normal growth temperatures. It 

has been suggested that the HSP90 mRNA translation is substantially activated by heat shock due 

to the presence of a long stem in the AUG initiation proximal half of the 5′UTR, which serves as 

a heat-sensitive inhibitory element in the UTR that impedes access to the initiation codon (200). 

However, in heat stress, the stem undergoes a thermal destabilization, which allows the ribosomal 

subunits to recognize the region (200). While the expression of HSP90 has been shown to be 

essential for restoring folding yield when HSP70 levels are high, excess HSP90 (as well as HSP70) 

produced during heat shock may be detrimental to folding (201). Thus, the presence of a 

thermosensor is critical in mediating the translation of HSPs that are important for protein folding 

during heat shock. This preferential heat shock translation occurs in a similar translation 

mechanism as in bacteria wherein the start codon (AUG) will respond to differences in temperature 
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similarly to bacterial RNA thermosensors. A similar mechanism of translation control has been 

proposed for HSP70 mRNA in human cells but has yet to be examined (3). These examples suggest 

that multicellular organisms conserved some of the modes of adaptation to heat stress used by 

bacteria, but they have changed the regulatory factors sustaining them. 

Additionally, endothermal organisms readjust their physiology to increasing temperatures 

(197). The repeated exposure to elevations in core temperature due to natural environmental heat 

stress causes heat acclimatization (202). An increase in temperature is associated with a change in 

the pattern of HSPs expressed is due to proteins being able to adapt their structures to varying 

temperatures, e.g., altering hydrophobicity, charge, noncovalent interactions, volume, and 

cooperativity. Indeed, patterns of adaptive variation in the structural and functional properties of 

proteins from organisms that have adapted to different temperatures have been reported (203, 204). 

A similar phenomenon has been recently described in the yeast S. Cerevisiae in response to a long-

term temperature shift (205). Interestingly, a key feature of long-term temperature adaptation is 

the disappearance of protein aggregates, whereas acute heat shock induces protein aggregates. 

Thus, yeast may have adapted to persistent high temperatures by reducing the load of thermolabile 

proteins and relocating some proteins to minimize protein misfolding/unfolding at high 

temperatures (205). These findings have important implications in the context of global climate 

change as the current temperature changes we are experiencing can be considered as long-term 

temperature adaptation to the constant heat. 

Variation of the HSR among cell types 

The requirements of cellular proteostasis also vary across cell types in multicellular 

organisms, which maintain a relatively stable internal environment to sustain proteostasis among 

specialized tissues and organs (1, 2, 206). These multicellular organisms have highly specialized 
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functions performed by distinct proteomes, in which proteostasis, assisted by a network of core 

and cell-specific chaperones, becomes challenging (186, 206). There are two hypotheses as to how 

multicellular organisms maintain proteostasis following an environmental perturbation like 

temperature. The first is that molecular chaperones are expressed in all cell types to guide folding 

and prevent misfolding, and thus, they can buffer unexpected folding challenges. This hypothesis 

requires all cells to invest energy to have a reserve of chaperones for emergencies (1, 197, 205, 

206, 207, 208). As described in this review, the constitutive HSPs provide immediate assistance in 

coping with misfolded proteins upon acute stress (197, 206). Whereas de novo synthesized HSPs 

favor recovery from stress and fit the cell to overcome subsequent and more detrimental stress 

stimuli. This phenomenon, known as stress-preconditioning, is used for medical purposes and 

suggests that cells have a certain buffer of HSPs to handle mild changes in environmental 

conditions (205, 207, 209, 210, 211, 212). 

The second hypothesis states that cells do not store excess chaperones. Instead, the cellular 

concentration of the chaperones is regulated precisely according to the immediate cellular 

requirements. Hence, the folding environment in the cell is delicate, with little capacity for a flux 

of non-native species. This hypothesis requires the HSR to be rapidly tailored to the proteostatic 

demands of the cell (206). Additionally, cell types and tissues would need to exchange information 

on the status of internal cellular proteostasis to coordinate proteostasis at the organismal level (2). 

The second hypothesis is demonstrated in Caenorhabditis elegans, wherein the thermosensory 

amphid neurons with finger-like ciliated endings (AFDs) detect changes in the ambient 

temperatures and coordinate the response. This coordinated response involves communication 

between the different tissues of C. elegans and is regulated by neurons. More specifically, AFDs 

sense heat shock stress in the environment; these stress signals are then sent via neuroendocrine 
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fashion to tissues such as muscle and intestinal cells to regulate their HSR by activating HSF1 and 

promoting the induction of HSP70 (C12C8) (2, 213). At the same time, muscle and intestine cells 

have a transcellular chaperone signaling between nonneuronal tissues that sense local proteotoxic 

stress and enhance chaperone signaling at a distance by signaling back to the neurons. These AFD 

neurons along with their postsynaptic cells, AIY interneurons, further regulate the temperature-

dependent behavior of these organisms, such as growth and reproduction (206, 213). Similar 

activation of HSF1 through neuroendocrine signaling from the hypothalamic–pituitary–adrenal 

axis operates in rats (214). 

As neurons play an important role in this organismal-level coordination in eukaryotes, it is 

important to mention the current literature on neuronal proteostasis. Neurons are highly polarized 

cells that have the capacity to tune their proteome locally, at axons, dendrites, and synapses, 

through the regulation of local protein synthesis, degradation, and posttranslational modifications 

(215). However, it is not fully understood how proteostasis is sustained in different neuronal 

subcompartments under heat stress conditions. Rodent hippocampal and motor neurons exhibit a 

lower HSR activation than nonneuronal cells (206, 216). This impaired HSR could make neurons 

vulnerable to the toxic accumulation of misfolded proteins that underlie age-related NDs (216, 

217, 218, 219). Hence, a potential therapeutic strategy for NDs is to promote the activation of the 

HSR in neurons (220, 221, 222, 223). The overexpression of HSP70 in a mouse model of 

Alzheimer’s Disease exerted cytoprotective roles and ameliorated physiological and behavioral 

deficits (220, 221, 222, 223). Promoting the activation of HSF1 has long been considered a 

promising treatment for NDs. However, the threshold to activate HSF1 in motor neurons is higher 

than in somatic nonneuronal cells (216). The chromatin environment of HSP genes in neurons does 

not favor the binding of HSF1, and the treatment with histone deacetylases can enhance the 
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transcriptional activity of HSF1 in motor neurons undergoing specific stresses (224). Hence, 

neurons might have been wired differently to handle proteostasis challenges and rely on other 

quality control mechanisms, like ubiquitin-proteasome system and autophagy, to sustain a healthy 

and functional proteome (218, 225, 226, 227, 228, 229). 

The induction of HSPs represents the first line of defense toward an increase in protein 

unfolding (230). To date, the regulation of HSPs expression has been mostly studied by ensemble 

measurements in cultured cell lines and yeast. This extensive research has provided detailed 

information on the kinetics of HSPs transcription and mRNA translation and degradation and has 

identified regulatory factors involved in each step of the life cycle of HSP mRNAs. In the last 

decade, single-cell microscopy approaches have granted the spatial resolution needed to 

investigate changes in the localization of HSP loci upon stress (50) as well as the subcellular 

localization of newly synthesized mRNAs (166, 167). These latest studies indicate that the fate of 

HSP mRNAs is decided cotranscriptionally. Therefore, a finely tuned communication between the 

nucleus and the cytoplasm under stress conditions could enable cells to identify HSP mRNAs as 

the ones to be translated. These results also suggest that each step in the life cycle of HSP mRNAs 

highly influences the next one. Given that hundreds of HSP mRNAs molecules are rapidly 

synthesized, translated, and degraded, the use of single-molecule fluorescence microscopy 

techniques to detect single mRNAs and de novo protein synthesis will mind the gap of our 

knowledge in the impact of HSP mRNAs translation on decay and the localization of mRNA 

degradation (231, 232, 233). 

1.2.7 Conclusion and perspectives 

Activation of the HSR requires a mechanism to sense the damage and gene expression 

reprogramming to prioritize the expression of HSPs. The transcription factor HSF1 directs the 
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upregulation of HSPs transcription. Activation of HSF1 occurs in all eukaryotes under a wide range 

of stresses (31, 230, 234). Together with HSF1 activation, cells attempt to minimize protein 

unfolding by blocking general translation elongation (230, 235). It is possible that besides the 

increased load of unfolding proteins, this general ribosome stalling signals to HSF1 by a still 

unknown mechanism (166). Identifying the mechanisms that act to orchestrate a competent HSR 

will provide the means to interrogate neurons in their stunt HSR and relate it with the neuronal 

vulnerability to accumulate misfolded proteins. In this case, using pathophysiological conditions 

relevant to the neuronal activity will provide a better understanding of the neuronal response to 

proteostasis challenges. Expanding the pioneering research done in C. elegans to other 

multicellular organisms will provide the means to integrate the response of the nervous system 

into the organism effort to sustain proteostasis (213). A comprehensive analysis of the cellular 

response to stress in the context of the organism will open new windows to study the etiology of 

diseases derived from the loss of protein homeostasis, like cancer and neurodegeneration. 
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1.3.1 Abstract 

Cell functionality relies on the existing pool of proteins and their folding into functional 

conformations. This is achieved through the regulation of protein synthesis, which requires error-

free mRNAs and ribosomes. Ribosomes are quality control hubs for mRNAs and proteins. 

Problems during translation elongation slow down the decoding rate, leading to ribosome halting 

and the eventual collision with the next ribosome. Collided ribosomes form a specific disome 

structure recognized and solved by Ribosome Quality Control (RQC) mechanisms. RQC pathways 

orchestrate the degradation of the problematic mRNA by No-Go Decay and the truncated nascent 

peptide, the repression of translation initiation, and the recycling of the stalled ribosomes. All these 

events sustain protein homeostasis and return valuable ribosomes to translation. As such, cell 

homeostasis and function are maintained at the mRNA level by preventing the production of 

aberrant or unnecessary proteins. It is becoming evident that the crosstalk between RQC and the 

protein homeostasis network is vital for cell function, as the absence of RQC components leads to 

the activation of stress response and neurodegenerative diseases. Here, we review the molecular 

events of RQC discovered through well-designed stalling reporters. Given the impact of RQC in 

proteostasis, we discuss the relevance of identifying endogenous mRNA regulated by RQC and 

their preservation in stress conditions. 
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1.3.2 Graphical/Visual Abstract and Caption 

 

 

Cells identify and solve mRNAs with stalling sequences among their translation pool 

through the ribosome quality control mechanisms (RQC). RQC is linked to the No-Go-Decay 

(NGD) mRNA surveillance pathway to solve ribosome collisions and prevent problematic mRNAs 

from entering subsequent translation rounds. RQC prevents the accumulation of truncated nascent 

peptides, recycles ribosomes, and supports cell proteostasis. The absence of RQC/NGD factors or 

their saturation by stress leads to proteostasis collapse, for which neurons are especially vulnerable. 
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1.3.3 Introduction 

Several cellular processes, such as cell proliferation, differentiation, and adaptation to 

changing environmental conditions, require the tight regulation of gene expression. The timed 

control of gene expression is facilitated by the cell's capacity to rapidly modify the pool of 

cytoplasmic mRNAs and control their translation. Cellular mRNAs are subjected to multiple 

checkpoints, co- and post-transcriptionally, before entering the cytoplasm and engaging in protein 

synthesis (As previously reviewed by (Brewer, 2001; de Almeida & Carmo-Fonseca, 2010; 

Karamyshev & Karamysheva, 2018; Keene, 2007)). As a result of these primary quality control 

checkpoints, mRNAs with serious aberrations, such as the lack of 5' cap or the poly-A tail, are 

retained and degraded within the nucleus through nuclear mRNA surveillance mechanisms 

(Shoemaker & Green, 2012). Additionally, cells have co-translational quality control mechanisms 

to detect mRNAs bearing subtle defective sequences, such as the insertion of or mutation of a stop 

codon (Bengtson & Joazeiro, 2010; Choe et al., 2016; Dimitrova et al., 2009; Powers et al., 2020; 

Shoemaker & Green, 2012). Translation of faulty mRNAs results in the synthesis of aberrant, 

nonfunctional proteins that disrupt protein homeostasis and challenge cell fitness, function, and 

survival (Shoemaker & Green, 2012). Thus, ribosomes recognize errors in the mRNA during 

translation elongation, which halt their elongation and activate ribosome quality control (RQC) 

mechanisms (Brandman et al., 2012; Choe et al., 2016; Matsuo et al., 2017; Pisareva et al., 2011; 

Shoemaker et al., 2010; Shoemaker & Green, 2011). RQC encompasses mRNA surveillance and 

protein quality control to repress their translation and triggers the degradation of problematic 

mRNAs and truncated nascent peptides (Ito-Harashima et al., 2007; Juszkiewicz & Hegde, 2017; 

Matsuo et al., 2017; Simms et al., 2017; Sitron et al., 2017; Sundaramoorthy et al., 2017). 

Translation and ribosome biogenesis are energy-expensive processes, as they require the 
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coordination of rRNA transcription, modification of rRNAs, and translation of ribosomal proteins 

to achieve ribosome assembly (Hershey et al., 2019; Holcik & Sonenberg, 2005; Z. Li et al., 2009; 

Young & Guydosh, 2022). Thus, RQC also enables cells to rescue and recycle ribosomes from 

problematic mRNAs to make them available to translate appropriate mRNAs (Ikeuchi et al., 2019; 

Juszkiewicz et al., 2018; Juszkiewicz & Hegde, 2017; Matsuo et al., 2017; Sitron et al., 2017; 

Sundaramoorthy et al., 2017). This highlights the relevance of degrading the faulty mRNAs to 

prevent them from engaging in subsequent rounds of translation, which would waste valuable 

ribosomes by producing aberrant proteins. 

Cells have three mRNA surveillance mechanisms to ensure the quality of mRNAs being 

translated: nonsense-mediated decay (NMD), non-stop decay (NSD), and no-go decay (NGD)  

(Bengtson & Joazeiro, 2010; Dimitrova et al., 2009; Doma & Parker, 2006; Shoemaker et al., 

2010; Simms & Zaher, 2016). While the mRNA substrate for each of these processes has defining 

features, all three mechanisms are triggered by the presence of a stalled ribosome on an mRNA. 

Although a few mRNAs rely on NMD to regulate their cytoplasmic lifecycle, NGD is unique as it 

does not require the mRNA to hold a mutation to signal its decay (Maquat, 2004; Shoemaker & 

Green, 2012). Instead, it recognizes ribosome collisions resulting from elongating ribosomes that 

stall due to an aberrant decoding slowdown. If a ribosome is stalled for an extended period, a 

second elongating ribosome can collide with the initially stalled ribosome forming a disome. The 

disome structure provides a hub to recruit the mRNA decay factors. Thus, NGD has the potential 

to degrade mRNAs based on the characteristics of their coding sequence (CDS) or their translation 

efficiency. For example, changes in the pool of available tRNAs dictate translation elongation 

rates, and a higher translation initiation increases the chances of ribosome collisions (Park & 

Subramaniam, 2019). As such, NGD is intimately related to RQC and arises as a mechanism to 
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adjust the pool of cytoplasmic mRNAs according to internal or external cell clues. NGD also 

prevents the stalled ribosomes from frameshifting and the subsequent synthesis of aberrant 

proteins (Simms et al., 2019). Interestingly, the depletion of NGD factors leads to the activation 

of the integrated stress response (ISR) as a mechanism to lessen general translation initiation to 

maintain proteostasis (Yan & Zaher, 2021). Here, we review the cytoplasmic mRNA surveillance 

mechanism of NGD and its close relation with RQC, with particular emphasis on its components 

and mechanical processes involved in its execution. We briefly discuss the techniques and 

reporters used to study RQC and NGD and ultimately provide the molecular, cellular, and 

organismal implications of these mechanisms in safeguarding proteostasis and possible 

implications for neurodegenerative conditions. 

1.3.4 General mRNA decay versus surveillance mRNA mechanisms 

In eukaryotic cells, mRNA turnover is critical for the tight regulation of protein expression. 

Regulation of mRNA turnover reduces the pool of mRNAs, efficiently diminishing the synthesis 

of their encoded proteins. The degradation pathways of eukaryotic mRNAs have been well 

characterized in Saccharomyces cerevisiae and are highly conserved in metazoans (Bönisch et al., 

2007; Decker & Parker, 2002). The unique features of eukaryotic mRNAs – the 7-methyl 

guanosine (m7G) cap co-transcriptionally added to the 5' end and the long stretch of adenine 

residues post-transcriptionally incorporated to the 3' end termed poly-A tail – are crucial for 

nuclear export, translation, and protection from cytoplasmic exonucleases (Decker & Parker, 

2002). Hence, the decay machinery targets the 5' cap and/or 3' tail of mRNAs to adjust the 

proteome according to cellular needs (Bönisch et al., 2007). In yeast, the general mRNA turnover 

begins with the shortening of the poly-A-tail, which leads to two pathways; the 5’-3' exonuclease-

mediated decay (which is predominant in yeast) or the 3’-5' exosome-mediated decay (Anderson 
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& Parker, 1998; Decker & Parker, 2002; Tucker & Parker, 2000). Deadenylation renders the 

mRNA translation incompetent by precluding the RNA-binding of the poly-A binding protein 

(PABP), which interacts with the eukaryotic translation initiation factor eIF4G favoring the 

translation initiation (Tharun & Parker, 2001). Additionally, deadenylation provides access to 

decapping enzymes and exposes the mRNAs for degradation. The deadenylation process is highly 

conserved from yeast to mammals and relies on the large multimeric CCR4-CAF1-NOT and 

PAN2/3 complexes. Vertebrates possess an additional enzyme, Poly(A) Ribonuclease (PARN), 

that is involved in deadenylation (Figure 1A) (Garneau et al., 2007; Łabno et al., 2016). In the 5’-

3’ degradation pathway, soon after deadenylation, the mRNA is decapped by DCP1p/2p, and then 

transcript degradation proceeds in the 5'- 3' direction by the conserved exoribonuclease XRN1 

(Cougot et al., 2004; Hsu & Stevens, 1993; Muhlrad et al., 1994, 1995; Vidya & Duchaine, 2022). 

In the 3’-5' degradation or exosome-mediated pathway, following deadenylation, an RNA 

exosome complex degrades the transcripts in 3’-5’ direction while the mRNA is simultaneously 

decapped by Dcs1p. Decapping in the 5’-3' pathway liberates m7GDP, whereas the 3’-5' pathway 

releases m7GMP (Figure 1B) (Anderson & Parker, 1998; Cougot et al., 2004; Liu et al., 2002; 

Vidya & Duchaine, 2022). It has recently become evident that the speed of ribosome decoding 

influences mRNA decay. Transcripts with low decoding kinetics require the Ccr4-Not complex 

for degradation and are specifically deadenylated by the exonuclease Caf1.  
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Figure 1.3.1. mRNA degradation and surveillance pathways. Left panels: General mRNA 

degradation pathways. (A) mRNA undergoes 5’ to 3’ degradation by shortening of the polyA tail 

(represented as dotted lines) by CCR4-NOT and PAN2/3 or PARN, followed by 5’ decapping of 

the m7G cap by Dcp1/2, which exposes the 5’ end to Xrn1 exonuclease degradation. (B) mRNA 

undergoes 3’ to 5’ degradation by shortening of the polyA tail by CCR4-NOT and PAN2/3 or 

PARN, which exposes the 3’ end to the Ski-Exosome complex for degradation, and simultaneously 

the 5’ end is decapped by Dcs1p. Right panels: mRNA surveillance pathways. (C) In Nonsense 

Mediated Decay, a translating ribosome encounters a premature termination codon (PTC). 

Proximity to an exon junction complex serves as the recognition signal for endonucleolytic 

cleavage and degradation of the mRNA. (D) In Non-Stop Decay, a translating ribosome stalls at 

the end of the truncated mRNA, which recruits the exosome complex to release the ribosomal 

subunits and the mRNA is degraded. (E) In No-Go Decay, translating ribosome collides with a 

stalled ribosome upstream, which signals for endonucleolytic cleavage of the mRNA or the 

degradation by Xrn1, release of the stalled ribosomes, and degradation of the nascent peptide. 

The Not5 subunit of Ccr4-Not complex recognizes ribosomes slow enough to have dissociated the 

E-site tRNA without having occupied the A-site with a cognate tRNA. In this case, the E-site is 

recognized by the N-terminus of Not5, which bring Ccr4-Not for deadenylating and the follow-up 

decapping and Xrn1- mRNA degradation (Buschauer et al., 2020; Webster et al., 2018). In addition 

to the turnover of cytoplasmic mRNA, three surveillance mechanisms NMD, NSD, and NGD 
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coordinate the degradation of mRNAs with stalled ribosomes. They rely on the meticulous 

inspection of translation by elongating ribosomes, but each recognizes a specific type of error in 

an mRNA (Karamyshev & Karamysheva, 2018; Morris et al., 2021). In NMD, the ribosome 

recognizes mRNAs harboring premature termination codons (PTC), which triggers rapid 

degradation of these transcripts (Maquat, 2004; Shoemaker & Green, 2012). Otherwise, the 

truncated protein products of these mRNAs may have deleterious dominant-negative or gain-of-

function effects (Unterholzner & Izaurralde, 2004). In eukaryotes, intron splicing is a key step in 

mRNA maturation. Errors in splicing can leave an in-frame stop codon (premature stop codon 

(PTC)) upstream of the correct stop codon (Green et al., 2003). During splicing, the exon-junction 

complexes (EJC) bind the mRNA near the exon-junction site, which is typically upstream of the 

stop codon (Hoek et al., 2019).  Normally the EJC is removed by the ribosome as it translates 

(Hoek et al., 2019). However, if the mRNA had a splicing defect resulting in a PTC, the EJC 

remains on the mRNA (Hoek et al., 2019). This serves as a signal that recruits several factors 

involved in either exonucleolytic degradation of the mRNA or SMG6-mediated endonucleolytic 

cleavage followed by further processing of mRNA fragments (Figure 1C) (Eberle et al., 2009; 

Gatfield & Izaurralde, 2004; Hoek et al., 2019; T. Li et al., 2015; Morris et al., 2021; Schmidt et 

al., 2015). A small portion of mRNAs have another exon-exon junction downstream of the stop 

codon, and many of these mRNAs are natural NMD substrates (Mendell et al., 2004). NSD targets 

transcripts lacking an in-frame stop codon for decay, primarily affecting mRNAs with a short poly-

A tail (Frischmeyer et al., 2002; van Hoof et al., 2002). They arise due to point mutations within 

the stop codon or premature poly-adenylation. Further, mRNAs harboring mechanical breakage or 

enzymatic cleavage inside the CDS are substrates that trigger NSD (Arribere & Fire, 2018; 

Bengtson & Joazeiro, 2010; Dimitrova et al., 2009; Klauer & van Hoof, 2012). While premature 
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transcription might yield mRNAs lacking a stop codon, it is more likely that the lack of a 

polyadenylation site will target such transcripts for degradation inside the nucleus. In NSD, the 

ribosome translates through the 3'UTR and stalls at the 3' end of the mRNA as the absence of a 

stop codon prevents release factors from entering the A-site (Bengtson & Joazeiro, 2010; 

Dimitrova et al., 2009; Frischmeyer et al., 2002; Ito-Harashima et al., 2007; Klauer & van Hoof, 

2012; van Hoof et al., 2002). The stalled ribosome recruits an exosome complex which releases 

the ribosomal subunits and results in mRNA degradation (Klauer & van Hoof, 2012). In addition, 

its peptidyl-tRNA has a suboptimal conformation for peptide bonding, and the poly-lysine tail 

electrostatically interacts with the ribosomal proteins in the exit tunnel, and both events contribute 

to stalling and subsequent ribosomal collisions (explained in section 3.1 and Figure 3 below) 

(Chandrasekaran et al., 2019; Ikeuchi et al., 2019; Klauer & van Hoof, 2012).  

NSD shares key factors with and elicits a very similar response to the most recently 

discovered RNA surveillance mechanism, NGD (Figure 1.3.1D). NGD recognizes ribosome 

collisions caused by ribosomes that aberrantly slow down and pause translation elongation for an 

extended period. Since stall-inducing mRNAs may yield incomplete or truncated proteins, cells 

eliminate such truncated peptides and mRNAs through RQC and NGD, respectively. Ribosomal 

pausing is common during translation elongation and can be caused by various factors, including 

RNA secondary structures, codon optimality, amino acid charge, and tRNA availability to favor 

proper protein folding (Charneski & Hurst, 2013; Kim et al., 2015; Tsao et al., 2011; Weinberg et 

al., 2016; Yu et al., 2015). Therefore, for ribosome collisions to initiate NGD, specific structural 

characteristics of the disome (made by the stalling and colliding ribosomes) are recognized. We 

refer to these disomes as "RQC-disomes" to differentiate them from disomes formed in mRNAs 

that transiently pause translation elongation. Stabilization of RQC-disomes leads to four 
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interconnected mechanisms to solve the problem: translational repression, endonucleolytic 

cleavage of the mRNA and degradation of mRNA fragments by Xrn1 and Ski2, degradation of the 

nascent peptide, and ribosome recycling (Figure 1.3.1E).   

1.3.5 No-Go Decay mRNA clients, players, and the RQC-disome  

The RQC, NGD, and ribosome recycling pathways are coupled and share many common factors. 

In recent years, studies involving genetic screening and stalling reporters, as well as cryo-EM and 

ribosome footprinting, have led to the identification of these factors, molecular events, and 

structural features of the NGD mechanisms and the RQC-disome (Ikeuchi et al., 2019; Juszkiewicz 

et al., 2018; Matsuo et al., 2020; Narita et al., 2022; Pochopien et al., 2021; Saito et al., 2022; 

Tesina et al., 2020; Zhao et al., 2021) (Figure 1.3.2). 

Figure 1.3.2. Summary of techniques used to study NGD. Genetic screens using reporters have 

identified NGD factors and determined their functions in the pathway. Cryo-EM studies provide 

the structural characteristics of the RQC-disome, for example the interaction between two Asc1 

molecules. Ribosome profiling studies have identified stalling codons and sequences based on the 

frequency of such sequences in deep sequencing analyses. Future studies with single molecule 

imaging could provide dynamics of on-going translation elongation and initiation rates in live 

cells. 
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1.3.5.1 What are the features of mRNAs targeted by NGD? 

The features of mRNAs which lead to stalling and NGD were initially studied in S. 

cerevisiae using in vitro translation assays and stalling reporters (Figure 3). Obstructive secondary 

structures, such as large stem loops, were known to physically block the translation machinery 

from passing, leading to stalling and collisions (Hosoda et al., 2003). At the discovery of the NGD 

mechanism, Roy Parker's laboratory used GAL1-induced reporter constructs to express the 

Phosphoglycerate Kinase 1 PGK1 mRNAs bearing in its CDS stalling structures, such as stable 

stem-loop or pseudoknot, or sequences, such as rare and proline codons (Figures 1.3.3A and 

1.3.3B) (Doma & Parker, 2006). Due to its imino-structure, Proline is incorporated inefficiently 

by the ribosome, specifically at the peptidyl transfer step, thus halting elongating ribosomes 

(Artieri & Fraser, 2014; Muto & Ito, 2008; Pavlov et al., 2009). Specific peptides containing 

polybasic repeats can slow and stall elongation by charge-specific interaction of the nascent chain 

with the ribosome (Figures 1.3.3C and 1.3.3D) (Lu & Deutsch, 2008). For example, long stretches 

of Lys and Arg residues have been shown to destabilize reporter mRNAs (Ito-Harashima et al., 

2007). Indeed, the PGK1-stem-loop reporter was modified to remove the stem-loop, replacing it 

with an array of Arg (12x CGN) that cause stalling due to inefficient decoding of the wobble pair 

I-A and resulted in a translational arrest (Gamble et al., 2016; Letzring et al., 2010; Matsuo et al., 

2017).  Ribosome stalling in the endogenous SDD1 mRNA in S. cerevisiae occurs on the CGA-

CGA dicodon in the context of KRRKK polybasic, indicating that the surrounded sequences 

influence ribosome stalling probably due to inefficient decoding and low tRNA availability 

(Figure 1.3.3E) (Matsuo et al., 2020). Recent Cryo-EM studies on ribosomes stalled in stretches 

of AAA encoding to Lys (like the polyA sequence) have also demonstrated that these AAA 

stretches reconfigure the decoding center, which precludes the incoming of new aminoacyl tRNAs. 
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The poly-lysine encoded by Poly-A slows elongation by resulting in suboptimal peptidyl-tRNA 

conformation in the peptidyl-transferase center and stabilizing the rRNA-mRNA interaction in the 

decoding center. This interaction alters the decoding center, making the engagement with the next 

aminoacyl tRNA unlikely to occur and causing elongation to stall (Chandrasekaran et al., 2019; 

Ikeuchi & Inada, 2016; Ito-Harashima et al., 2007; Klauer & van Hoof, 2012). Non-optimal codons 

generally have a lower corresponding tRNA concentration in the cell, thus increasing the duration 

of the A-site vacancy. This might be an important mechanism during stress as oxidative stress 

decreases charged tryptophan tRNA availability, resulting in ribosomal stalling at tryptophan 

repeats (Rubio et al., 2021). Aside from the availability of tRNAs and low-frequency codons, 

ribosome elongation rate can be affected by codon-pair (such as CGA-CGA pair) bias and codon 

context, which depends on the cell's inner and external conditions (Alexaki et al., 2019; Gamble 

et al., 2016; Lanza et al., 2014; Wolf & Grayhack, 2015). For example, the non-optimal sequence 

of the SSA4 mRNA leads to RQC regulation of its translation during heat stress. This regulation 

is abolished by optimizing the SSA4 codon sequence (Alagar Boopathy et al., 2022). 

Stalling also occurs on aberrant mRNAs, such as those with chemical damage. In yeast, 

ribosomal stalling has been observed at sites of depurination. Using an inducible translation 

system, the half-life of the Brome mosaic virus RNA was decreased in cells expressing a ribosome-

inactivating protein known to depurinate the virus mRNA. This study used toe-printing analysis 

to show that ribosomes stalled at points of depurination, and suggested NGD as the mechanism of 

RNA decay following stalling (Figure 1.3.3F) (Gandhi et al., 2008). Oxidation of mRNAs has 

also been demonstrated in bacteria to reduce the decoding rate (Simms et al., 2014). In an in vitro 

translation system showed that mRNAs with oxidized nucleotides, specifically 8-oxoguanosine 

(8-oxoG), stall and are subsequently targeted for NGD. Since 8-oxoG can base-pair with 
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adenosine, near-cognate aminoacylated-tRNAs attempt to bind oxidized codons, but this decoding 

is inefficient and results in stalling (Simms et al., 2014). Likewise, site-specific oxidative damage 

triggers the degradation of the damaged mRNA and alkylative damage, resulting in nucleotides 

such as m1A, m3C, and m1G disrupting base-pairing precluding tRNA decoding and increasing 

ribosomal stalling (Yan et al., 2019). 

Figure 1.3.3. Schematic view of mRNA characteristics leading to ribosome stalling. (A) Large 

obstructive secondary structures, such as stem-loops, prevent the ribosome from proceeding. (B) 

Imino side chain of proline acts as a poor substrate in peptidyl transfer reaction, causing slow 

translation elongation and eventually stalling. (C) Poly-arginine tracts slow elongation and lead to 

stalling by electrostatic interactions in the peptide exit tunnel. (D) Similar to Poly-Arginine tracts, 

Poly-lysine codons reconfigure the decoding center, preventing new tRNA binding, and charge-

specific interactions in the peptide exit channel led to stalling (E) Arg-Pro inhibitory codon pairs 

occupying ribosomal P- and A- sites respectively are decoded inefficiently, leading to stalling. (F) 

Chemical damage such as depurination slows elongation by disrupting tRNA binding.   

What events and factors regulate RQC and NGD? 

The ribosome load on the mRNA is also a critical factor for initiating NGD. Using reporters 

containing mutations that reduced ribosome density on the mRNA, the efficiency of NGD was 

also reduced (Park & Subramaniam, 2019; Simms et al., 2017). Using RNA probes against the 3' 

fragment in Ski2-defective yeast strains, the sites for endonucleolytic cleavage were mapped with 
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various reporters (Doma & Parker, 2006). Interestingly, most reads were found above the stall site 

and were at least 105 nt from the start codon, suggesting that multiple ribosomes are required for 

efficient NGD (Simms et al., 2017). In the case of CGA codons, the site of endonucleolytic 

cleavage occurred near them, further demonstrating ribosome stalling at these sites (Letzring et 

al., 2010). In 2006, only a few factors and their functions in NGD were known. Dom34 (Pelota in 

mammals) and Hbs1 (Hsb1L and GTP binding protein 2, (Gtpbp2) in mammals) were proposed to 

either mediate the endonucleolytic cleavage or have a role upstream of the cleavage (Doma & 

Parker, 2006). However, consequent studies demonstrated that they participate in ribosomal 

rescue, dissociation of the stalled ribosome, and quality control of non-stop mRNAs and are 

homologs of the eukaryotic termination factors eRF1 and eRF3, respectively, required for 

canonical translation termination (Graille et al., 2008; Ikeuchi et al., 2016; Ikeuchi & Inada, 2016; 

Kuroha et al., 2010). Moreover, in non-stop mRNAs, the endonucleolytic cleavage was 

independent of Dom34 but required the ribosomal protein Asc1 (RACK1 in mammals) (Ikeuchi 

et al., 2016; Kuroha et al., 2010). Additionally, a crucial function of Dom34 in the dissociation of 

stalled ribosomes and quality control for nonstop mRNAs was elucidated (Ikeuchi et al., 2016; 

Ikeuchi & Inada, 2016; Kuroha et al., 2010). Subsequently, reverse genetic screens and 

overexpression screens in diploid yeast using synthetic NGD reporters with either 12x CGA or 

12x AAA stalling repeats inserted in the green fluorescent protein (GFP) CDS revealed that the 

endonuclease Cue2 is responsible for the mRNA cleavage (D'Orazio et al., 2019). The Cue2 

homologs NONU1 and N4BP2 in C. elegans and mammalian cells, respectively, also possess 

endonucleolytic function suggesting that the mechanism of NGD is conserved (D'Orazio et al., 

2019; Glover et al., 2020). 
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Another full genome screening with loss-of-function alleles using polybasic 12x Arg 

fluorescent reporter identified the ribosome stall recognition and resolving factors Ski2-like 

helicase, Slh1, Asc1, and Hel2 (ASCC3, RACK1, and ZNF598/ZFP598 in mammals) (Table 

1.3.1) and the components of the RQC complex, Rqc1, Rqc2/Tae2, Ltn1, and Cdc48 (NEMF, 

Listerin/LTN1, and VCP in mammals), responsible for the degradation of nascent polypeptide 

chain stock in the stalled ribosomes (Bengtson & Joazeiro, 2010; Brandman et al., 2012; Kuroha 

et al., 2010; Letzring et al., 2013). In parallel to these discoveries, quantitative proteomic analysis 

of polysome fractionations identified the RQC-disome-specific factor Mbf1 (Multiprotein 

bridging factor 1, EDF1 in mammals) that prevents ribosome frameshifting in eukaryotes and 

represses translation initiation in mammals (Juszkiewicz et al., 2020; Sinha et al., 2020). Recently, 

the ribosomal proteins Rps28A and Rps19B interaction with Asc1-3xFlag were identified by liquid 

chromatography coupled to mass spectrometry (Alagar Boopathy et al., 2022). Both ribosomal 

proteins regulate the translation of the endogenous HSP70 mRNA, SSA4 in yeast, by RQC without 

affecting its stability (Alagar Boopathy et al., 2022).  

All these techniques and discoveries relied on the analysis of bulk mRNA populations 

obtained at a specific time-point, and so the fate of individual mRNAs undergoing surveillance 

and the temporal resolution of these events has been elusive. Recent advancements in fluorescence 

microscopy have enabled researchers to follow the real-time translation of single faulty mRNAs 

and their fate and provided the first insight into the dynamics of RQC events in mammalian cells. 

The use of polyA-containing fluorescent reporters to tag the mRNA with the MS2 system and the 

nascent peptide with the SunTag system demonstrated that faulty mRNAs accumulate queues of 

ribosomes (Goldman et al., 2021). Collisions are regulated by translation initiation, and ZNF598 

accelerates ribosome splitting but is slow in general (8 s per ribosome), allowing mammalian cells 
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to 1) distinguish long-standing from transient collisions and 2) clear short queues of colliding 

ribosomes at a rate that is faster than translation elongation (Goldman et al., 2021). Although NGD 

did not degrade this specific reporter, this live imaging technique will provide insights into the 

temporal regulation of NGD. 

1.3.5.2 Identifying endogenous RQC and NGD targets and how to study them at the single 

molecule resolution. 

While initial work investigating the causes of ribosome stalling used reporter systems, 

recent efforts aim to identify endogenous stalling mRNAs and the specific physiological 

circumstances leading to their regulation by RQC and NGD. Ribosome footprinting  has emerged 

as a useful tool for identifying stalling sites. This method involves the isolation of translating 

ribosomes, nuclease digestion, and deep sequencing of the protected regions (Ingolia et al., 2009; 

Joazeiro, 2017). The higher the frequency of a sequence detection, the more likely it is to be a 

stalling site. As such, endogenous Proline and polybasic residues were identified to cause stalling 

(Artieri & Fraser, 2014). Similarly, disome and trisome footprinting studies, in which yeast lysates 

and digested with RNAse I and fractionated on a sucrose gradient, effectively isolate collision-

induced disomes and map them to consecutive Lys and Arg codons. These studies have confirmed 

that polybasic repeats and poly-CGA codons, the rarest Arg codon, induce stalling and collisions 

(Meydan & Guydosh, 2020). These studies also identified ribosome halt on mRNA sequences 

known to slow translation or inhibit translation without eliciting the RQC responses (Meydan & 

Guydosh, 2020). Therefore, a mechanism based on the structure of disomes allows the cell to 

distinguish functional stalling to prevent RQC and NGD actions on these mRNAs. 
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1.3.5.3 Structural characteristics of the RQC-disome unit. 

Various stalling mRNA reporters have been used to identify the structure, components, and 

molecular interactions within RQC-disomes. They are first translated in cell-free systems to isolate 

mono-, di- or trisomes by sucrose gradient or affinity purification using the ribosome-nascent chain 

complex (RNC), and then subjected to cryo-electron microscopy. The reporters include the stall-

inducing sequence of the SDD1-mRNA and CGA-CCG inhibitory codon pair reporter, both 

containing an N-terminal His-tag for affinity purification (Ikeuchi et al., 2019; Matsuo et al., 2020; 

Narita et al., 2022). Alternatively, stalls were induced on globin-translating ribosomes by a 

dominant negative mutation in the release factor eRF1AAQ and by affinity purification of Hel2-

FTP (Flag-TEV-Protein A) from whole cell lysates (Juszkiewicz et al., 2018). These studies found 

that NGD follows ribosomal collisions for which the minimal unit is composed of two ribosomes 

(disome): the stalled leading ribosome and the following colliding ribosome. 

The RQC-disome has specific structural characteristics that allow for the binding of Hel2 

and subsequently trigger RQC and NGD (Ikeuchi et al., 2019; Matsuo et al., 2017). RQC-disomes 

are stalled at the rotated state with hybrid tRNAs and form a unique interface. The two ribosomes 

mainly interact through components of their small ribosomal subunits that are oriented towards 

each other and place the mRNA exit channel in the lead ribosome near the mRNA entry channel 

of the collided ribosome. The head-to-head interaction of both Asc1 proteins is essential for Hel2 

binding to initiate RQC and NGD. In yeast, the Asc1-Asc1 interface is accompanied by the uS3-

uS10 contact between the leading and colliding 40S, respectively. The intimate contact between 

the ribosome and the mRNA through Rps3 (uS3) near the mRNA entry channel is essential for 

NGD and is highly conserved from bacteria to metazoans (Simms et al., 2018). In addition, 40S 

body-to-body and platform-to-platform interactions occur through eS27 and eS7 with eS6c, and 
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eS17 with uS2 and eS21, respectively. Interactions of the 60S with 40S subunits also occur to a 

lesser extent. The RACK1-RACK1 interaction is conserved in human RQC-disomes, but certain 

40S-40S and 40S-60S connections are distinct, making the structure of human RQC-disomes 

different from yeast and more stable (Narita et al., 2022). These interactions either do not exist or 

more flexible in disomes that normally form on mRNAs and transiently interrupt their translation 

(Zhao et al., 2021). In addition, there are structural differences between normal disomes and RQC-

disomes. In normal disomes, the leading ribosome is in a rotated state with P/P and E/E tRNAs 

that suggest a temporary pause (Zhao et al., 2021). In RQC-disomes, the leading ribosome is in a 

post-translocation state, with P- and E-sites tRNAs and an empty A site, and the colliding ribosome 

in a hybrid state with A/P and P/E tRNAs and incomplete translocation, which forbids its 

translocation and translation elongation (Djumagulov et al., 2021; Matsuo et al., 2017, 2020; 

Pochopien et al., 2021; Zhao et al., 2021) (for further information on the transition state of tRNAs, 

we direct the readers to (Frank, 2017)). These structures and the Asc1-Asc1 interaction signal to 

RQC and NGD (Ikeuchi et al., 2019). 

1.3.6 The RQC and NGD factors and their actions 

The first step in activating RQC and NGD is the stabilization of the RQC-disome through 

the actions of Asc1 and Hel2. Stabilization of the RQC-disome is the signaling hub for quality 

control (Ikeuchi et al., 2019). Recent studies using mutants of Hel2 showed that NGD might also 

be independent of RQC or Hel2, and thus, the complete series of molecular events leading to NGD 

might be mRNA- and cell-state-dependent (Ikeuchi et al., 2019; Tomomatsu et al., 2023). We 

provide here an update on NGD factors and the sequence of events that ultimately direct the mRNA 

degradation, disassembly of the ribosomal subunits, and degradation of the truncated polypeptide 

chain (Figure 1.3.4, Table 1.3.1). 
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TABLE 2 1.3.1. FACTORS INVOLVED IN RQC AND NGD 

 

Table 1.3.1. Factors involved in RQC and NGD. Highlights of their targets and function. 

1.3.6.1 Stabilization of RQC-Disomes and mRNA cleavage 

Asc1 is a beta-propellor protein containing 7 repeats of WD40 motifs, allowing 

simultaneous interactions with different molecules (Gerbasi et al., 2004; Schmitt et al., 2017). Prior 
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studies demonstrated that Asc1 mediates the translation arrest induced by the consecutive stretch 

of polybasic amino acids (Kuroha et al., 2010). The Cryo-EM structure of the RQC-disome showed 

that the rotation of the colliding ribosome conveniently positions two Asc1 proteins in close 

proximity for interaction between the stalling and colliding ribosomes (Ikeuchi et al., 2019). The 

Asc1-Asc1 interaction provides an interface for recognition by E3 ubiquitin ligases such as Hel2 

and Not4, as well as the RQC-trigger complex (RQT), composed of Slh1(Rqt2 (ASCC3)), Cue3 

(Rqt3 (ASCC2)) and Rqt4 (yKR023 (TRIP4/ASC-1)) to promote the dissociation of the ribosomal 

subunits (Ikeuchi et al., 2019; Juszkiewicz & Hegde, 2017; Matsuo et al., 2017). Once bound to 

the RQC-disome, Hel2 interacts with the 18S RNA, mainly in the proximity of the mRNA entrance 

channel but also in the exit channel and the translated mRNA (Winz et al., 2019). Deletion of either 

Asc1 or Hel2 prevents RQC and NGD and allows for translation to continue (Sitron et al., 2017; 

Winz et al., 2019).  

Hel2 ubiquitinates the ribosomal proteins in its proximity; uS10 (Rps20), uS3 (Rps3), and 

eS7 (Rps7) in yeast (Ikeuchi et al., 2019; Matsuo et al., 2017; T et al., 2019). In mammalian cells, 

ZNF598 ubiquitinates ribosomal proteins eS10 (Rps10) at K138/K139 and to a lesser extent uS10 

at K4/K8 located in the mRNA entry channel of the 40S subunit (Ikeuchi et al., 2019; Juszkiewicz 

& Hegde, 2017; Matsuo et al., 2017; Winz et al., 2019). The ubiquitination of eS10 was not 

identified in this context in yeast (Matsuo et al., 2017; Tomomatsu et al., 2023). Hel2 was 

identified in a yeast genetic screen for factors mediating co-translational stalling under heat stress 

conditions along with Asc1 and factors involved in nascent chain release and degradation, Ltn1, 

Rqc1, Rqc2/Tae2, and Cdc48p (Brandman et al., 2012). Unlike Asc1, Hel2 is not pre-associated 

with the translating ribosome and is not required for stalling, which means it binds ribosomes once 

they collide (Sitron & Brandman, 2020). Hel2 and ZNF598 contain an N-terminal RING domain 
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exhibiting E3 ligase activity and multiple zinc-finger domains (Deshaies & Joazeiro, 2009). In 

NGD, Hel2 adds K63-linked polyubiquitin chains to the 40S ribosomal protein uS10 at K6/K8, 

which is essential for recognition by RQT to promote the splitting of stalled ribosomes (Ikeuchi et 

al., 2019; Matsuo et al., 2017; Narita et al., 2022; Saito et al., 2015). In the absence of Hel2, 

ribosomes do not respond to the stalling signals, and polybasic fluorescent reporters synthesize 

more proteins, potentially by preventing mRNA cleavage after stalling (Brandman et al., 2012). 

However, it was recently shown that Hel2-dependent polyubiquitylation of the 40S ribosome 

coordinates the endonucleolytic cleavage of mRNAs undergoing stalling by two independent 

mechanisms (Ikeuchi et al., 2019). The first mechanism encompasses the role of Hel2 in both NGD 

and RQC (referred to as NGD RQC+). Here, Hel2 is solely responsible for the initial 

monoubiquitination and further K63-linked polyubiquitination of uS10 at K6/K8. This 

ubiquitination event along with the helicase activity of Slh1/Rqt2 is required for the cleavage of 

the mRNA within the disome unit, indicating that ribosome splitting precedes the cleavage. Two 

cleavage events occur in the mRNA occupied by the collided (second) ribosome, while three are 

identified in the mRNA protected by the stalled (first) ribosome (Ikeuchi et al., 2019). The second 

mechanism (NGD RQC-) occurs when the C-terminal end of Hel2 is truncated and incapable of 

mediating RQC and uS10 monoubiquitination. In this case, Not4-catalyzes the initial 

monoubiquitination in eS7A at K4. Subsequently, the truncated Hel2 mediates eS7A K63-linked 

polyubiquitination (Ikeuchi et al., 2019). In the NGD RQC- pathway, cleavage occurs upstream of 

the first disome unit. In both pathways, the endonuclease Cue2 recognizes stalling ribosomes and 

cleaves the mRNA (Tomomatsu et al., 2023). 
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Figure 1.3.4. Timeline of discoveries of the main NGD factors and their interactions. The No-

Go Decay mechanism was first described in 2006 together with the involvement of factors Dom34 

and Hbs1 in ribosomal rescue. Since then, the list of factors involved in NGD has grown 

consistently. Ribosome-collision specific factors including Asc1 and Hel2 have been shown to 

stabilize the RQC-disome and mediate downstream RQC and NGD events. Subsequently, factors 

involved in ribosome dissociation such as Slh1, Rlil1 and nascent peptide release including Rqc1, 

Rqc2 and Ltn1 were also identified. Multiple studies have aimed to elucidate the mechanism of 

endonucleolytic cleavage and exonucleolytic decay of NGD substrates. While the involvement of 

exonucleases Xrn1 and Ski-exosome have been long accepted, the exact endonuclease responsible 

for mRNA cleavage is still debated. Most recent studies have proposed Cue2 as the main 

endonuclease for NGD. Additionally, cryo-EM studies of disome unit have shed some light on the 

structural arrangement required for the recognition of the collision interface and modification by 

Hel2. Further, in response to collisions, EDF1 recruits GIGYF2-4EHP to block translation 

initiation of the problematic mRNA. As an alternative mechanism, Syh1 has been proposed to 

elicit mRNA decay through recruitment of Xrn1 as a compensatory pathway when the Hel2-

directed NGD is impaired. Most recently, different domains of Cue2 have been shown to recognize 

distinct ubiquitinated substrates (eS7 or uS10) and mediate RQC- dependent or RQC-independent 

NGD.  

 

However, the ubiquitination of Rps3 at K212 does not play a role in inducing NGD or RQC 

(Ikeuchi et al., 2019; Matsuo et al., 2017; Simms et al., 2018). Instead, it is required to clear the 

18S rRNA carrying defective mutations within the 40S ribosome decoding center. This mechanism 
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of defective rRNA elimination is referred to as 18S nonfunctional rRNA decay (NRD), which is 

functionally related to NGD and shares common factors including Asc1, Dom34, Hbs1, and uS3 

(Limoncelli et al., 2017; Simms et al., 2018; T et al., 2019). In NRD, the ubiquitination of uS3 

occurs in two steps, first Mag2 marks slow-moving ribosomes with mono-ubiquitination followed 

by Fap1 along with cofactor Yil161w (renamed as stalled monosome ubiquitination 2, SMU2) 

mediates the polyubiquitination which initiates the degradation of the defective ribosome (Li et 

al., 2022; T et al., 2019). CryoEM structures of the Fap1-bound ribosome complex revealed that 

Fap1 interacts with the mRNA at both entry and exit tunnels, precluding the ribosome collision 

through steric hindrance. Rare collision events in NRD prevent Fap1 binding; under such 

circumstances, Hel2 is speculated to ubiquitinate uS3 (Li et al., 2022; T et al., 2019). 

Cue2 was first reported as a Hel2-dependent endonuclease involved in the NGD cleavage 

(D'Orazio et al., 2019). Cue2 contains two conserved CUE (coupling of ubiquitin to ER 

degradation) domains in the N-terminal, two putative ubiquitin associated domains (UBA), and a 

C-terminal SMR (small MutS-related) hydrolase domain (D'Orazio et al., 2019). It is speculated 

that CUE domains recognize multiple ubiquitinated sites within the same collided ribosome or 

adjacent collided ribosomes (D'Orazio et al., 2019). Once the ubiquitinated sites are recognized, 

the SMR domain is recruited to the A site of the collided-rotated ribosome, where the hydrolysis 

occurs (D'Orazio et al., 2019). Recently, domain analysis of Cue2 in NGD using a rare codon 

staller has elucidated 2 different modes of Cue2-mediated endonucleolytic mRNA cleavage. In 

NGD RQC-, the N-terminal CUE domains recognize the eS7 polyubiquitination and trigger the 

mRNA cleavage upstream of the collided ribosome. In the case of NGD RQC+, Cue2 acts after 

RQT-mediated dissociation of the stalled ribosome and the UBA domain, W122 of Cue2, along 

with the interaction between uS3 and Mbf1 is indispensable for the mRNA cleavage activity within 
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the RQC-disome (Tomomatsu et al., 2023). Single nucleotide resolution mapping of NGD 

fragments indicated that Cue2 cleavage occurs predominantly 45 nucleotides upstream of the stall-

inducing sequence (Guydosh & Green, 2017; Simms et al., 2017, 2018). The cleavage results in a 

5' NGD fragment lacking a poly-A tail and a 3' NGD fragment lacking a protective cap (m7GpppG) 

which are detected only when Ski2 or Xrn1 is deleted. The cleavage intermediates are highly 

unstable and quickly cleared up by the cell. Earlier studies have shown that Dom34-Hbs1-directed 

subunit dissociation precedes the degradation of 5' NGD fragment (Tsuboi et al., 2012). The 5' 

NGD fragment recruits SKI auxiliary complex, which is cleared by the 3' to 5' exosome complex 

formed by Ski2/3/8 and 7 (Figure 5) (Halbach et al., 2013). Specific mutations in ribosomal protein 

S3 (Rps3) located at the mRNA entry tunnel significantly reduce cleavage efficiency during NGD. 

This indicates that the mRNA entry tunnel of the 40S subunit plays a central role in mediating 

NGD (Simms et al., 2018).  

Deletion of Cue2 abrogates the formation of NGD fragments, but destabilization of the 

reporter mRNA was still observed (D'Orazio et al., 2019; Yip & Shao, 2021). This suggests that 

ribosome collision-directed endonucleolytic fragmentation is only a pathway for removing 

problematic mRNAs (D'Orazio et al., 2019).  Accordingly, the action of Cue2 is predominant in 

yeast strains depleted of the RNA helicase Slh1, where stalled ribosomes are accumulated on the 

problematic mRNA (D'Orazio et al., 2019). A redundant and compensatory pathway was recently 

proposed in wild-type yeast as the predominant mechanism to eliminate NGD transcripts. In this 

pathway, colliding ribosomes recruit Syh1 and signals to decapping and Xrn1-degradation of the 

problematic mRNA (Figure 5) (D'Orazio et al., 2019; Veltri et al., 2022). Yeast with a double 

deletion of SYH1 and HEL2 or CUE2 shows higher stability of stalling reporters, indicating that 

these pathways compensate for each other (Figure 5) (D'Orazio et al., 2019; Veltri et al., 2022). 
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Figure 1.3.5. Schematic representation of the mechanism of No-Go Decay. Stall inducing 

codons often result in ribosome collisions (termed RQC-disome) which serve as a signal for No-

Go Decay. Upon sensing the collisions, several factors are recruited to mediate the decay of the 

mRNA. (A) NGD has been reported to occur linked to RQC (NGD RQC+) as well as 

independently of RQC (NGD RQC-).  In RQC competent NGD, a functional Hel2 ubiquitinates 

uS10, which is recognized by CUE domains of Cue2 and triggers multiple endonucleolytic cuts: 2 

within the stalled ribosome (first ribosome, indicated as 1), and 3 within the collided ribosome 

(second ribosome, indicated as 2). In NGD RQC+ the mRNA cleavage occurs after the dissociation 

of ubiquitinated ribosome by RQT (not shown). RQC incompetent NGD occurs when Hel2 lacks 

a C-terminal domain which renders it incapable of mediating the first monoubiquitination on uS10. 

Instead, Not4 mediates the first ubiquitination on eS7 and the truncated Hel2 facilitates the 

polyubiquitination. Then the endonucleases cleave the transcript at the multiple sites not covered 

by ribosomes (2 cuts upstream of the RQC-disome and 1 cut upstream of the third and fourth 

ribosomes, respectively). The fragments generated by endonucleolytic cleavage are prone to 

degradation by Xrn1 and Ski-Exosome complex. While the Ski-Exosome complex can act directly 

on the 3’ end of the 5’ NGD intermediate, the conversion of the newly exposed 5’ hydroxyl to a 

phosphate, by Trl1 kinase, is necessary for Xrn1 to function. (B) When Hel2-directed NGD is 

impaired, a less described compensatory pathway of NGD occurs by recruitment of Syh1 to the 

collided ribosomes which brings in Xrn1 to mediate the complete degradation of the transcript. 

The ribosomes are numbered 1 through 4 with the first ribosome that stalls as 1 and the consecutive 

ribosomes that the collide as 2, 3 and 4 in the order of collision.  

 



101 

 

A parallel study by Navickas and colleagues used a reporter mRNA with a region near the 

3'UTR susceptible to cleavage by ribozyme that triggers NGD independently of Cue2 (Navickas 

et al., 2020). In this mRNA, the NGD cleavage occurred eight nucleotides upstream of the P-site 

of the third collided ribosome. The NGD cleavage also generates a 5' NGD fragment and a 3' NGD 

fragment. The ribosomes on the 5'NGD fragments can advance and stall on the new 3′-end with 

one nucleotide in the ribosomal A-site. The 3' NGD fragment needs the action of RNA kinase Trl1 

(Rlg1) to phosphorylate the 5’-OH before the 5’-3' exonuclease Xrn1 can degrade the fragment 

(D'Orazio et al., 2019; Navickas et al., 2020; Passos et al., 2009). In the absence of the canonical 

5’-3' exonuclease Xrn1, another enzyme, Dxo1, with exonuclease and decapping activity, 

functions to eliminate the 3' NGD intermediates. As Xrn1, Dxo1 requires a 5' phosphate and also 

depends on Trl1 activity (Chang et al., 2012; Navickas et al., 2020). Further, the 5' NGD fragment 

could be subjected to more than one cleavage depending on the number of collisions, the presence 

of multiple contiguous rare codons, and inefficient ribosome rescue (Figure 1.3.5A) (Navickas et 

al., 2020; Simms et al., 2017). Overall, more than one pathway is settled in a place to degrade the 

problematic mRNA. Future experiments using endogenous mRNA will elucidate whether the 

pathway affecting endogenous mRNAs depends on the type of stalling, the mRNA context, or the 

cell status (e.g., stress conditions, cell cycle progression). 

1.3.6.2 Ribosome rescue and nascent peptide degradation 

The leading and colliding ribosomes are rescued and returned to the pool of ribosomes. 

The Dom34-Hbs1 (Pelota-Hbs1L) rescues the colliding ribosome after the endonucleolytic 

cleavage event, whereas the leading ribosome is dissociated by the RQT complex (Simms et al., 

2017; Sitron et al., 2017; Tsuboi et al., 2012; Young & Guydosh, 2022). The primary determinant 

of the route of ribosome disassembly is the presence of 3’-mRNA emerging from the lead ribosome 
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that a trailing of 80S can follow. In this case, ribosomes will be rescued by Slh1. However, the 

lack of mRNA in the A-site is a prerequisite for Dom34-Hbs1-mediated splitting (Best et al., 2023; 

Pisareva et al., 2011). In yeast, the ribosome rescue on mRNAs with stall sequences in the ORF 

predominantly occurs by RQT, whereas the action of Dom34-Hbs1 likely represents a minor 

pathway (D'Orazio et al., 2019; D'Orazio & Green, 2021; Matsuo et al., 2017, 2020). 

Dissociation of the leading stalled ribosome 

In yeast, the RQT complex consisting of Slh1, Cue3, and Rqt4 assembles onto the 3' mRNA 

exiting from the stalled ribosome (Best et al., 2023; Ikeuchi et al., 2019; Matsuo et al., 2017; Sitron 

et al., 2017). This complex is known as the ASC-1 complex (Activating signal cointegrator 

complex, ASCC) or hRQT in humans (Hashimoto et al., 2020). The first step in RQT is 

recognizing the Hel2-directed uS10 polyubiquitination site by the CUE domain of the Cue3 

subunit. Then, the ATP-dependent RNA helicase Slh1 dissociates the ribosomal subunits at the 

expense of two ATP molecules (Best et al., 2023). Rqt4 is a zinc finger-containing protein, initially 

suggested to function as a cofactor to form a functional RQT complex along with Cue3 (Best et 

al., 2023; Matsuo et al., 2017). However, recent works with deletion of the CUE domain of Cue3 

(ΔCUE), or N-terminal domain of Rqt4 (ΔN) reduced their interaction with ubiquitinated uS10 on 

the colliding ribosomes and decreased the RQT assembly. Additionally, double deletion 

(ΔCUE/ΔN) completely abolished the RQT assembly, indicating that Rqt4 compensates Cue3 for 

ubiquitin-binding defects. Overall, Rqt4 acts as a second arm of RQT in recognizing the K63-

linked polyubiquitin to accelerate the RQT assembly and collided ribosome disassembly (Matsuo 

et al., 2022). Recent cryo-EM structures propose an initial model for the RQT-mediated subunit 

splitting mechanism by which the RQT complex exerts a pulling force on the 40S subunit of the 

leading stalled ribosome together with the colliding ribosome, which acts as a wedge to mediate 
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the separation between 40S and 60S subunits (Best et al., 2023). The ubiquitinated 40S subunit is 

released, and the peptidyl tRNA in the P-site remains bound to the liberated 60S subunit (Matsuo 

et al., 2020; Young & Guydosh, 2022). The RQT mechanism is conserved in multicellular 

organisms (Matsuo et al., 2022; Narita et al., 2022). In humans, the hRQT (ASCC) dissociates the 

leading ribosomes and liberates the nascent chain from the 60S. It comprises the ubiquitin-binding 

protein ASCC2, RNA helicase and ATPase ASCC3, zinc-finger type protein TRIP or ASC-1, and 

RNA ligase-like protein ASCC1 (no yeast homologs) (Hashimoto et al., 2020; Narita et al., 2022). 

The ASCC can form even without ASCC1, suggesting that ASCC1 is non-essential for RQT 

(D'Orazio & Green, 2021; Hashimoto et al., 2020; Juszkiewicz, Speldewinde, et al., 2020). The 

CUE domain of ASCC2 recognizes the ZNF598-mediated K63-polyubiquitination of uS10 and 

eS10 (polyubiquitinated to a minor extent) and induces the subunit dissociation through ASCC3 

in an ATP-dependent manner (Brickner et al., 2017; Hashimoto et al., 2020; Juszkiewicz et al., 

2020; Narita et al., 2022). The ASCC-mediated dissociation of the leading ribosome allows the 

trailing ribosome to resume translation (Juszkiewicz et al., 2020; Narita et al., 2022). 

Dissociation of trailing or colliding ribosome 

In ribosome rescue, Hbs1 is thought to load Dom34 onto the stalled ribosome's A-site in a 

codon-independent manner, unlike the stop-codon-dependent manner for canonical termination 

(Pisareva et al., 2011). The Dom34-Hbs1 complex acts on colliding ribosomes on the 5' NGD 

fragment generated after the endonucleolytic cleavage event (Hilal et al., 2016). The complex 

senses the mRNA vacancy at the A-site through Dom34 and the mRNA entry site through the 

Hbs1 N-terminal domain (Pisareva et al., 2011). Hbs1 holds Dom34 in an inactive state via Domain 

M of Dom34 to prevent association with translating ribosomes, thereby restricting its association 

to the naturally stalled ribosomes for co-translational protein folding (Pisareva et al., 2011). 
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Although the ribosome splitting activity of Dom34 is independent of Hbs1 in vitro, Hbs1 binding 

expediates the splitting event by 2.5-fold (Pisareva et al., 2011; Shoemaker & Green, 2011). Upon 

Dom34 binding to stalled ribosomes, the Hbs1- directed GTP hydrolysis separates itself from 

Dom34, rendering it in active conformation and allowing the Dom34 binding to Rlil1/ABCE1 

(Becker et al., 2011; Kobayashi et al., 2010; Pisareva et al., 2011; Shoemaker & Green, 2011; 

Starosta & Wilson, 2014; van den Elzen et al., 2014). The Dom34-Rlil1 complex results in a 40S 

subunit bound to mRNA and a 60S subunit with the peptidyl tRNA. The 40S subunit can 

spontaneously separate from the cleaved mRNA or recruit 40S recycling factors: Tma20/MCT-1, 

Tma22/DENR, and Tma64/eIF2D (Young & Guydosh, 2022). Dom34 lacks the catalytically 

active GGQ motif required for peptide hydrolysis and the NIKS motif required for stop codon 

recognition (Shoemaker et al., 2010). As a result, the product released by the Dom34:Hbs1 

complex is a peptidyl-tRNA bound to the 60S subunit, which is recognized by the RQC complex, 

ubiquitinated and degraded by the ubiquitin-proteasome system (UPS) (Shao et al., 2013, 2015; 

Shoemaker et al., 2010; Young et al., 2015; Young & Guydosh, 2022).  Gtpbp2  mutants exhibit 

reduced stalling in mammals, but it was unclear if Pelota was binding Gtpbp2 at stall-inducing 

codons (Ishimura et al., 2014).  

Nascent Peptide Release 

Ribosome splitting provides the ubiquitination machinery access to the nascent peptide 

chain attached to the tRNA (Shao & Hegde, 2014). The truncated nascent peptide is likely to 

misfold and might become aggregation-prone and thus is ubiquitinylated to be degraded by the 

UPS via mRNA-independent elongation (Chiabudini et al., 2012; Defenouillère et al., 2013; Shao 

et al., 2013, 2015; Shao & Hegde, 2014; Simms et al., 2018; Yip & Shao, 2021). The factor Rqc2 

(NEMF) binds to the 60S-tRNA complex and mediates the C-terminal addition of alanine and 

threonine residues, termed CAT tails, to the nascent polypeptide in a template-independent manner 



105 

 

(Kostova et al., 2017; Osuna et al., 2017; Sitron & Brandman, 2019). This action exposes the lysine 

residues buried in the peptide exit tunnel for K48-linked polyubiquitination by the E3 ligase Ltn1 

(LISTERIN) while the peptide remains in complex with the 60S subunit (Bengtson & Joazeiro, 

2010; Kostova et al., 2017; Osuna et al., 2017; Sitron & Brandman, 2019). Rqc2 also stabilizes the 

Ltn1 binding to the 60S subunit (Defenouillère et al., 2013; Shao et al., 2015). Rqc1 works with 

Ltn1-mediated peptide ubiquitination and the AAA ATPase Cdc48 (p97) with cofactors, Ufd1 and 

Npl4, extract the truncated nascent peptide from the 60S subunit. Vms1 (ANKZF1), a homolog of 

eRF1, hydrolyzes the peptide-tRNA linkage and cleavages the tRNA (Brandman et al., 2012; 

Defenouillère et al., 2013; Joazeiro, 2019; Verma et al., 2018; Yip & Shao, 2021; Zurita Rendón 

et al., 2018) (reviewed in (Inada, 2020)).  

Deubiquitylating enzymes and small subunit recycling 

After the dissociation of the ribosomal subunit, the fate of the ubiquitylated 40S subunit is 

determined by its ubiquitinylated status. Mammalian cells have several deubiquitylating enzymes 

(Dubs) that counteract the action of E3 ubiquitin ligases by acting on ubiquitin modified 40S 

ribosomal proteins in response to ribosome collision or stress (Garshott et al., 2020). In an 

overexpression screen for human Dubs using fluorescent poly A stall reporter (GFP-polyA-ChFP), 

three Dubs enhanced the poly A stall read-through. These Dubs include OTUD3, USP21, and 

USP10, which remove ubiquitin from ribosomal proteins (Garshott et al., 2020; Meyer et al., 

2020). While OTUD3 specifically acts on eS10 and uS10 ubiquitinated by ZNF598 during RQC, 

USP21 reverses both RQC- and stress-induced ubiquitylation (Garshott et al., 2020). 

A parallel study identified the deubiquitylating enzyme UBP10 which functions with the RNA-

binding protein G3BP1 during its interaction with the 40S ribosome (Meyer et al., 2020). A 

proteome-wide search in USP10 knockout versus USP10 overexpressing cell lines identified- rps2, 
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rps3, and rps10 as potential targets of USP10. In UBP10 or G3BP1/2 knockout cells, a selective 

reduction of 40S ribosomal proteins was observed with respect to 60S ribosomal proteins (Meyer 

et al., 2020). This resulted from an increased autophagy flux and lysosomal degradation of 

ubiquitinated 40S subunit in USP10-KO compared to parental cells. USP10 deubiquitinates only 

on RQC-dissociated 40S, downstream of the RQC and does not impair functional RQC (Meyer et 

al., 2020). Both reports found that uS5 (Rps2) and uS10 (Rps20) ubiquitination occurs downstream 

of uS3 (Rps3) and eS10 (Rps10) ubiquitination, respectively (Garshott et al., 2020; Meyer et al., 

2020). Overall, OTUD3 reverts the RQC-mediated ubiquitination while USP21 and USP10 act 

both RQC collision- and stress-induced- ubiquitylated 40S, otherwise degraded by lysosomal 

autophagy. Dubs restores the pool of ribosomes to return to the translation cycle (Garshott et al., 

2020; Meyer et al., 2020). 

1.3.6.3 Not all endings involve NGD; RQC and translation regulation.  

Ribosome collisions and the formation of RQC-disomes do not always lead to the 

degradation of the problematic mRNA by NGD. An efficient mechanism to prevent the synthesis 

of aberrant proteins and a further collision is the inhibition of translation. Cryo-EM structures in 

mammals and yeast revealed conserved binding sites in collided ribosomes to the EDF1 (Mbf1 in 

yeast). The interaction of EDF1 extends along the mRNA entry channel near the A-site of colliding 

ribosomes, making a prominent interaction with conserved residues of uS3 and helices 16, 18, and 

33 of 18s rRNA. The EDF1 serves to stabilize the mRNA with respect to the ribosome to prevent 

frameshifting (Hendrick et al., 2001; Wang et al., 2018). In mammalian cells, the early engagement 

of EDF1 to collided ribosomes has been shown to occur independent of ZNF598 but dependent on 

RACK1. Instead, ZNF598 recruits the factors GIGYF2-4EHP to the collided ribosomes (yeast 

homologs of GIGYF2 are Smy2p, Syh1p), and EDF1 functions to stabilize the ZNF598-GIGYF2-
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4EHP complex (Juszkiewicz, Speldewinde, et al., 2020; Sinha et al., 2020). The factor 4EHP 

outcompetes eIF4E for mRNA cap-binding and represses translation initiation in cis as 4EHP 

cannot bind to eIF4G to form an eIF4F complex (Hickey et al., 2020; Morita et al., 2012; Rom et 

al., 1998; Zuberek et al., 2007). The GIGYF2-4EHP-mediated translation silencing of problematic 

mRNAs occurs in parallel with nascent peptide degradation to counter the accumulation of toxic 

peptides (Figure 1.3.6). This indicates that ZNF598 has a dual function in RQC; Ubiquitination 

of the ribosome to mediate RQT and NGD and recruitment of GIGYF2-4EHP to the collided 

ribosomes to inhibit translation (Hickey et al., 2020). 

 

Figure 1.3.6. Ribosome-stalling feedbacks to inhibit translation initiation in mammalian 

cells. The collided ribosome binds EDF1, which is thought to stabilize the mRNA and prevent 

ribosome from frameshifting. Independent of EDF1 binding, ZNF598 of the colliding ribosome 

recruits the GIGYF2-4EHP complex, which is stabilized by EDF1. 4EHP competes with eIF4E to 

the 5’ cap, thus inhibiting eIF4F formation which is required for translation initiation. 

 

Yeasts lack the homolog of 4EHP, but their GIGYF2 homolog, Syh1, interacts with Eap1, 

an inhibitor of eIF4E function (Sezen et al., 2009). However, recent reports indicate that this 

feedback to inhibit translation initiation regulation through Syh1 might not be conserved in yeast. 

As mentioned in section 1.3.5.1 and Figure1.3.5B, Syh1 (and to a lesser extent its homolog 
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Smy2p) mediates the degradation of stalling mRNAs through Xrn1, and Syh1p absence resulted 

in an increased translational output of reporter mRNA containing non-optimal codons (Hickey et 

al., 2020; Veltri et al., 2022). Another mechanism that is not conserved in yeast is the recruitment 

of Syh1 through Mbf1, as deletion of Mbf1 did not affect mRNA decay mediated by Syh1 (Veltri 

et al., 2022). Therefore, although homolog RQC and NGD factors regulate the mRNA translation 

and decay of stall-inducing mRNAs, their functions might be different in yeast and multicellular 

eukaryotes. Our recent studies on the regulation of SSA4 mRNA translation in yeast indicated that 

the feedback from collisions to translation inhibition is conserved in yeast, at least under heat shock 

conditions, but it is not mediated by Syh1 (Alagar Boopathy et al., 2022). Future experiments will 

uncover the identity of factors involved in this repressive feedback. Likewise, we expect more 

factors, their organization on the collided ribosome, and their actions in RQC and NGD to be 

discovered by proteomic analysis, cryoEM, and in situ cryo electron tomography in the upcoming 

years, as well as the identification of the endogenous mRNAs being regulated by these 

mechanisms. 

1.3.7 RQC and NGD are essential for cellular proteostasis 

Diverse studies aimed to elucidate the role of critical components of RQC and NGD 

through their deletion found that these surveillance pathways are essential for proteostasis. As 

such, Dom34-mediated NGD is conserved from archaea to eukaryotes (Atkinson et al., 2008). 

Although most factors are conserved and only the name changes (Table 1.2.1), a few others, such 

as Hbs1p and eRF3, are only found in eukaryotes. Bacteria has a different system to rescue stalled 

ribosomes, degrade the mRNA and nascent peptide. In Escherichia coli, a transcript lacking a stop 

codon or endonucleolytically cleaved mRNA due to an incurably stalled elongating ribosome, 

produces a non-stop complex that triggers mRNA surveillance (Keiler et al., 1996). The release of 
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the stalled ribosomes from an aberrant transcript (lack of stop codon) is mediated by a tRNA-

mRNA (tmRNA) hybrid composed of a charged alanyl-tRNA and a short open reading frame 

(ORF) with a stop codon. The tmRNA is delivered by EF-tu to the A-site of halted ribosomes and 

adds its charged alanine to the still-bound polypeptide eventually triggering the movement of 

ribosomes (Himeno et al., 1997; Komine et al., 1994; Ushida et al., 1994; Williams et al., 1999). 

As the nascent chain is now transferred to tmRNA, the translation machinery also switches from 

the mRNA to the reading frame of tmRNA which encodes for a C-terminal degradation tag (Keiler 

et al., 1996; Tu et al., 1995). The translation terminates naturally upon encountering the stop codon. 

The non-stop mRNA is degraded by RNase R in 3'-5' direction immediately upon release from the 

ribosome (Hayes & Sauer, 2003; Pedersen et al., 2003). Whereas the polypeptide is degraded by 

proteases and the ribosomes are disassembled and recycled for new rounds of translation (Keiler 

et al., 1996; Tu et al., 1995). 

Despite these variations among species, the RQC and NGD mechanisms are highly relevant 

at the molecular, cellular, and physiological levels to sustain proteostasis in eukaryotes. At the 

molecular level, RQC-dependent NGD prevents the synthesis of mutant proteins produced by 

ribosomes that frameshift at stalling sequences (Simms et al., 2019). The ability of the ribosome 

to accurately travel three nucleotides at a time during translation elongation preserves the reading 

frame to guarantee the correct interpretation of the genetic code. The positive correlation between 

ribosome density and frameshifting suggests that NGD has evolved to prevent detrimental 

frameshifting events resulting from unpredictable collisions (Figure 1.3.7) (Simms et al., 2019). 

In yeast, deletion of the RQC and NGD protein Asc1 results in significant frameshifting of 

ribosomes stalled in Arg CGA codon repeats, which hinges on codon dosage. Frameshifting 

depends on a slow translation rate as overexpression of tRNAArg (ICG) decreases its frequency. 
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Additionally, the length of the nascent peptide regulates Asc1-dependent frameshifting that mainly 

acts on CGA repeats located in at least 62 amino acids from the start methionine.Deletion of 

several RQC factors, Ltn1, Dom34, Hbs1, Hel2, and Rpl1B, did not induce frameshifting in the 

CGA reporter, suggesting that only some RQC components are needed to safeguard the translation 

frame (Wolf & Grayhack, 2015). Among them, the non-ribosomal factor Mbf1 interacts with uS3 

and the mRNA entering the colliding ribosomes, to prevent the leading ribosome from a +1 

frameshift when the CGA codon is in the P site (Hendrick et al., 2001; Wang et al., 2018). 

 

Figure 1.3.7. Loss of RQC/NGD disrupts proteostasis. A. RQC/NGD pathways prevent 

ribosome frameshifting in stalling sequences such as CGA repeats, avoiding the synthesis of 

mutant proteins due to the change in the reading frame. Furthermore, RQC solves ribosome 

collisions leading to ribosome splitting and to recycling and degradation of the nascent stalled 

peptide by the ubiquitin-proteasome system. B. The absence of RQC factors or if they are 

overloaded by stress conditions leads to the accumulation of frameshifted and truncated proteins, 

which upon CAT-tailed can aggregate and disrupt proteostasis. In addition, collided ribosomes are 

recognized by Gcn2 and Zakα, leading to the phosphorylation of eIF2α and the activation of the 

stress response and apoptosis. As a result, conditions that perturb the RQC/NGD pathways, such 

as aging, lead to proteostasis collapse and related diseases such as neurodegeneration. 
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Recent studies found that Mbf1 and uS3 yeast mutants suppress frameshifting when 

bearing mutations in the elongation factor EF3. On the contrary, yeast with mutations in the 

integrated stress response (ISR) regulator GCN1 underwent frameshifting even when Mbf1 was 

functional. Hel2, Gcn1, and Gcn20 act to preserve Mbf1 recruitment to colliding ribosomes, which 

opposes EF3 binding and prevents frameshifting (Houston et al., 2022). The proposed mechanism 

underlying the +1 frameshift is that the mRNA is entirely stretched when a ribosome collides with 

a stalled one. Under normal conditions, this triggers cleavage and downstream NGD events; 

however, if the cleavage is inhibited, the ribosome behind is free to pull on the mRNA since its A-

site codon is competent, exerting force on the completely stretched RNA. This action results in 

slippage by the stalled ribosome, forcing it to frameshift (Simms et al., 2019). EF3 is not conserved 

in mammals, but the role of Mbf1 (EDF1) in constraining frameshifting is, although it occurs in 

the -1 direction and might have a different regulation (Juszkiewicz, Speldewinde, et al., 2020). 

Overall, certain quality control factors involved in RQC and NGD, such as Asc1 and Mbf1, prevent 

ribosome frameshifting (Figure 1.3.7A). Degradation of the stalled mRNA by NGD 

endonucleolytic cleavage prevents new rounds of reading ribosomes from frameshift. This 

surveillance mechanism operates in mRNAs containing stalling sequences and preserves general 

proteostasis by degrading faulty mRNAs. 

At the cellular level, NGD is associated with the RQC pathway and the stress response to 

maintain cell homeostasis. It is believed that RQC and NGD are coordinated via the ubiquitination 

activity of Hel2 (Ikeuchi et al., 2019). When Asc1 is deleted, or a functional Hel2 is absent from 

recognizing disomes, the phosphorylation level of eIF2α increases, suggesting an activated ISR 

(Alagar Boopathy et al., 2022; Alford et al., 2021; Brandman et al., 2012; Meydan & Guydosh, 

2020; Sitron et al., 2017; Sitron & Brandman, 2020). Consistent with this notion, Gcn proteins are 
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capable of detecting ribosome collisions. For example, the kinase Gcn2, a regulator of eIF2α 

phosphorylation, can detect ribosome collision and become activated (Wu et al., 2020). With Hel2 

deleted, more ribosome collisions are targeted by the Gcn pathway. Similarly, the deletion of Gcn2 

and associated factors, Gcn1 and Gcn20, lead to hyper ubiquitination of stalled ribosomes by Hel2, 

suggesting that both RQC and ISR survey the transcriptome to detect ribosome collisions (Figure 

1.3.7B) (Yan & Zaher, 2021). Under normal circumstances (absence of stress), Hel2 activation of 

RQC antagonizes the induction of the ISR. Conditions of stress, such as alkalization and oxidation, 

damage the mRNA prompting frequent ribosome stalling, which can overwhelm Hel2 leading to 

Gcn2 recognition of collision and activation of the ISR. Noticeably, Gcn2 preferentially recognizes 

stalled ribosomes with an empty A site, mainly occurring during stress (Yan & Zaher, 2021). In 

mammals, EDF1 binds to collided ribosomes to promote GIGYF2-4EHP-directed inhibition of 

translation initiation. In addition, ZAKα recognizes the extent of the ribosome stalling and signals 

either eIF2α -phosphorylation to repress translation or MAPK to promote cell apoptosis or prolong 

cell cycle arrest in G2 (Figure 1.3.7B) (De & Mühlemann, 2022; Stoneley et al., 2022; Wu et al., 

2020). Gcn2 phosphorylation of eIF2α results in a general downregulation of translation and favors 

the synthesis of stress-regulated factors in both yeast and humans (Meydan & Guydosh, 2020; 

Pochopien et al., 2021; Wu et al., 2020; Yan & Zaher, 2021). The ISR is not the only stress 

response activated by colliding ribosomes. Accumulating truncated nascent peptides from stalled 

ribosomes activates the transcription factor - Heat Shock Factor 1 (HSF1) to transcribe molecular 

chaperones in charge of clearing misfolded and aggregated proteins. The signal for HSF1 

activation relies on the RQC component Rqc2/Tae and, possibly, its role in adding C-terminal 

alanine-threonine (CAT) tails that promote protein aggregation (Brandman et al., 2012; Choe et 

al., 2016; Izawa et al., 2017; Kostova et al., 2017; Shen et al., 2015; Yonashiro et al., 2016). It is 
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thus logical to hypothesize that stress can overwhelm the RQC mechanism with faulty mRNAs 

promoting ribosome stalling and truncated nascent peptides in need of degradation. These events 

activate the ISR and HSF1 to sustain proteostasis by promoting the synthesis of molecular 

chaperones or inducible Heat Shock Proteins (HSPs). Surprisingly, the translation of the most 

inducible HSP70 mRNA in yeast, SSA4, is reduced by the RQC factors Asc1 and Hel2, suggesting 

that RQC regulates the extent of the heat shock response (Alagar Boopathy et al., 2022).   

The loss of RQC and NGD threatens the fitness of the proteome with detrimental 

physiological consequences for higher eukaryotes. Proteostasis disruption by dysregulated mRNA 

surveillance and accumulation of misfolded proteins characterize diverse neurodegenerative 

diseases such as Alzheimer’s, Parkinson’s, or ALS (Labbadia & Morimoto, 2015; Tuck et al., 

2020).  The first evidence that defects in RQC lead to neurodegeneration was obtained in the 

LISTERIN mutant mouse model (Figure 1.3.7A) (Chu et al., 2009). Although all mouse cell types 

carried LISTERIN mutations, specific neurons were uniquely vulnerable to them, showing 

dendritic and axonal attrition, ALS-like hallmarks, and accumulation of soluble 

hyperphosphorylated TAU (Chu et al., 2009). The overproduction of nonstop nascent peptides 

added to the physiological significance of RQC and degradation of the stalled nascent peptide in 

neuronal proteostasis. The peptides aggregated after being CAT tailed by the RQC2/NEMF in 

neurons with a failed RQC system, leading to impaired neurite morphogenesis (Udagawa et al., 

2021). Additional examples featuring the physiological relevance of RQC for neuronal 

functionality are pathogenic variants of RQC2/NEMF and mutations in the ASC-1 complex related 

to intellectual disability and ASM and ALS, respectively (Anazi et al., 2017; Chi et al., 2018) and 

excessive ribosome stalling causing neurodegeneration in mice (Ishimura et al., 2014). In 

Huntington’s disease (HD), repeat expansions of the CGA trinucleotide encoding a polyglutamine 
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tract in the Huntingtin (HTT) gene caused this neuromuscular disorder. The CGA repeat promotes 

RNA-based toxicity by increasing the probability of ribosome collisions due to an elongation rate 

conflict betweenHuntington'slow translating portions of the mRNA. Moreover, mHTT protein also 

plays a role in translation failure since it sequesters translation factor eIF5A, promoting extensive 

ribosome stalling on hundreds of transcripts and causing widespread proteostasis breakdown 

(Aviner et al., 2022). Eventually, ribosome pausing and collisions occur across the transcriptome, 

altering the synthesis of essential proteostasis components such as ribosomes and proteasomes and 

deregulating stress responses.  Potent protein and ribosome quality control likely resolve colliding 

ribosomes in young, healthy cells. However, aging cells with disrupted proteostasis become more 

susceptible to elongation stalls and protein aggregation, exacerbating their toxic consequences 

(Aviner et al., 2022; Maity & Iben, 2022). Accordingly, mRNAs in aging cells have increased 

ribosome occupancy and ribosome collisions at inhibitory codon pairs which are previously shown 

to delay translation elongation (Stein et al., 2022). Transcripts with age-dependent pausing, such 

as polybasic stretches, got enriched along with nascent ubiquitinated polypeptides that became part 

of protein aggregates (Stein et al., 2022). Thus, aging has pleiotropic effects on RQC, interfering 

with both the resolution of stalled ribosomes and the processing of stalled polypeptides. 

Interestingly, components of the proteostasis network were found among the age-dependent 

targets. In aged organisms, the decreased resolution of ribosome pausing increases the frequency 

of ribosome collisions, overpowering RQC and leading to proteostasis collapse (Stein et al., 2022). 

Taken together, these projects showed that the RQC and NGD pathways are especially relevant 

for neuronal proteostasis and prevent age-related neurodegeneration. 
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1.3.8 Future Perspectives 

It is becoming apparent that RQC and NGD mechanisms are vital to preserving cellular protein 

homeostasis. As such, the molecular mechanisms that allow them to cooperate with the ISR and 

the proteostasis network machinery should be further explored with two goals. To improve our 

understanding of the dynamics of cellular proteostasis and also to open new venues to prevent the 

progression of untreatable neurodegenerative conditions. The exacerbated vulnerability of neurons 

to both proteotoxic stress conditions and the absence of RQC factors post essential questions for 

the field; Who are the endogenous RQC and NGD clients in the cell? And how do stress conditions 

and cell-specific factors regulate these pathways? 

As highlighted in this review, the last fifteen years have greatly improved our knowledge 

of the structural and molecular events that act to solve colliding ribosomes and prevent the 

translation of problematic mRNAs. However, this knowledge relies on well-designed mRNA 

reporters. We recently found an endogenous mRNA, the inducible HSP70 (SSA4), whose 

translation during heat shock conditions is regulated by the RQC components Asc1 and Hel2. 

Interestingly, RQC did not lead to NGD. Instead, Asc1 destabilized SSA4 mRNA even when the 

ORF was optimized to abolish ribosomal collisions. Thus, endogenous mRNAs might be regulated 

by specific steps of the RQC and NGD pathways that are different from the descriptions obtained 

from stalling reporters. It is also essential to consider that these pathways might operate on specific 

mRNAs depending on the cell context. Likewise, stress-induced mRNA damage and an 

overwhelmed proteostasis network might module them. Continued progress in identifying mRNAs 

targeted by RQC and NGD and the spatiotemporal regulation of the events that regulate the mRNA 

fate will provide new insights into these mechanisms' physiological relevance and biomedical 

application. 
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CHAPTER 2: The ribosome quality control factor 

Asc1 determines the fate of HSP70 mRNA on and off 

the ribosome. 
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2.1 Preface 

This chapter is adapted from the manuscript entitled: The ribosome quality control factor Asc1 

determines the fate of HSP70 mRNA on and off the ribosome. Lokha R Alagar Boopathy, Emma 

Beadle, Alan RuoChen Xiao, Aitana Garcia-Bueno Rico, Celia Alecki, Irene Garcia de-Andres, 

Kyla Edelmeier, Luca Lazzari, Mehdi Amiri, and Maria Vera.  Nucleic Acids Res. 

2023;51(12):6370-6388.  

2.2 Abstract 

Cells survive harsh environmental conditions by potently upregulating molecular 

chaperones such as heat shock proteins (HSPs), particularly the inducible members of the HSP70 

family. The life cycle of HSP70 mRNA in the cytoplasm is unique—it is translated during stress 

when most cellular mRNA translation is repressed and rapidly degraded upon recovery. Contrary 

mailto:maria.veraugalde@mcgill.ca


117 

 

to its 5′ untranslated region’s role in maximizing translation, we discovered that the HSP70 coding 

sequence (CDS) suppresses its translation via the ribosome quality control (RQC) mechanism. The 

CDS of the most inducible Saccharomyces cerevisiae HSP70 gene, SSA4, is uniquely enriched 

with low-frequency codons that promote ribosome stalling during heat stress. Stalled ribosomes 

are recognized by the RQC components Asc1p and Hel2p and two novel RQC components, the 

ribosomal proteins Rps28Ap and Rps19Bp. Surprisingly, RQC does not signal SSA4 mRNA 

degradation via No-Go-Decay. Instead, Asc1p destabilizes SSA4 mRNA during recovery from 

heat stress by a mechanism independent of ribosome binding and SSA4 codon optimality. 

Therefore, Asc1p operates in two pathways that converge to regulate the SSA4 mRNA life cycle 

during stress and recovery. Our research identifies Asc1p as a critical regulator of the stress 

response and RQC as the mechanism tuning HSP70 synthesis. 

  

Figure 2.0. Graphical Abstract. Asc1 is a key regulator of the HSP70 mRNA life cycle during 

heat shock and recovery. 
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2.3 Introduction 

Cells mitigate the detrimental effects of environmental stressors, such as heat, by rapidly 

inducing the expression of molecular chaperones known as heat shock proteins (HSPs) (1, 2). Cells 

tailor HSP levels to the burden of misfolded proteins by tuning the heat shock response (HSR). Its 

activation during stress leads to the potent upregulation of HSP transcription and preferential 

translation. Then, cells avoid unnecessary HSP accumulation during recovery by rapidly halting 

transcription and increasing HSP mRNA instability (3). This fast switch from induction to 

attenuation of the HSR is critical for cell function. 

HSPs were initially classified into families based on their molecular weights and further 

categorized as constitutive or inducible based on their steady-state expression levels (4). 

Constitutive and inducible members of the HSP70 family play a key role in preserving protein 

homeostasis (proteostasis), preventing protein aggregation by assisting unfolded proteins back into 

their functional conformations, and clearing misfolded proteins in concert with the ubiquitin-

proteasome system and autophagy (5). Fast resolution of their response is also crucial, as the 

persistent expression of inducible HSP70 under permissive conditions causes growth defects in 

Drosophila (6) and promotes transformation in mammalian cells (7). 

In stress, activation of heat shock factor 1 (HSF1) induces robust HSP70 transcription (1, 

3, 8–11). Newly synthesized HSP70 mRNAs are translated despite the repression of cap-dependent 

translation initiation and elongation to prevent the accumulation of misfolded polypeptides (12–

16). Translation initiation is further dampened by the phosphorylation of eIF2α, which inhibits 

GDP-GTP exchange (2, 3, 17–19). Co-transcriptional processing during stress favors HSP70 

translation via a cap-independent pathway (20, 21). This mechanism involves the translation 
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elongation factor eEF1A1 and co-transcriptional modifications to the HSP70 5′ untranslated region 

(UTR) that are recognized by the translation initiation factor eIF3 (22–25). On-going translation 

promotes the mRNA’s stability (26). During recovery, cells resume cap-dependent translation, and 

de novo synthesized HSP70 binds to the transactivation domain of HSF1 to repress its own 

expression and attenuate the HSR (2, 3, 10, 27). To rapidly shut down HSP70 expression, efficient 

degradation of its mRNA is critical, which requires its 3′ UTR (28, 29). Therefore, HSP70 

transcripts go from highly stable during stress to highly unstable during recovery (28, 29). 

Although HSP70 translation is needed for its mRNA turnover, the factors tuning its fate in the 

cytoplasm in response to the cellular stress status remain unknown (3, 30).  

The regulation of HSP70 mRNA translation and stability relates to cellular changes in 

protein synthesis. The traditional mRNA surveillance model suggests that highly efficient 

translation increases mRNA stability because ribosomes protect the mRNA being translated from 

degradation (26, 31–36). Contrary to this model, recent findings showed that high translation 

initiation rates destabilize mRNAs containing pro-stalling codons in the budding yeast 

Saccharomyces cerevisiae (37–39). Increased ribosome loading favors collisions between stalled 

ribosomes, which result in the formation of di-ribosomes (disomes) consisting of the leading 

stalled ribosome and the subsequent colliding ribosome (40, 41). Colliding ribosomes signal to the 

ribosome quality control (RQC) mechanism to recycle stalled ribosomes and the mRNA 

surveillance mechanism No-Go Decay (NGD) to degrade the faulty mRNA (33, 42, 43). 

The initiation of collision-associated RQC is mediated by Asc1p and Hel2p (the orthologs 

of RACK1 and ZNF598 in mammals, respectively), which stabilize the disomes (41, 43–47). 

Asc1p is a scaffold protein located at the head of the 40S subunit near the mRNA exit channel 

(48). In the context of the RQC, Asc1p-Asc1p interactions between disome’s 40S subunits stabilize 
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the collision and provide an interface for recognition by the E3 ubiquitin ligase Hel2p (41, 46, 49). 

Hel2p ubiquitinates the 40S ribosomal protein Rps20p (uS10) in yeast and also Rps10p (eS10) in 

humans and promotes the splitting of the first stalled polyubiquitinated ribosome by the helicase 

Slh1p (44, 47, 50, 51). Alternatively, Not4 ubiquitinates Rps7p (eS7), which is a substrate for 

Hel2p polyubiquitination (41, 46, 52). The E3 ubiquitin ligase, Ltn1, ubiquitinates the aberrant 

peptide stocked in the 60S ribosomal subunit to be degraded by the ubiquitin proteosome system 

(UPS) and prevent its aggregation(53, 54). Disome stabilization by Asc1p and Hel2p is necessary 

to recruit endonucleases Cue2p or protein Syh1p that target the mRNA for degradation by NGD 

(42, 52, 55–59). To prevent the accumulation of partially synthesized peptides, ribosome collisions 

do not necessarily have to trigger NGD (55, 60–62). Instead, they can signal to repress translation 

initiation. In mammalian cells, ZNF598 recruits GIGYF2 and 4EHP to inhibit translation initiation 

by outcompeting eIF4E binding to the cap of the mRNA on a stalled ribosome (63).  

Based on these studies, we hypothesized that by resuming cap-dependent translation during 

recovery, cells could link an increase in HSP70 mRNA translation efficiency to its decay by NGD. 

To test this hypothesis, we studied the regulation of the four Stress Seventy sub-family A (Ssa) 

members, Ssa1-4, in S. cerevisiae (64). Ssa1p and Ssa2p are constitutively expressed, while Ssa3p 

and Ssa4p are inducible. The codon sequences of SSA4 and SSA3 mRNAs are biased toward low-

frequency codons, which promote ribosome stalling and regulate their expression via the RQC and 

NGD. Accordingly, we found that the RQC factors Asc1p and Hel2p regulate the SSA4 mRNA 

life cycle, but in unexpected ways. Firstly, the RQC mechanism downregulates Ssa4p synthesis 

during heat shock, which prevents its overproduction during stress. This regulation depends on the 

low codon optimality of the SSA4 mRNA CDS and involves the ribosomal proteins Rps28Ap and 

Rps19Bp, which emerge as new RQC components. Secondly, the RQC mechanism does not lead 
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to NGD nor the degradation of SSA4 mRNA during stress or recovery. Instead, Asc1p destabilizes 

SSA4 mRNAs during recovery independently of its ribosome binding. This result points to two 

distinct functions for Asc1p that converge to control the fate of SSA4 mRNA in the cytoplasm. 

Thus, we have identified Asc1p as a novel critical regulator of the yeast HSR.  

2.4 Materials and methods 

Yeast culture 

All yeast strains are derived from the parental strain BY4741, and their genotypes are summarized 

in Supplementary Table 2.1. They were grown in yeast extract peptone dextrose (YPD) medium 

or the conditional medium appropriate for their genotype at 25°C with constant shaking at 250 

rpm. Knock-in and deleted strains were created by homologous recombination of the parental 

strain after the transformation of a PCR fragment amplified from a plasmid carrying selection-

specific markers. Gene deletions and knock-ins were verified by PCR analyses of genomic DNA 

extracted from individual colonies, as previously described (65). The primers and plasmids used 

are listed in Supplementary Tables 2 and 3, respectively.  

Heat shock and recovery  

For northern and western blot experiments, cells in the logarithmic growth phase (optical density 

at 600 nm (OD600): 0.4–0.6) were heat shocked in a 42°C water bath with constant shaking at 150 

rpm until the indicated time points. Immediately after heat shock, the heated medium was replaced 

with the same volume of room temperature (RT) medium. The culture flasks were then placed in 

a 25°C shaker incubator and rotated at 250 rpm until cultures were collected for downstream 

sample processing. For spot assays, cells at OD600 1.0–1.5 were diluted in water to OD600 0.5 and 

then serially diluted at a 1:5 ratio in water five times. Five µL of serially diluted cells were plated 
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on YPD-agar, then either incubated at 25°C or at 42°C for 16 h and then at 25°C. The 

preconditioning was performed by heat shock at 37°C for 1 h followed by 5 h of recovery at 25°C 

before moving the plates to 42°C. The plates were then checked for colonies every 24 h and images 

were acquired. For growth curves, cells at OD600 ~0.5 were heat shocked in a 42°C water bath with 

constant shaking at 150 rpm. Absorbance at 600nm was measured from the culture collected after 

heat shock and followed by 30, 60, 90, and 120 min of recovery.  

Protein extraction, western blotting, and polysome profiling 

Unstressed, heat-shocked, and recovered yeast (5 mL) were collected and centrifuged at 3,000 × g 

for 5 min. Cell pellets were first washed with 2 M LiOAc at RT and then with 0.4 M NaOH on ice. 

Cells were lysed with sodium dodecyl sulfate (SDS)-polyacrylamide gel electrophoresis (PAGE) 

buffer (60 mM Tris-HCl pH 6.8, 10% glycerol, 2% SDS, 5% 2-mercaptoethanol, and 0.0025% 

bromophenol blue). The lysates were heated for 10 min at 95°C, resolved by 10% SDS-PAGE, 

and transferred to nitrocellulose membranes. Ponceau S staining was used to confirm equal protein 

loading. Membranes were blocked with 5% skim milk in 1× phosphate-buffered saline with 0.05% 

Tween 20 (PBST) for 1 h at RT and then incubated with specific antibodies (eIF2α, phospho eIF2α 

(Ser51) (Cat# 9722, 9721S, Cell Signaling Technology, Danvers, MA, USA)), HA (Cat# 901501, 

BioLegend), tubulin (Developmental Studies Hybridoma Bank), and β-actin (Cat# A2228, EMD 

Millipore Corp) overnight at 4°C. Followed by three washes in PBST, membranes were incubated 

with horseradish peroxidase-conjugated goat-anti-mouse (Cat# 1706516, Bio-Rad) or goat-anti-

rabbit antibody (Cat# 1706515, Bio-Rad) for 2 h at RT. Three washes with PBST were performed, 

followed by Clarity Western ECL treatment and imaging on a ChemiDoc Gel Imaging System 

(Bio-Rad). The intensity of the target protein signal was quantified using ImageJ version 2.1.0 
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(National Institutes of Health, Bethesda, MD, USA) and normalized to that of the loading control 

(β-actin or tubulin). 

For protein isolation from polysomes, polysomes were prepared from heat shocked yeast 

extracts as previously described (66). Protein was extracted by adding 3 volumes of 100% cold 

ethanol to the monosome or polysome fractions. RNA-protein complexes were precipitated 

overnight at –20°C and centrifugated for 30 minutes at 13,000 rpm at 4°C. The pellets were washed 

once again with 70% ethanol, allowed to air-dry, and dissolved in the above-mentioned SDS-

PAGE loading buffer. 

RNA extraction, northern blotting, and RT-QPCR. 

Unstressed, heat-shocked, and recovered yeast (5 mL) were collected and centrifuged at 3,000 × 

g for 5 min at 4°C. For the protocol below, all centrifugations were performed at 12,000 × g. The 

pellets were resuspended in 0.5 mL of RNA extraction lysis buffer (10 mM Tris-HCl pH 8.5, 5 

mM EDTA, 2% SDS, 2% stock 2-mercaptoethanol), and transferred to 1.5 mL tubes. Cells were 

lysed by incubating the tubes in a heat block at 83°C for 20 min. After centrifugation for 5 min, 

the supernatant was transferred to a fresh tube containing 0.55 mL of pH 8 phenol. After vortexing 

for 30 s and centrifugation for 5 min, the top layer was transferred to a new tube labeled N. RNA 

extraction lysis buffer (0.25 mL) was added to the previous tube, which was vortexed briefly. An 

equal volume (0.25 mL) of chloroform was added, the tube was vortexed and centrifuged, and the 

top layer was transferred to tube N. Another 0.55 mL of pH 8 phenol was added to tube N, which 

was vortexed and spun as above, and the top layer was transferred to a new tube containing 0.55 

mL of Acid Phenol-Chloroform, pH 4.5 (Cat# AM9720, Thermofisher Scientific, St. Austin, 

Texas, USA). The tubes were vortexed briefly, spun and 0.45 mL of the top layer was transferred 

to a new set of tubes containing 0.2 mL of 0.6 M sodium acetate, pH 4.5. The contents were mixed 
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by flicking followed by a quick spin. Once again, Acid Phenol-Chloroform, pH 4.5, 0.6 mL was 

added to the tubes accompanied by a vortex and spin. Approximately 0.35 mL of the top layer was 

once again transferred to new tubes containing 1.1 mL of 100% ethanol and 0.03 mL of 5 M 

ammonium acetate. After mixing, the samples were placed at -80°C overnight. The next day, the 

samples were spun at 4°C for 15 min and the supernatant was discarded. The pellet was washed 

twice with 80% ethanol and allowed to air dry, then dissolved in 0.04 mL of RNase-free water and 

the RNA was quantified. Equal amounts (1,000–2,000 ng) of RNA were aliquoted into fresh tubes 

and dried in a SpeedVac for 45 min at 45°C. Samples were resuspended in 5 µL of RNase-free 

water and mixed with 7 µL of homemade RNA loading dye. The RNA samples were run in a 1% 

denaturing gel in 1× MESA buffer. Transfer to zeta probe nylon membranes was set up using 

capillary electrophoresis overnight. The membrane was UV-crosslinked at 1200 mJ, stained for 

total RNA, prehybridized, hybridized, exposed to a phosphorscreen, and developed using a 

phosphorimager. Northern blotting and radiolabeling of probes were performed as in (67). 

Genomic BY4741 was used as a template to PCR amplify probes that target SSA1, SSA2, SSA3, 

SSA4, SSA4-Opt 3′ UTR (MS2V6) using primers listed in Supplementary Table 2.2. 

For reverse transcription, 1 µg of total RNA was treated with 1 unit of DNaseI (Promega) 

for 30 min and 100 ng were reverse transcribed using 4 µL of iScript RT supermix (Biorad) in a 

20 µL reaction following manufacturer instruction. For qPCR, cDNAs were diluted two-fold in 

water. PCR was performed in 5 µL reactions consisting of 1 µL of cDNA, 2.5 µL PowerUp SYBR 

Green master mix (ThermoFisher) and 0.25 µL of 1 µM of each primer. Standard curves were 

generated using a log titration of BY4741 WT or SSA4 optimized genomic DNA (50 to 0.05 ng). 

Data was collected using Viaa7 PCR system with 45 cycles. The standard curve was used to 

calculate RNA amounts.  
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mRNA half-life calculations 

Northern blots were quantified using ImageJ and normalized to corresponding methylene blue 

staining. Considering the intensity of the heat shock sample (timepoint: 0 min) to be 100% 

induction, the relative intensity was calculated for recovery samples (timepoints: 15, 30, 60, 90 

min). A polynomial curve was plotted for time vs the percentage of mRNA decayed. The 

polynomial equation was obtained for the curve and solved for X, given that Y is 50 using what-

if analysis in Microsoft Excel. 

Preferred codon percentage determination 

A list of preferred codons in S. cerevisiae was procured from (68) and the CDSs of SSA mRNAs 

were obtained from the Saccharomyces Genome Database (https://www.yeastgenome.org/). A 

Python script was developed to count the occurrence of each preferred codon and divide it by the 

total number of codons to calculate the percentages of preferred codons (https://github.com/LR-

MVU/YEAST-SSA.git).  

Single-molecule in situ hybridization (smFISH) and imaging analysis 

The smFISH procedure was performed as previously described (69). Briefly, yeast strains were 

grown in 25 mL YPD at 25°C to early log phase and heat shocked at 42°C. At the indicated time 

points, they were fixed in 4% paraformaldehyde, permeabilized in spheroplast buffer containing 

lyticase (as described in (69), (Cat# L2524, Sigma Aldrich, Oakville, ON, Canada)), and seeded 

onto poly-L-lysine-coated coverslips. After ethanol incubation, rehydration with 2× saline sodium 

citrate buffer, and prehybridization, the cells were hybridized with Stellaris smFISH probes to 

detect MS2V6 sequence in the tagged SSA4 or SSA2 mRNAs (LGC Biosearch Technologies) as 

previously described in (69). The coverslips were washed, dried, and mounted in Prolong Gold 

Antifade Mounting Medium (Invitrogen, Bulington, ON, Canada), then imaged using a wide-field 
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inverted Nikon Ti-2 wide-field microscope equipped with a Spectra X LED light engine 

(Lumencor), and an Orca-Fusion sCMOS camera (Hamamatsu) controlled by NIS-Elements 

Imaging Software. For yeast cells, a 100× 1.49 NA oil immersion objective lens (Nikon) was used 

with an xy pixel size of 67.5 nm and a z-step of 200 nm. Outlines were created using the 

CellProfiler pipeline, and single mRNAs were quantified using FISH-quant (70). 

Ribosome profiling analysis 

Ribosome profiling and RNA sequencing (RNA-Seq) data in yeast under heat shock conditions 

performed by Mühlhofer et al 2019  (71) were downloaded from the Gene Expression Omnibus 

(accession numbers: Riboseq data: SRR9265440 and SRR9265438; RNA-seq data: SRR9265437 

and SRR9265428). Raw sequencing reads were processed first by trimming adapters using 

Cutadapt 3.4 and discarding the low-quality reads. The reads were next mapped to rRNAs and 

aligned reads were discarded. The remaining reads were then mapped to the yeast transcriptome 

and the resulting SAM files were further processed to SQLite files using a Python script from the 

Trips-Viz webserver (https://trips.ucc.ie/) for compatibility with PausePred (72), the built-in 

function of Trips-Viz (73). Default settings were used to detect ribosome stall sites on SSA4 

mRNAs, which were visualized using Trips-Viz.  

Protein immunoprecipitation and mass spectrometry 

FLAG-tagged Asc1 (Asc1p-3×FLAG) yeast cultures were grown in 400 mL YPD at 25°C to early 

log phase and heat shocked for 1 h at 42°C. The cells were pelleted by centrifugation at 3,750 rpm 

for 3 min at 4°C. The pellets were washed with 10 mL water, transferred to Eppendorf tubes, snap-

frozen with liquid nitrogen, thawed on ice, and resuspended in 2 mL of lysis buffer (100 mM 

HEPES pH 8.0, 20 mM magnesium acetate, 10% glycerol, 10 mM EGTA, 0.1 mM EDTA) 

containing Complete X protease inhibitor and phosphatase inhibitors (1M NaF, 0.2M NaAPi, and 

https://trips.ucc.ie/
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Na2vO4). Glass beads (0.5 mm) were added, and tubes were vortexed 20 times with 30 s on-off 

cycles in a cold room. Lysates were separated from the beads by a quick centrifugation at 4°C and 

transferred to new tubes. About 100 µL of M2-anti-FLAG beads (Cat# M8823, Millipore sigma, 

Oakville, ON, Canada) were washed three times with 500 µL of lysis buffer, then incubated with 

the lysates for 2 h on a nutator in a cold room. The beads were magnetized, and the flowthrough 

was collected. The beads were then washed twice with 1 mL of lysis buffer and each wash was 

collected. Samples of the beads, lysate, flow-through, and washes were boiled in SDS-PAGE 

buffer, resolved by SDS-PAGE, and western blotted for FLAG. Immunoprecipitation samples 

were sent to Proteomics Services at the McGill University Health Centre Research Institute for 

mass spectrometry. For each sample, proteins on the beads were loaded onto a single stacking gel 

band to remove lipids, detergents, and salts. The single gel band containing all proteins was 

reduced with DTT, alkylated with iodoacetic acid, and digested with trypsin. Extracted peptides 

were re-solubilized in 0.1% aqueous formic acid and loaded onto a Thermo Acclaim Pepmap 

(Thermo, 75uM ID X 2cm C18 3uM beads) precolumn and then onto an Acclaim Pepmap 

Easyspray (Thermo, 75uM X 15cm with 2uM C18 beads) analytical column separation using a 

Dionex Ultimate 3000 uHPLC at 250 nl/min with a gradient of 2-35% organic (0.1% formic acid 

in acetonitrile) over 3 h. Peptides were analyzed using a Thermo Orbitrap Fusion mass 

spectrometer operating at 120,000 resolution (FWHM in MS1) with HCD sequencing (15,000 

resolution) at top speed for all peptides with a charge of 2+ or greater. The raw data were converted 

into *.mgf format (Mascot generic format) for searching using the Mascot 2.6.2 search engine 

(Matrix Science) against yeast protein sequences (Uniprot 2022). The database search results were 

loaded onto Scaffold Q+ Scaffold_5.0 (Proteome Sciences) for statistical treatment and data 
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visualization. We only consider proteins as enriched or depleted upon HS if they exhibit a fold 

change >1.5 and have a p-value ≤ 0.05 (Supplementary Table 2.4). 

For co-immunoprecipitation, Flag-tagged Asc1, Flag-tagged Asc1/TAP-tagged RPS28, 

and Flag-tagged Asc1/HA-tagged RPS19 strains were grown in 25 mL of YPD at 25°C to early 

log phase and heat shocked for 1 h at 42°C. The cells were pelleted by centrifugation at 3,750 rpm 

for 3 min at 4°C. The pellets were washed with 10 mL water, transferred to Eppendorf tubes, snap-

frozen with liquid nitrogen, thawed on ice, and resuspended in 400 µL of lysis buffer (100 mM 

HEPES pH 8.0, 20 mM magnesium acetate, 10% glycerol, 10 mM EGTA, 0.1 mM EDTA) 

containing Complete X protease inhibitor. Glass beads (0.5 mm) were added, and tubes were 

vortexed 20 times with 30 s on-off cycles in a cold room. Lysates were separated from the beads 

by a quick centrifugation at 4°C and transferred to new tubes. About 10 µL of M2-anti-FLAG 

beads were washed three times with 200 µL of lysis buffer, then incubated with the lysates for 2 h 

on a nutator in a cold room. The beads were magnetized and washed thrice with 500 µL of lysis 

buffer and each wash was collected. Samples of the beads and lysate were boiled in SDS-PAGE 

buffer, resolved by SDS-PAGE, and immunoblotted for FLAG (Anit-FLAG_M2 antibody, F1804, 

Sigma, Saint Louis, MO, USA), HA (HA antibody, Cat#901501, Biolegend, San Diego, CA, USA) 

or TAP (Peroxidase Anti-Peroxidase Soluble Complex antibody (PAP) antibody, Cat#P1291 

Sigma, Saint Louis, MO, USA). 

2.5 Results 

2.5.1 The RQC factors Asc1p and Hel2p repress Ssa4p expression during heat shock 

In the SSA subfamily of yeast HSP70 genes, the CDSs of inducible SSA3 and SSA4 are biased 

towards low-frequency codons (50% optimal codons) compared to the constitutive SSA1 and SSA2 



129 

 

CDSs (75% optimal codons; Supplementary Figure 2.S1A) (68). SSA3 mRNA translation 

initiation is regulated by an upstream open reading frame (uORF), making SSA4 the most inducible 

member of this subfamily (74). The presence of nonoptimal codons in highly translated mRNAs 

leads to slow decoding and ribosome stalling, favoring collisions (33). Therefore, we analyzed 

previously published ribosome profiling data (71) to identify the presence of stalled ribosomes 

over the SSA4 mRNA CDS under heat shock (30 min at 42°C) (Figure 2.1A and Supplementary 

Figure 2.S1B). PausePred analysis identified stalled ribosomes (i.e., peaks with 20-fold more 

ribosome occupancy than the following mRNA position) (72, 73) at position 400 (P1) on the SSA4 

mRNA in both experimental replicates and at position 1800 (P2) in one replicate. Although the 

SSA4 mRNA codon sequence protected by the ribosome is identical to that of two other SSA 

mRNAs, the SSA4 sequence contains three low-frequency codons following the stalled ribosome 

(Figure 2.1A). The presence of stalled ribosomes on SSA4 transcripts and its enrichment in low-

frequency codons led us to investigate the roles of the RQC mechanism and NGD in regulating 

SSA4 mRNA translation and decay, respectively (75).  

The RQC factors Asc1p and Hel2p stabilize ribosome collisions and repress the translation 

of the affected mRNA (40, 42). To investigate their roles in regulating Ssa4p synthesis during heat 

shock and subsequent recovery, we deleted ASC1 or HEL2 genes from haploid BY4741 wild-type 

(WT) S. cerevisiae. Given the high similarity between the four SSAs, we inserted 

3×Hemagglutinin (HA) epitopes in the C-terminus and 12×MS2V6 RNA stem-loops in the 3’UTR 

of each of the endogenous SSA genes to distinguish their proteins and mRNAs by western blotting 

and smFISH, respectively. Compared to the WT strain, the asc1Δ and hel2Δ strains had 

significantly higher expression of Ssa4p during heat shock; however, no changes in Ssa1p, Ssa2p, 

Ssa3p, nor the non-heat shock protein Doa1p were observed between the basal (25°C), heat shock, 
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and recovery conditions (Figure 2.1B-E, Supplementary Figure 2.S1C, and 2.S1D). Increased 

Ssa4p expression in heat-shocked asc1Δ and hel2Δ yeast persisted during recovery, but the 

difference in expression compared to the WT strain did not increase further. 
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Figure 2.1. Deletion of Asc1p or Hel2p increases SSA4 mRNA translation during heat shock. 

A. Ribosome profiling analysis of S. cerevisiae SSA4 mRNA after 30 min of heat shock at 42°C. 

Top: Schematic of SSA4 mRNA with ribosomes stalled at two positions. Middle: A single 

transcript plot of the ribosome sequencing analysis aligned with RNA-Seq data (65). P1 and P2 

indicate ribosome stall sites. Bottom: The SSA4 nucleotide sequence protected by the ribosome at 

P1 and the corresponding nucleotide and amino acid sequences in SSA1, SSA2, and SSA3. B-C. 

Western blots of 3×-HA-tagged Ssa4p (B) and Ssa2p (C) in the WT, asc1Δ, and hel2Δ strains 

under basal conditions (25°C), after 30 min of heat shock at 42°C (HS), and at the indicated 

recovery (R) time points. β-actin was used as a loading control. D-E. Quantification of Ssa4p (D) 

and Ssa2p (E) expression. HA band intensities were first normalized to their corresponding β-actin 

band and are expressed relative to the normalized expression of heat-shocked WT yeast. Bars 

indicate the mean and standard deviation (SD) of three independent experiments, each represented 

by a dot. *p < 0.05, **p < 0.001, ***p < 0.0001 (by unpaired t-test). F. Western blots of 3×-HA-

tagged Ssa4p and Ssa2p in the WT, slh1Δ, mbf1Δ, and WT Rps20 versus Lys6/8 Arg Rps20 and 

rps7BΔ strains under basal conditions (25°C), after 30 min of heat shock at 42°C (HS), and after 

30 min recovery (R). Tubulin was used as a loading control. G. Quantification of Ssa4p and Ssa2p 

expression. HA band intensities were first normalized to their corresponding Tubulin band and are 

expressed relative to the normalized expression of heat-shocked WT yeast. Bars indicate the mean 

and standard deviation (SD) of three independent experiments, each represented by a dot. *p < 

0.05, **p < 0.001 (by unpaired t-test). H. Scheme of the SSA4 ORF where stalled ribosomes are 

disassembled by Slh1p in WT cells. In the absence of Slh1p, stalled ribosomes can be disassembled 

at a lower frequency and the 40S subunit will continue scanning the mRNA and initiate translation 

in the next AUG. I. Western blots of 3×-HA-N-terminal tagged Ssa4p under basal conditions 

(25°C) and after 30 min of heat shock at 42°C (HS) previously exposed or not to 0.25 M of MG132 

for 6 hours. Right side numbers indicate the ladder molecular weight. 

 

To exclude Ssa4p dilution by cell division during recovery, we measured yeast duplication 

after 30 min of heat shock (Supplementary Figure 2.S1E). None of the strains duplicated for the 

two hours that followed the heat shock, suggesting that SSA4 mRNA is not translated during 

recovery. This indicates that the enrichment in low-frequency codons in the SSA4 mRNA CDS 

downregulates Ssa4p expression via the RQC only during heat shock.  

We modified other factors involved in RQC to confirm the regulation of Ssa4p synthesis 

by this mechanism. We deleted the RNA helicase Slh1p that splits the leading stalled ribosomes 

(50, 51) and the Multi-protein Bridging Factor 1 (Mbf1p) that prevents the leading ribosome from 

+1 frameshifting (76–79). Compared to WT, the slh1Δ strain had a significantly lower expression 
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of Ssa4p during heat shock and recovery (Figure 2.1F and 2.1G). Interestingly, the band 

corresponding to Ssa4-HA was slightly smaller (by ~5 KDa). This result was unexpected since 

SLH1 deletion has the same effect as HEL2 deletion in stalling mRNA reporters studied in yeast 

and mammalian cells (51, 80, 81). To explain both the lower expression and smaller Ssa4p band, 

we propose that in the absence of Slh1p, the leading stalled ribosome cannot be efficiently split 

and recycled and remains stabilized with the collided ribosomes by Asc1p and Hel2p. As a result, 

they could form a roadblock at P1 that prevents them from finishing translation, decreasing Ssa4p 

full-length expression. Interestingly, SSA4 has a downstream AUG in-frame with the start codon 

at nucleotide 177 in the CDS, where translation could reinitiate and produce a polypeptide that is 

53 amino acids shorter than the full length (Figure 2.1H). Thus, we suggest that from the few 80S 

ribosomes stalled in P1 that can disassemble without Slh1p, the 40S subunit remains bound to the 

mRNA and scans the CDS until the next AUG (nucleotide 177), where a new 80S is assembled 

reinitiating translation (similar to what happened in uORF containing mRNAs) (82, 83) (Figure 

2.1H). This result fits with ribosomes stalled at P1, as detected by ribosome profiling (Figure 

2.1A). Similarly to the asc1Δ and hel2Δ strains, the mbf1Δ strain expressed significantly more 

Ssa4p than WT. These results further support the regulation of SSA4 mRNA translation by 

colliding ribosomes and RQC (Figure 2.1F and 2.1G). 

Two 40S ribosomal proteins, Rps7Bp and Rps20p, are involved in RQC. 

Monoubiquitination of Rps7Bp by Not4p followed by its polyubiquitination by Hel2p is required 

to resolve stalled ribosomes. Besides Rps7p ubiquitylation, a more canonical way to resolve 

stalling ribosomes implies ubiquitylation of Rps20p at Lys 6 and 8 by Hel2p (41, 46). To evaluate 

the role of these proteins in Ssa4p synthesis, we expressed the Rps20p (Lys 6/8 Arg) mutant or 

deleted Rps7Bp  (Figure 2.1F and 2.1G). Compared to WT, strains expressing the Rps20p (Lys 
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6/8 Arg) mutant or deletion of RPS7B had the same or only a two-fold increase Ssa4p expression 

(Figure 2.1F and 2.1G). Thus, during heat shock, an alternative mechanism probably mediates 

the ubiquitination of a different 40S ribosomal protein. The essential protein Rps3p is a good 

candidate because it regulates ribosome-associated quality control during the mammalian unfolded 

protein response in a Hel2- and Asc1-dependent manner (84). 

The truncated Ssa4 nascent peptide should be excised from the 60S ribosomal subunit for 

degradation. Peptides are ubiquitinated by the E3 ligase Ltn1p and degraded by the UPS (53, 54). 

We HA-tagged Ssa4p in the N-terminus to identify an expected Ssa4 truncated peptide of ~3.5 

KDa. Since small proteins are challenging to detect by western blotting, we aimed to find the larger 

polyubiquitinated form by inhibiting its UPS-mediated degradation with MG132. Under these 

conditions, we expected the polyubiquitinated 3xHA-Ssa4p to accumulate in WT cells and be 

absent in ltn1Δ yeast. However, we only identified the full-length 3xHA-Ssa4p and two smaller 

aberrant products that were the same in WT and ltn1Δ cells under mock- or MG132-treated 

conditions (Figure 2.1I). This result suggested that an alternative mechanism degraded the 

aberrant Ssa4 peptide. Since it only has one Lys in its sequence, it might not be a subject for Ltn1-

directed ubiquitination, and it could be degraded instead by autophagy or proteases in the cytosol 

(85, 86).  

2.5.2 Asc1p promotes SSA4 mRNA degradation during recovery from heat shock  

We pondered two non-exclusive options to explain the regulation of Ssa4p synthesis during heat 

shock but not during recovery: Asc1p and Hel2p could only repress SSA4 mRNA translation 

during heat shock, and/or rapid SSA4 mRNA degradation at the permissive temperature could 

prevent its translation during recovery. To investigate the first option, we considered that heat 
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shock triggers the phosphorylation of eIF2α, favoring the translation of inducible HSP mRNAs, 

and that in asc1Δ and hel2Δ cells, Gcn2p recognizes the ribosome collision and phosphorylates 

eIF2α even under basal conditions to activate the integrated stress response (ISR) (61, 87). 

Accordingly, asc1Δ and hel2Δ strains had higher P-eIF2α levels than the WT strain under basal 

conditions, and all strains displayed P-eIF2α during heat shock. Interestingly, P-eIF2α decreased 

to WT basal levels within 15 min of recovery, even in the asc1Δ and hel2Δ cells, which could 

hinder SSA4 mRNA translation during recovery and thus decrease the regulatory effects of Asc1p 

and Hel2p (Figure 2.2A, 2.2B, and 2.1B). These results point to specific repression of SSA4 

mRNA translation by Asc1p and Hel2p during heat shock.  

To consider the role of mRNA stability in Ssa4p expression during recovery, we quantified 

SSA mRNA levels at the basal temperature, during heat shock, and after recovery for 15, 30, 60, 

and 90 min. Ribosome collisions can lead to endonucleolytic cleavage and the rapid degradation 

of problematic mRNAs by NGD (42, 52, 56, 58, 59). Thus, the stabilization of ribosome collisions 

by Asc1p and Hel2p could promote rapid SSA4 mRNA decay during recovery. We detected full-

length SSA4, SSA3, SSA2, and SSA1 mRNAs by northern blot in the untagged strains using 

antisense probes against their 3′ UTRs, which contain the most distinct nucleotide sequences 

between them (Figure 2.2C, 2.2D and Supplementary Figure 2.S2A and 2.S2B). As expected, 

all SSA mRNAs were highly induced upon heat shock and rapidly returned to basal levels during 

recovery in the WT strain. The asc1Δ and hel2Δ strains only prolonged SSA4 mRNA expression 

during recovery without affecting the decay of the rest of the SSA mRNAs. We plotted the 

intensities of the SSA4 and SSA2 mRNA bands to calculate their half-lives by non-linear 

regression, which best fitted the curves connecting mRNA intensities during heat shock and 
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recovery conditions. The effect was specific to SSA4 mRNA, with 2.5- and 1.35-fold increases in 

its half-life upon deletion of ASC1 and HEL2, respectively (Figure 2.2D). 
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Figure 2.2. SSA4 mRNA is stabilized in asc1Δ and hel2Δ cells during recovery from heat 

shock.  

A. Western blots to detect eIF2ɑ phosphorylation. P-eIF2ɑ, total eIF2ɑ, and β-actin were 

quantified in the WT, asc1Δ, and hel2Δ strains under basal, heat shock, and recovery conditions. 

B. Quantification of eIF2ɑ phosphorylation. P-eIF2ɑ band intensities were divided by their 

corresponding total eIF2ɑ intensities. Bars indicate the mean and SD of three independent 

experiments, each represented by a dot. *p < 0.05, **p < 0.001 by unpaired t-test. C. Northern 

blots to detect the expression of SSA4 and SSA2 mRNAs in the WT, asc1Δ, and hel2Δ strains under 

basal conditions (25°C), after 30 min of heat shock at 42°C (H), and at the indicated recovery time 

points (R). D. Quantification of the half-lives of SSA mRNAs during recovery. Band intensities 

were normalized to the methylene blue staining and are expressed relative to the heat shock band 

for each strain (considered to be 100% induction) to obtain decay curves and calculate half-lives 

(t1/2 of SSA4 mRNA: WT 16’, asc1Δ 25′, and hel2Δ 19’; t1/2 of SSA2 mRNA: WT 19’, asc1Δ 

22’, and hel2Δ 27’). Datapoints on the curves indicate the mean and SD of two independent 

experiments. E. Representative smFISH images of SSA4-MS2V6 mRNA after 30 min recovery in 

the WT, asc1Δ, and hel2Δ yeast strains. Scale bar: 5 µm. F. Quantification of SSA4 or SSA2 

mRNAs per yeast cell in each strain were detected by smFISH. Bars indicate the mean and SD of 

three experiments; dots represent individual cells (n=600–1,200). The unpaired t-test was used to 

compare each time point to the basal condition. G. Northern blots to detect the expression of SSA4 

and SSA2 mRNAs in the WT, syh1Δ, syh1/cue2Δ and syh1/hel2Δ strains under basal conditions 

(25°C), after 30 min of heat shock at 42°C (H), and at the indicated recovery time points (R). H. 

Decay plot of SSA mRNAs during recovery. Band intensities were normalized to the methylene 

blue staining and are expressed relative to the heat shock band for each strain (considered to be 

100% induction) to obtain decay curves and calculate half-lives I-J. Spot assays of the WT, asc1Δ, 

and hel2Δ strains and WT, mbf1Δ, slh1Δ, and syh1Δ strains grown at 25ºC and recovering at 25ºC 

after 16 h at 42ºC. OD, optical density at 600 nm. 

 

We confirmed this prolonged SSA4 mRNA stability and the lack of effects on SSA2 mRNA 

stability during recovery by smFISH in the SSA4- and SSA2-3×HA-12MSV6 strains, respectively 

(Figure 2.2E and 2.2F), using a fluorescent probe against the MS2V6 sequence, and quantified 

them with FISH-quant (70). The average number of single SSA4 mRNAs per cell was doubled in 

the asc1Δ strain compared to the WT and hel2Δ strains, probably because they are larger cells and 

produce more mRNAs to compensate for their volume, as SSA2 mRNA was also more abundant. 

In the WT strain, most SSA4 mRNAs were cleared within 30 min of recovery, while some hel2Δ 

cells and the majority of asc1Δ cells retained significantly higher numbers of SSA4 mRNAs until 

after 90 min of recovery (p < 0.05, by unpaired t-test). Since only 5-10% of cells in all strains show 
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staining for transcription sites during recovery, this result indicated a prolonged SSA4 mRNA half-

live. All strains showed similar patterns of SSA2 mRNA induction and decay during heat shock 

and recovery (Figure 2.2F). In the asc1Δ and hel2Δ strains, smFISH analyses revealed a delay in 

peak SSA4 mRNA expression from heat shock to after 15 min of recovery. Since we could not 

quantify the contributions of nascent transcripts to the total mRNA pools by smFISH, we attribute 

this discrepancy with the northern blot results to turnover of the cytoplasmic mRNA population 

during the first 15 min of recovery. SSA4 mRNA decay may occur faster than the export of nascent 

transcripts to the cytoplasm in WT cells but not in the asc1Δ and hel2Δ strains, shifting the timing 

of peak expression. 

To analyze the role of colliding ribosomes and RQC in SSA4 mRNA degradation by NGD, 

we quantified SSA4 mRNA levels in yeast in which the main players of the two NGD pathways 

were deleted. The predominant pathway involves Syh1, and the secondary comprises Hel2 and the 

endonucleolytic cleavage by Cue2 (59). We detected full-length SSA4 and SSA2 mRNAs by 

northern blot in the untagged strains using antisense probes against their 3′ UTRs (Figure 2.2G). 

Compared to WT, syh1Δ, syh1Δ /cue2Δ, and syh1Δ /hel2Δ had the same SSA4 and SSA2 mRNA 

expression during heat shock and recovery and similar half-lives during recovery (Figure 2.2H). 

These results indicate that the degradation of SSA4 mRNA is independent of NGD factors. We 

suggest that the prolonged SSA4 mRNA half-lives detected in asc1Δ and hel2Δ cells might be due 

to elongating ribosomes protecting the mRNA from degradation or an NGD-independent role of 

these proteins in destabilizing SSA4 mRNA during recovery. 

Of all strains, asc1Δ has the highest Ssa4p expression and the longest SSA4 mRNA half-

live; thus, it should be better equipped to survive heat shock than the WT and strains deleted of 

other RQC and NGD factors. However, as previously reported (48), the asc1Δ strain grew the 
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slowest and was the most sensitive to heat shock, suggesting that its growth phenotype is 

independent of the expression of the cytoprotective Ssa4p (Figure 2.2I). Overall, our results 

indicate that SSA4 mRNA degradation during recovery is independent of NGD and asc1Δ cells 

prolonged SSA4 mRNA stability longer than hel2Δ cells, indicating that Asc1p plays an additional 

role in the SSA4 mRNA decay during recovery from heat shock. Since prolonged SSA4 mRNA 

stability during recovery did not further increase Ssa4p levels, Asc1p and Hel2p might regulate 

SSA4 mRNA translation during heat shock and stability during recovery by independent 

mechanisms.  

2.5.3 Optimizing the SSA4 coding sequence escapes the RQC, but its mRNA is still stabilized 

in asc1Δ cells. 

To gain insight into the mechanisms by which Asc1p and Hel2p regulate SSA4 mRNA translation 

and decay, we optimized the SSA4 CDS to bypass ribosome stalling. We synonymized the CDS 

with a computational pipeline that considers the codon context of mRNA translate under specific 

conditions (88). Interestingly, the optimal SSA4 CDS acquired the codons used in SSA3, SSA2, and 

SSA1 for conserved amino acids, further supporting a role for SSA4’s specific enrichment in low-

frequency codons (Supplementary Figure 2.S3). To generate an SSA4 codon-optimized (Opt) 

strain, we substituted the endogenous SSA4 CDS with the SSA4-Opt sequence, conserving the 5′- 

and 3′-UTR sequences. We tagged SSA4-Opt with 3×HA and 12MSV6 to study its effects on SSA4 

mRNA translation in WT cells (Opt-WT) and the roles of Asc1p and Hel2p in its translational 

regulation. 

Opt-WT cells expressed Ssa4p even in basal conditions, indicating that the low-frequency 

codons in the WT CDS prevent the spurious accumulation of Ssa4p in the absence of stress. In 

addition, codon optimization dramatically increased Ssa4p upregulation during heat shock and 
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recovery by 20- and 40-fold, respectively (Figure 2.3A and 2.3B). Therefore, the WT SSA4 CDS 

suppresses Ssa4p synthesis during heat shock. Remarkably, Ssa4p induction upon heat shock was 

similar in the Opt-WT and Opt-hel2Δ strains, further demonstrating that Hel2p’s repression of 

Ssa4p synthesis depends on these low-frequency codons (Figure 2.3C and 2.3D). Likewise, SSA4 

codon optimization decreased Ssa4p induction during heat shock from 6-fold in the WT-asc1Δ 

strain to less than 2-fold in the Opt-asc1Δ strain (Figure 2.1B, 2.1D, 2.3C, and 2.3D). We 

concluded that the WT SSA4 CDS is necessary for Asc1p and Hel2p to repress its translation during 

heat shock. 

We next investigated whether the SSA4-Opt CDS stabilizes SSA4 mRNA and prevents 

Asc1p and Hel2p from destabilizing it during recovery. We compared the expression and stability 

of SSA4-Opt mRNA (and SSA2 mRNA as a control) in the Opt-WT, Opt-asc1Δ, and Opt-hel2Δ 

strains after 30 min heat shock at 42°C followed by 15, 30, 60, and 90 min of recovery at 25°C by 

northern blot. SSA4-Opt mRNA was 1.5 times more stable than SSA4-WT mRNA during recovery 

and completely abolished the effect of Hel2p on SSA4 mRNA stability. Therefore, increasing the 

translational efficiency of Opt-SSA4 mRNA slightly increased its mRNA stability. However, the 

rapid degradation of SSA4-Opt mRNA further supports that its main degradation pathways are 

independent of its codon optimality and NGD. Remarkably, the SSA4-Opt mRNA half-life was 

2.5 times longer in the Opt-asc1Δ strain compared to Opt-WT, while the SSA2 mRNA half-life 

was unaffected (Figure 2.3E and 2.4E). Optimizing SSA4 CDS did not change the upregulation 

of SSA4 mRNA induction at 30 min of heat shock. Likewise, the Opt-asc1Δ and Opt-hel2Δ strains 

had similar SSA4 mRNA induction as the Opt-WT (Figure 2.3G). This result supports a role for 

Asc1p in promoting SSA4 mRNA decay during recovery that it is independent of the SSA4 CDS. 
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Figure 2.3. A codon-optimized SSA4 mRNA escapes the RQC mechanism, but it is still 

destabilized by Asc1p 

A. Expression of the 3×HA-Ssa4p in the WT and Opt strains under basal conditions (25°C), after 

30 min of heat shock at 42°C (HS), and at the indicated recovery time points (R). β-actin was used 

as a loading control. B. Quantification of 3×HA-Ssa4p expression. Band intensities were 

normalized to their corresponding β-actin band and are expressed relative to the normalized 

expression of SSA4-WT yeast under heat shock. Bars indicate the mean and SD of three 

independent experiments, each represented by a dot. *p < 0.05, **p < 0.001, and ***p < 0.0001 

(by unpaired t-test). C. Expression of 3×HA-Ssa4p in the WT, Opt-WT, Opt-asc1Δ, and Opt-hel2Δ 

strains under basal conditions (25°C), after 30 min of heat shock at 42°C, and at the indicated 

recovery time points. Tubulin was used as a loading control. D. Quantification of Ssa4p 

expression. Band intensities were normalized to their corresponding tubulin band and are 

expressed relative to the normalized expression of WT yeast under heat shock. Bars indicate the 

mean and SD of three independent experiments, each represented by a dot. *p < 0.05, **p < 0.001, 

***p < 0.0001, ns, not significant (by unpaired t-test). E. Northern blot detection of SSA4 and 

SSA2 mRNAs in the WT, Opt-WT, Opt-asc1Δ, and Opt-hel2Δ strains under basal conditions, after 

30 min of heat shock at 42°C, and at the indicated recovery time points. F. Quantification of the 

half-lives of SSA4 and SSA2 mRNAs during recovery. Band intensities were normalized to the 

methylene blue staining and are expressed relative to the heat shock band for each strain 

(considered to be 100% induction) to obtain decay curves and calculate half-lives (t1/2 of OPT 

mRNA: in WT 22’, Opt-WT 40’, Opt-asc1Δ 100’, and Opt-hel2Δ 27’; t1/2 of SSA2 mRNA: in 

WT 57’, Opt-WT 77’, Opt-asc1Δ 92’, and Opt-hel2Δ 118’). G. Quantification of the fold induction 

of SSA4 mRNA at 30 min of heat shock at 42°C. Induction was calculated by dividing the amount 

of cDNA in ng in heat shock to control. Bars indicate the mean and SD of three independent 

experiments, each represented by a dot (by unpaired t-test); ns, not significant. H and I. Spot 

assays of SSA4-WT and -Opt (H) and Opt-WT, Opt-asc1Δ, and Opt-hel2Δ (I) strains grown at 

25ºC, recovering at 25ºC after 16 h at 42ºC, and preconditioned by mild stress (37ºC for 1 h, 6 h 

at 25ºC, and then heat shock at 42ºC). OD, optical density at 600 nm.  

 

Given the existing notion that heat shock maximizes Ssa4p production to cope with protein 

misfolding, learning that the SSA4 CDS attenuates its own translation via the RQC was 

unexpected. Thus, we investigated if Ssa4p overexpression is toxic. The WT and Opt-WT strains 

grew similarly at the permissive temperature and during recovery from stress, and Ssa4p 

overexpression enhanced the survival of Opt-WT cells to heat shock upon preconditioning (Figure 

2.3H). However, Ssa4p overexpression did not overcome the increased vulnerability of asc1Δ cells 

to heat shock (Figure 2.3I). Thus, this strain’s inability to survive heat shock is independent of 

Asc1p’s role in regulating Ssa4p expression. Overall, our results support two separate functions of 
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Asc1p in controlling the life cycle of SSA4 mRNA in the cytoplasm: translational repression during 

heat shock, a role which relies in the RQC mechanism (shared with Hel2p, Slh1p, and Mbf1p) and 

depends on the WT SSA4 CDS, and mRNA decay during recovery, which is independent of the 

CDS and SSA4 mRNA translation efficiency. 

2.5.4 Asc1p regulates SSA4 mRNA, not its intronic U24 small nucleolar (sno) RNA  

The ASC1 locus contains an intron that encodes the snoRNA SNR24, known as U24 (89, 90). U24 

is a C/D box snoRNA that guides 2'-O-methylation of the 25S ribosomal RNA (rRNA). This role 

requires at least 10 nucleotides (nts) of perfect complementarity (91–94). Sequence analysis of the 

SSA4 3′ UTR revealed 10 nts of perfect complementarity with the U24 sequence 

(TGAAGTAGCA; Figure 2.4A). Since the 3′ UTR is required to destabilize SSA4 mRNA during 

recovery (29), we sought to determine whether the deletion of U24 stabilizes SSA4 mRNA in the 

asc1Δ strain, rather than Asc1p. Thus, we restored either the expression of Asc1p or U24 by 

inserting centromeric plasmids into the asc1Δ strain (as described in (89)). We also mutated the 3′ 

UTR of the endogenous SSA4 mRNA to prevent U24 binding (TGTTCATGCA; WT-3′ UTR mut) 

to determine whether this sequence destabilizes SSA4 mRNA during recovery. Northern blot 

analysis of SSA4 mRNA levels in basal, heat shock, and recovery conditions showed that Asc1p 

expression destabilized SSA4 mRNA during recovery, while exogenous U24 expression in the 

Asc1Δ strain increased SSA4 mRNA stability by 3.4 times. Accordingly, mutating the 3′ UTR U24 

binding sequence did not affect SSA4 mRNA stability during recovery (Figure 2.4B and 2.4C). 

To validate our results, we investigated the roles of Asc1p and U24 in destabilizing the SSA4-Opt 

mRNA. As expected, Asc1p expression was sufficient to destabilize SSA4-Opt mRNA in the Opt-

asc1Δ strain and revert its half-life to that observed in the Opt-WT strain. In contrast, U24 did not 

change the SSA4-Opt mRNA half-life and neither Asc1p nor U24 changed SSA2 mRNA stability 
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in the Opt-asc1Δ (Figure 2.4B, 2.4C, and Supplementary Figure 2.S4B and 2.S4C). These 

results indicate that Asc1p regulates SSA4 mRNA stability during recovery. 

Although it is well known that Asc1p and Hel2p act together to regulate the translation of 

faulty mRNAs and trigger the RQC mechanism (47), we investigated whether U24 also regulates 

SSA4 mRNA translation. We quantified Ssa4p expression in asc1Δ cells expressing either Asc1p 

or U24. While Asc1p expression restored Ssa4p induction to the WT level, yeast expressing U24 

without Asc1p failed to rescue the high Ssa4p expression of the asc1Δ strain (Figure 2.4D and 

2.4E). Restoring either Asc1p or U24 in the Opt-asc1Δ strain did not change Ssa4p synthesis 

during heat shock and recovery. Altogether, these experiments indicate that U24 does not regulate 

the SSA4 mRNA life cycle, strongly supporting two independent roles for Asc1p in deciding the 

fate of cytoplasmic SSA4 mRNA. First, Asc1p regulates SSA4 mRNA translation during heat shock 

in response to its low-frequency codons and second, it regulates SSA4 mRNA stability during 

recovery independently of its CDS or translation efficiency. 
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Figure 2.4. Asc1p, not SNR24, regulates SSA4 mRNA translation and stability 

A. Schematic of the ASC1 locus. It contains two exons and an intron, which encodes the small 

nucleolar RNA SNR24 (U24) upon splicing. The 10-nucleotide region in the 3′ UTR of SSA4 

mRNA that is complementary to U24 is indicated by blue lines. B. Northern blots to detect the 

expression of SSA4 and SSA2 mRNAs in the WT, asc1Δ, asc1Δ expressing the CDS of Asc1p 

(asc1Δ +Asc1p), and asc1Δ+U24 strains, and the WT strain with five 3′ UTR mutations in the U24 

complementarity region (WT-3′ UTR mut) under basal conditions, after 30 min of heat shock at 

42°C (HS), and at the indicated recovery time points (R). C. Quantification of the half-lives of 

SSA4 and SSA2 mRNAs during recovery. Band intensities were normalized to the methylene blue 

staining and are expressed relative to the heat shock band for each strain (considered to be 100% 

induction) to obtain decay curves and calculate half-lives (t1/2 of SSA4 mRNA: in WT 28’, asc1Δ 

51’, asc1Δ +Asc1p 21’, asc1Δ +U24 78’, WT-3′ UTR mut 20’; t1/2 of SSA2 mRNA: WT 48’, 

asc1Δ 60’, asc1Δ +Asc1 68’, asc1Δ +U24 36’, WT-3′ UTR mut 55′). D. Expression of 3×HA-

Ssa4p in the indicated strains under basal conditions (25°C), after 30 min of heat shock at 42°C, 

and at the indicated recovery time points. Tubulin was used as a loading control. E Quantification 

of Ssa4p expression. Band intensities were normalized to their corresponding tubulin band and are 

expressed relative to the normalized expression of WT yeast under heat shock. Bars indicate the 

mean and SD of three independent experiments, each represented by a dot. **p < 0.001, ***p < 

0.0001, ns, not significant (by unpaired t-test). 
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2.5.5 Asc1p binding to ribosomes is required for the RQC mechanism to regulate SSA4 

mRNA translation but not to destabilize it during recovery  

Asc1p is a multifunctional protein with roles in and out of the ribosome (90). We examined 

whether Asc1p binding to the ribosome is needed to regulate SSA4 mRNA translation during heat 

shock and destabilize SSA4 mRNA during recovery. We obtained three ASC1 mutants, M1X, DE, 

and DY, in the yeast sigma background described by Thompson et al (90). In the M1X mutant the 

start codon was substituted by a stop codon in the ASC1 CDS that prevents Asc1p expression but 

maintains ASC1 and U24 RNA levels. The DE mutant holds two substitutions, R38D and K40E, 

in the N-terminus that decrease Asc1p’s binding to ribosomes. The DY mutant, D109Y, has a lower 

ribosome binding capacity than the DE mutant and defects in NGD (90). Of these mutants, only 

M1X prolonged the half-life of SSA4 mRNA during recovery, and none of the strains changed 

SSA2 mRNA stability (Figure 2.5A and 2.5B). This result confirmed our previous findings in the 

BY4741 background, showing that Asc1p, but not U24, destabilizes SSA4 mRNA during recovery 

from heat shock. They also show that SSA4 mRNA decay is not mediated by NGD, because the 

DY mutant behaved like the WT strain. Finally, since the SSA4 mRNA half-lives in the DE (24 

min) and D109Y (27 min) strains were similar to the WT sigma strain (30 min), Asc1p’s ability to 

regulate SSA4 mRNA stability is unrelated to ribosome binding. These results were consistent with 

Asc1p destabilizing both SSA4-WT and SSA4-Opt mRNAs, and an additional role for Asc1p 

independent of the SSA4 CDS (Figure 2.2C-F, 2.3E, and 2.3F). 

We next investigated whether Asc1p needs to bind the ribosome to repress Ssa4p synthesis. 

We used centromeric plasmids to express the WT, M1X, or DY ASC1 genes in the asc1Δ BY4741 

strain, which had the SSA4 locus tagged with 3×HA-12MS2V6. The M1X strain expressed ~7 

times more Ssa4p than the WT strain upon heat shock, as we previously observed with the asc1Δ. 
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Interestingly, Ssa4p induction in the DY strain resembled that of the M1X strain upon heat shock, 

implying that low binding of Asc1p to the ribosome is not sufficient to repress SSA4 mRNA 

translation (Figure 2.5C and 2.5D). We confirmed these results in the original sigma strains by 

tagging the SSA4 locus with 3×HA-12MS2V6 in the M1X, DE, and DY strains. All three strains 

showed similar Ssa4p induction upon heat shock and recovery (Figure 2.5E and 2.5F). Therefore, 

Asc1p binding to the ribosome is needed for its translational control of SSA4 mRNA during heat 

shock, further confirming the involvement of the RQC mechanism in regulating Ssa4p synthesis. 

We also investigated whether Asc1p must bind to ribosomes to promote heat shock 

survival. The expression of the low ribosome-binding DE and DY mutants enabled asc1Δ yeast to 

survive heat shock. Thus, Asc1p’s prosurvival role in heat shock is independent of ribosomal 

binding and the regulation of SSA4 mRNA stability and translation (Figure 2.5G). Collectively, 

these results suggest that Asc1p repression of SSA4 mRNA translation requires its binding to the 

ribosome, and Asc1p-mediated destabilization of SSA4 mRNA is independent of ribosome 

binding. Thus, Asc1p probably uses two independent mechanisms, in and out of the ribosome, to 

regulate SSA4 mRNA translation and decay. 
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Figure 2.5. Roles of ASC1 gene, Asc1p-null, and ribosome binding mutants on SSA4 mRNA 

stability and translation and in heat shock survival 

A. Northern blots to detect the expression of SSA4 and SSA2 mRNAs in the sigma WT, Asc1_M1X, 

Asc1(DE), and Asc1(DY) strains under basal conditions (25°C), after 30 min of heat shock at 42°C 

(HR), and at the indicated recovery time points (R). B. Quantification of the half-lives of SSA4 and 

SSA2 mRNAs during recovery. Band intensities were normalized to the methylene blue staining 

and are expressed relative to the heat shock band for each strain (considered to be 100% induction) 

to obtain decay curves and calculate half-lives (t1/2 of SSA4 mRNA: in sigma WT 30’, Asc1_M1X 

84’, Asc1 DE 24’and Asc1 DY 27’; t1/2 of SSA2 mRNA: in sigma WT 39’, Asc1_M1X 47’, Asc1 

DE 43′ and Asc1 DY 53′). C. Expression of 3×HA-Ssa4p in asc1Δ BY4741 strains expressing the 

full ASC1 locus or ASC1 M1X or DY mutants under basal conditions (25°C), after 30 min of heat 

shock at 42°C, and at the indicated recovery time points. Tubulin was used as a loading control. 

D. Quantification of Ssa4p expression. Band intensities were normalized to their corresponding 

tubulin band and are expressed relative to the normalized expression of WT yeast under heat shock. 

Bars indicate the mean and SD of three independent experiments, each represented by a dot. *p < 

0.05, **p < 0.001 (by unpaired t-test). E. Expression of 3×HA-Ssa4p in sigma strains expressing 

Asc1p mutants under basal conditions (25°C), after 30 min of heat shock at 42°C, and at the 

indicated recovery time points. Tubulin was used as a loading control. F. Quantification of Ssa4p 

expression. Band intensities were normalized to their corresponding tubulin band and are 

expressed relative to the normalized expression of WT yeast under heat shock. Bars indicate the 

mean and SD of three independent experiments, each represented by a dot (by unpaired t-test); ns, 

not significant. G. Spot assays of sigma WT, M1X, DE, and DY strains plated on YPD under 

control (25ºC, left) and recovery (42ºC for 16 h then incubated at 25ºC, right) conditions. OD, 

optical density at 600 nm. 

 

2.5.6 Heat shock enhances Asc1p binding to Rps28Bp and Rps19Ap, suppressing SSA4 

mRNA translation 

To identify the molecular partners sustaining the translational regulation and decay roles of Asc1p 

in SSA4 mRNA fate in the cytoplasm, we FLAG-tagged endogenous Asc1p, immunoprecipitated 

it from yeast growing at 25°C or after 60 min of heat shock at 42°C, and performed liquid 

chromatography coupled to mass spectrometry (Figures 2.6A, Supplementary Figure 2.5A, and 

Supplementary Table 2.S4). Heat shock did not induce any posttranslational modifications of 

Asc1p, but significantly changed its interactome as detected in three independent replicas. Two 

main cluster of proteins were preferentially bound by Asc1p upon stress, stress-related proteins 

such as chaperones (proteins labeled in green circles), suggesting that Asc1p might partially unfold 
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during heat shock, and 40S ribosomal proteins (labeled in red circles), suggesting that heat changes 

the interaction between ribosomal proteins or their composition (Figure 2.6A). The four ribosomal 

proteins with a significantly tighter interaction with Asc1p during heat shock were Rps2, Rps7B, 

Rps19B (and paralog Rps19A), and Rps28A. Next, we investigated the contribution of these 

ribosomal proteins to Asc1p activity on SSA4 expression. We previously demonstrated that RPS7B 

deletion did not affect Ssa4p synthesis (Figures 2.1E and 2.1F). Since Rps2p is essential, we 

validated the interaction of Asc1p with Rps28Ap and Rps19Bp by immunoprecipitation followed 

by western blotting (Supplementary Figure 2.S5). RPS28A or RPS19B genes were deleted to 

evaluate their role in SSA4 mRNA stability and translation (Figures 2.6B-E). The ribosomal 

protein Rps28Ap was of particular interest because it functions outside the ribosome to degrade 

YRA1 pre-mRNA and RPS28B mRNA by interacting with enhancer of mRNA decapping protein 

3 (Edc3p) (95). Therefore, we also deleted EDC3 to analyze their roles in SSA4 mRNA decay and 

translation. SSA4 and SSA2 mRNAs had similar half-lives in the rps19BΔ and WT strains (Figures 

2.6B and 2.6C). SSA2 mRNA was also unaffected in the rps28AΔ and edc3Δ cells, while the half-

life of SSA4 mRNA was prolonged by 1.5 times (Figures 2.6B and 2.6C). This increase in SSA4 

mRNA stability was attenuated compared to ASC1 deletion, which increased it by 2.5 times 

(Figure 2.2B). We concluded that Rps28Ap, Edc3p, and Rps19Bp do not function with Asc1p 

outside the ribosome to destabilize SSA4 mRNA during recovery. 

To define the mechanism by which SSA4 mRNA is degraded during recovery, we 

investigated the role of well-known decapping and deadenylation factors. We found that SSA4 

mRNA degradation during recovery depends on the DEAD-box helicase and mRNA decapping 

enzyme Dhh1p and the exoribonuclease Xrn1p and is independent of deadenylase CCR4-Not 

complex component Not4p and the exosome component Ski7p (Figures 2.6B and 2.6C). These 
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results suggest a role for Asc1p in activating factors that decap the SSA4 mRNA and favor its 5′ to 

3′ degradation by the exonuclease Xrn1p independently of the Ccr4-Not complex, which has been 

implicated in the degradation of mRNAs with pro-stalling codons (55). Not4Δ yeast had similar 

Ssa4p induction that WT cells, further supporting that ubiquitination of Rps7p is not important for 

the regulation of SSA4 mRNA translation by ribosomal collisions and RQC (Figures 2.1F, 2.1G, 

Supplementary Figure 2.S5B and 2.S5C). It is important to note that the prolonged half-life of 

SSA4 mRNA in the xrn1D and dhh1Δ strains did not further increase Ssa4p during recovery, 

indicating that SSA4 mRNA translation is suppressed during recovery (Supplementary Figure 

2.S5B and 2.S5C). 
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Figure 2.6. The ribosomal proteins Rps28Ap and Rps19Bp interact with Asc1p during heat 

shock to repress Ssa4p synthesis 

(A) Asc1p interaction network showing proteins significantly enriched (p<0.05) more than 1.5 

folds after 30 min of heat shock compared to basal conditions in three replicas ((plotted with 

STRING), (blue lines = known interactions), (dotted lines = edges between clusters)). (B) Northern 

blots to detect the expression of SSA4 and SSA2 mRNAs in WT, rps28AΔ, and edc3Δ and WT vs 

rps19BΔ (left) and WT, not4Δ, ski7Δ, xrn1Δ, and dhh1Δ (right) under basal conditions (25°C), 

after 30 min of heat shock at 42°C, and at the indicated recovery time points. (C) Quantification 

of the half-lives of SSA4 and SSA2 mRNAs during recovery. Band intensities were normalized to 

the methylene blue staining and are expressed relative to the heat shock band for each strain 

(considered to be 100% induction) to obtain decay curves and calculate half-lives (t1/2 of SSA4 

mRNA: in WT 32’, rps28AΔ 34’, edc3Δ 35′, WT 25′and rps19BΔ 27’; t1/2 of SSA2 mRNA: in 

WT 70’, rps28AΔ 78,  edc3Δ 92’, and WT 45’,  rps19BΔ 48’). D. Expression of 3×HA-Ssa4p 

expression in WT, rps28AΔ and rps19BΔ yeast and Opt-WT, Opt-rps19BΔ, and Opt-rps28AΔ 

strains under basal conditions (25°C), after 30 min of heat shock at 42°C, and at the indicated 

recovery time points. Tubulin was used as a loading control. E. Quantification of Ssa4p expression. 

Band intensities were normalized to their corresponding tubulin band and are expressed relative to 

the normalized expression of WT yeast under heat shock. Bars indicate the mean and SD of three 

independent experiments, each represented by a dot. *p < 0.05, **p < 0.001, ns, not significant (by 

unpaired t-test). F. Ectopic expression of GFP-R12-HIS or GFP-K12-HIS in WT, rps19BΔ and 

rps28AΔ strains treated with or without 0.25 M of MG132 treatment for 6 hours. G. Quantification 

of ratio of Pep-GFP (fragment) to Full length (FL)-GFP relative to WT expression in WT, rps19BΔ 

and rps28AΔ strains under MG132 exposure. Bars indicate the mean and SD of three independent 

experiments, each represented by a dot. *p < 0.05, **p < 0.001 (by unpaired t-test). H. Structure 

of the S. cerevisiae 40S subunit as a monomer (left, surface representation, ribosomal proteins in 

red and ribosomal RNA in gray) and as a disome (right, ribbon representation) with Asc1p, 

Rps28Ap, and Rps19Bp indicated. 

 

Given the increased interaction of Rps28Ap and Rps19Bp with Asc1p during heat shock, 

we next investigated their roles in regulating SSA4 mRNA translation. Remarkably, rps28aΔ and 

rps19bΔ cells induced significantly more Ssa4p than WT cells during heat shock, supporting a role 

for Rps28Ap and Rps19Bp in the regulation of SSA4 mRNA translation, probably through the 

RQC mechanism (Figure 2.6D and 2.6E). This induction is comparable to that exhibited by asc1Δ 

cells (Figure 2.1B, 2.1D, 2.4D, and 2.4E). To determine if this novel role for Rps28Ap and 

Rps19Bp as translational regulators of SSA4 expressiondepends on its binding to the ribosome and 

the presence of low-frequency codons, we deleted RPS28A or Rps19B in the SSA4-Opt strain. In 

this case, the absence of either Rps28Ap or Rps19Bp did not affect Ssa4p expression during heat 
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shock, pointing to Rps28Ap and Rps19Bp as new ribosomal components of the RQC mechanism, 

at least under heat shock conditions (Figure 2.6D and 2.6E). To rule out the possibility that these 

factors play an indirect role in RQC by recruiting Asc1p to the polysomes during heat shock, we 

analyze the distribution of Asc1p in monosome and polysomes obtained from heat shocked WT, 

rps28AΔ, and rps19BΔ cells (Supplementary Figure 2.S5D). Heat shocked yeast had a wide 80S 

peak and flat polysomes because heat shock represses global translation (96). We pooled together 

the polysome fractions to enrich their proteins and detected Asc1-3xFlag in the monosome and 

polysome by western-blotting. In all strains, Asc1p is almost exclusively localized with polysomes 

(Supplementary Figure 2.S5D). Therefore, Rps28Ap and Rps19Bp directly affect RQC and SSA4 

mRNA translation regulation by ribosome collisions during heat shock. 

Since we proposed a novel role of Rps28Ap and Rps19Bp in quality controls induced by 

ribosome collisions, we clarified their broader RQC activity using two standard stalling reporters: 

GFP-R12-FlagHIS3 and GFP-K12-FlagHIS3 (97). We detected truncated GFP peptides (Pep-

GFP) in MG132-treated WT yeast that were more prominent in the R12 than the K12 construct 

(Figures 2.6E and 2.6F). Compared to the WT, the fraction of truncated GFP peptides was 

significantly lower in the rps19BΔ strain. We observed the deletion of RPS19B to have a higher 

effect on R12 than K12 stretches. Deletion of RPS28A only reduced the formation of truncated 

peptides in the R12 construct, but the effect of Rps28A was much lower than the effect of 

Rps19Ap. These results indicate that Rps19Bp is a bona fide RQC factor. However, Rps28Ap 

might only affect certain stalling mRNAs under certain conditions. We identified the positions of 

Asc1p, Rps28Ap, and Rps19Bp in both the 40S subunit ((4V7R) PDB data bank) and the published 

structure of the yeast disome (41); however, direct interactions between these three ribosomal 

proteins were not detected (Figure 2.6H). Since these structures were obtained from yeast growing 
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under permissive temperatures, we speculate that the increased interactions between these 

ribosomal proteins upon heat shock could be due to either temperature-mediated changes in the 

40S ribosome structure and/or the positions or amounts of additional factors linking them.  

2.6 Discussion 

Cells rapidly adapt to survive harsh environmental conditions through the potent upregulation of 

HSPs. Regulatory elements controlling this quick and transient activation have been identified in 

the HSP70 promoter, which contains heat shock elements that direct transcription, and the 5′ and 

3′ UTRs of HSP70 mRNA, which regulate translation and mRNA stability, respectively (3). Our 

work demonstrates that the CDS of SSA4, the most induced HSP70 gene in yeast, also regulates 

its expression. Surprisingly, its enrichment in low-frequency codons dampens Ssa4p synthesis 

during heat shock by activating the RQC mechanism, which feeds back to repress its own 

translation. Hence, our data argue that not all stress-induced gene expression pathways act to 

increase HSP70 expression during stress. Recently, a mechanism to attenuate HSP70 synthesis 

was found in mammalian cells undergoing heat shock. In this case, the regulation was independent 

of the HSP70 mRNA sequence and relied on the heat-induced non-coding RNA Heat, which 

reduces HSP70 transcriptional induction (98). In addition to the role of the SSA4 CDS during heat 

shock, we discovered that it also prevents the spurious accumulation of Ssa4p under optimal 

growth conditions. This observation suggests that the SSA4 CDS lessens the synthesis of Ssa4p at 

permissive temperatures and provides an extra checkpoint to tailor HSP70 levels to the burden of 

misfolded proteins both with and without stress.  

As the four Ssa proteins have more than 80% amino acid identity, the use of nonoptimal 

codons provides the means to specifically regulate translation through ribosome decoding kinetics. 
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In our study, we fully reverted the SSA4 CDS to the optimal codons used by SSA1 and SSA2 (88), 

revealing that for SSA4, codon low-optimality causes ribosome stalling instead of stretches of 

polybasic amino acids (which are shared by all SSA genes) (33, 42, 99, 100). RQC and NGD 

components have primarily been studied under permissive conditions either by inserting a stretch 

of polybasic or rare amino acids in an endogenous or reporter gene or by deleting a stop codon so 

the polyA tail is translated into a stretch of basic arginine residues (60, 97, 101, 102). Hence, we 

have revealed SSA4 as one of the few known endogenous mRNAs whose translation is controlled 

by ribosome stalling and the RQC mechanism (103). 

Interestingly, RQC regulation of Ssa4p synthesis is restricted to heat shock, as indicated 

by experiments done in yeast deleted of ASC1 or HEL2. First, asc1Δ and hel2Δ cells did not 

augment the translation of SSA4-WT mRNA during recovery (Figures 2.1B and 2.1D). Secondly, 

expressing SSA4-Opt in the ASC1 and HEL2 deletion strains did not further augment the spurious 

accumulation of Ssa4p under non-stress conditions (Figures 2.3C and 2.3D). These results imply 

a mechanism boosting SSA4 mRNA translation under heat shock, which probably depends on 

eIF2ɑ phosphorylation, as asc1Δ and hel2Δ cells only exhibited basal eIF2ɑ phosphorylation at 

early recovery time points. Identifying these factors will also help define the pathway used by the 

ribosomes stalled in SSA4 mRNAs to repress translation. In mammalian cells, the RQC mechanism 

signals to inhibit translation initiation via ZNF598’s recruitment of GIGYF2 and 4EHP. 4EHP 

outcompetes eIF4E binding to the cap of the mRNA holding the stalled ribosomes (63). Yeast does 

not have a 4EHP orthologue, but SSA4 mRNA translation is unaffected by the deletion of SYH1, 

which has a GYF domain, suggesting an alternative mechanism in yeast (Supplementary Figure 

2.2C and 2.2D). 
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Besides Asc1p and Hel2p, we found the canonical downstream RQC factors, Slh1p and 

Mbf1p, to regulate Ssa4p expression indicating that ribosomes stalled in SSA4 mRNA are 

disassembled by Slh1p and prevented from frameshifting by Mbf1 (76–79). However, not all RQC 

steps described for stalling mRNAs applied to SSA4. In the case of SLH1 deletion, the SSA4 mRNA 

translation is down- instead of up-regulated, as previously described for stalling mRNA reporters 

(51, 80, 81). In slh1Δ  cells, reporters have an increased readthrough over the stalling sequence 

despite higher stalling peaks in the mRNA (51). We propose that most of the leading 80S 

ribosomes stalled in SSA4 mRNA do not disassemble. However, if they do, collided ribosomes 

will not be able to continue translation due to their stabilization in collisions by Asc1p and Hel2p, 

forming a roadblock (61). Since we observe a smaller Ssa4-HAp, we propose that a few 80S 

disassemble, allowing the 40S to scan the downstream CDS and reinitiate translation at an 

appropriate AUG. Future experiment will determine the factors mediating ribosome splitting in 

the absence of Slh1p and whether they are specific of heat shock or certain stalling sequences. 

Likewise, future experiments will identify the ubiquitinated ribosomal proteins acting in 

the SSA4 ribosome quality controls as neither Rps20p nor Rps7 does so. It might be possible that 

a stress dependent-E3 ligase cooperates with Hel2 to solve ribosome collisions induced under non-

permissive conditions (84, 104). The analysis of Asc1 interactome upon heat stress helped us to 

define the ribosomal proteins Rps28Ap and Rps19Bp as new RQC components. Beyond SSA4 

mRNA, the Rps19B regulates well-known stalling RNA at permissive conditions. However, 

Rps28A had a lower than Rps19B or no effect in the formation of truncated peptides produced 

from stalled ribosomes. Thus, their tighter interaction with Asc1 upon heat stress might point to 

changes in the conformation of components of disomes that are either mRNA or temperature 

specific. 
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In yeast, the RQC mechanism and NGD are intimately connected (42, 56). Further, recent 

work has shown that stalled ribosomes signal to the CCR4-NOT complex via Not5p to deadenylate 

the mRNA and trigger its decay (55). However, NGD did not trigger SSA4 mRNA decay, as shown 

by its high stability during heat shock and the discrete increase in the half-life of the optimized 

over the WT SSA4 mRNA during recovery. None of the factors involved in NGD pathways, Syh1p 

and Cue2p, destabilized SSA4 mRNA, further suggesting a decay mechanism independent of the 

stalled ribosomes (42, 52, 55–59). Therefore, it was unexpected to discover Asc1p’s involvement 

in destabilizing SSA4 mRNA during recovery, independently of the SSA4 CDS or ribosome 

binding affinity. Asc1p is a multifunctional protein with diverse roles in and out of the ribosome 

(90). It is possible that the mechanism used by Asc1p to destabilize SSA4 mRNA is independent 

of direct interactions with regulatory factors. Instead, Asc1p’s capacity to regulate the assembly 

of processing bodies might facilitate the release of decay enzymes that degrade SSA4 mRNA (105). 

Since condensate formation is critical for cells to survive stress (74, 106), it is tempting to speculate 

that this role of Asc1p explains the inability of asc1Δ cells to recover from heat stress while strains 

expressing Asc1p mutants DE and DY survive to heat stress.  

Previously Asc1 was identified as a factor communicating the stress signal from RQC to 

HSF1 and regulating the heat shock response independently of its control by HSP70/HSP40 (107, 

108). Our work establishes a new role for the RQC mechanism in regulating the expression of the 

inducible HSP Ssa4p. Interestingly, the RQC factor Asc1p also mediated SSA4 mRNA decay 

during recovery and regulated heat shock survival independently of Ssa4p expression. Overall, 

Asc1p emerges as a critical prosurvival factor that operates in independent pathways, on and off 

the ribosome, to regulate the fate of SSA4 mRNA in the cytoplasm, the strength, and duration of 

the heat shock response, and whether the cell survives heat stress. If these roles are conserved in 
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mammalian cells, its ortholog RACK1 could be targeted therapeutically to recover proteostasis 

under pathological conditions like cancer and neurodegeneration.  

2.7 Data availability 

Proteomics data is accessible through ProteomeXchange via the PRIDE Archive (Project 

accession: PXD037545), and the program to calculate codon optimality is available at 
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2.13 SUPPLEMENTARY INFORMATION  

Supplementary Figure 2.1. Asc1p and Hel2p do not regulate the translation of SSA3 and 

SSA1 mRNAs  

A. Percentage of preferred codons in individual SSA mRNAs in S.cerevisiae: SSA1 74%, SSA2 

78%, SSA3 45%, SSA4 47%. List of preferred codons in S.cerevisiae is procured from Bennetzen 

& Hall, 1982. Number indicates times a preferred codon is substitute to a low-frequent codon in 

SSA4 mRNA B. Ribosome profiling analysis of SSA4 mRNA in S. cerevisiae upon 30 min of HS 

from Mühlhofer et al. 2019. Two independent replicates of ribosome density reads on the SSA4 

mRNA obtained from pausepred analysis (indicated in green and red) found 2 major ribosome 
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pause sites P1 and P2 within the CDS to position 400 and 1831 in replica 1 and only P1 in replica 

2. C. Immunoblots to detect the expression of Ssa3p (top), Ssa1p (middle) and Doap (bottom) 

tagged with 3 tandem HA epitopes and b-actin as the loading control in wt, asc1Δ, and hel2Δ 

strains under basal under basal, 30 min of HS at 42oC HS, and indicated recovery time points. D. 

Quantification of the expression of Ssa3p, Ssa1p and Doap. The HA band intensity in Ssa3p, 

Ssa1p, and Doap (right) was first normalized to the b-actin band intensity for each condition and 

then related to the normalized expression of HS wt yeast. The bars indicate the mean and SD of 3 

independent experiments, each of them represented by a dot. Unpaired t-test (ns = non-significant 

differences, * = p<0.05). E. The growth of wt, asc1Δ, and hel2Δ strains during the 30 min of heat 

shock (HS) and subsequent recovery time points plotted as OD600 vs time. The dots indicate the 

mean and SD of 2 independent experiments. 
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Supplementary Figure 2.2. Asc1p and Hel2p do not stabilize SSA3 and SSA1 mRNAs during 

recovery and Syh1 does not regulate SSA4 mRNA translation  

A. Northern blots to detect the expression of SSA3 and SSA1 mRNAs in wt, asc1Δ, and hel2Δ 

strains under basal, 30 min of HS at 42oC HS, and indicated recovery time points and 

corresponding methylene blue staining (bottom). B. Quantification of the expression of SSA 

mRNAs. The band intensity of SSA3 and SSA1 mRNAs was normalized to the RNA loading by 

the methylene blue staining. Bars indicate the average and SD of 2 independent experiments. No 

significant differences were found between wt and the asc1Δ, and hel2Δ strains. C. Western blots 

of 3×-HA-tagged Ssa4p and Ssa2p in the WT and syh1Δ strains under basal conditions (25°C), 

after 30 min of heat shock at 42°C (HS), and after 30 min recovery (R). Tubulin was used as a 

loading control. D. Quantification of Ssa4p and Ssa2p expression. HA band intensities were first 

normalized to their corresponding Tubulin band and are expressed relative to the normalized 

expression of heat-shocked WT yeast. Bars indicate the mean and standard deviation (SD) of three 

independent experiments, each represented by a dot (ns by unpaired t-test). 
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Supplementary Figure 2.3. Codon optimization of SSA4 mRNA  

Aligned of SSA4-wt (query) and SSA4 optimized (subject) coding sequences both containing 1926 

nucleotides and sharing 77% identity (1487/1926). 
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Supplementary Figure 2.4.  Asc1p regulates the Opt-SSA4 mRNA stability not SNR24 and 

has no effect on Opt-SSA4 mRNA translation  

A. RT-PCR to confirm the expression of U24 (left), b-actin (middle), and Asc1 (right) in wt, asc1Δ, 

asc1Δ transform with a centromeric plasmid to express the CDS of Asc1p (asc1Δ + Asc1p), or 

U24 from the intron of the b-ACTIN gene (asc1Δ + U24). B. Northern blots to detect the expression 

of SSA4 Opt (left) and SSA2 (right) mRNAs in Opt, Opt-asc1Δ, Opt-asc1Δ with exogenous 

expression Asc1p (Opt-asc1Δ + Asc1p), Opt-asc1Δ with exogenous expression of U24 (Opt-asc1Δ 

+U24) under basal, 30 min of HS at 42oC HS, and indicated recovery time points. (C) 

Quantification of the half-life of SSA4 Opt (left) and SSA2 (right) mRNAs during recovery. The 

band intensity of SSA4 Opt and SSA2 mRNA was normalized to the RNA loading by the methylene 

blue staining. Then, each recovery time was related to the intensity of the HS (considered as 100% 

of induction) band for each strain to obtain the decay curve and calculate the half-life. D. 

Immunoblots to detect the expression of Ssa4p tagged with three tandem HA epitopes and Tubulin 

as the loading control Opt, Opt-asc1Δ with exogenous expression Asc1p (Opt-asc1Δ+Asc1p), Opt-

asc1Δ, Opt-asc1Δ with exogenous expression of U24 (Opt-asc1Δ+U24) yeast strains under basal, 

30 min of HS at 42oC HS, and indicated recovery time points. E. Quantification of the expression 

of Ssa4p. The HA band intensity in ssa4 tagged strains was first normalized to the tubulin band 

intensity for each condition and then related to the normalized expression of Opt-asc1Δ yeast under 

HS. The bars indicate the mean and standard deviation (SD) of three independent experiments, 

each of them represented by a dot. Unpaired t-test (ns = non-significant).  
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Supplementary Figure 2.5. Asc1 interaction with Rps28Ap and Rps19Bp and translation of 

Ssa4p 

A. Immunoprecipitation to validate the interaction of Asc1p with Rps28Ap (left) and Rps19Bp 

(right). The control and heat shock crude extracts or Asc1-3x flag immunoreacted proteins were 

blotted to identify Asc1p using an antibody that recognizes Flag, Rps28Ap using an antibody that 

recognizes TAP, and Rps19Bp using antibody that recognizes HA. B. Quantification of the half-

life of SSA4 (left) and SSA2 (right) mRNAs during recovery. The band intensity of SSA4 and SSA2 
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mRNA was normalized to the RNA loading by the methylene blue staining and then, each recovery 

time was related to the intensity of the HS (considered as 100% of induction) band for each strain 

to obtain the decay curve and calculate the half-life. C. Immunoblots to detect the expression of 

Ssa4p tagged with three tandem HA epitopes and Tubulin as the loading control in wt, not4Δ, 

ski7Δ, xrn1Δ, and dhh1Δ strains under basal, 30 min of HS at 42oC HS, and indicated recovery 

time points. C. Quantification of the expression of Ssa4p. The HA band intensity in Ssa4 tagged 

strains was first normalized to the tubulin band intensity for each condition and then related to the 

normalized expression of wt yeast under HS. The bars indicate the mean and standard deviation 

(SD) of three independent experiments, each of them represented by a dot. Unpaired t-test (ns = 

non-significant). D. Polysome profile of yeast strains subjected to 30 minutes of heat shock (left). 

Monosome (M) and polysome (P) fractions. Ponceau for total protein staining of extracted proteins 

run in an SDS-page as a control for loading (top right). Immunoblots to detect the expression of 

Asc1-3xFlag in WT, rps19BΔ and rps28AΔ strains in monosome and polysome fractions.  
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Transition to Chapter 3 

The process of transcriptional induction, selective translation upon stress and degradation 

of Hspa1a mRNA upon recovery is highly conserved. Investigations conducted over the past 

decades have identified the significance of the 5’UTR in selective translation and 3’UTR in 

selective degradation (119,120). However, the length and composition of 5’UTR varies among 

organisms. For example, in S. cerevisiae, the 5’UTR is 28% GC rich whereas human and mouse 

5’UTR are 63-65% GC rich, respectively (116–118). The GC content of 5’UTR and codon 

optimality of inducible HSP70 mRNA shows an inverse relationship across species (Table 2.2). 

This suggests that the GC content and codon optimality have been influenced by evolutionary 

pressures corresponding to the organismal growth conditions and their gene expression 

requirements. The lesser GC content on the 5’UTR of SSA4 mRNAs  is unlikely to favor a stable 

secondary structure formation (116–118). Conversely, the mammalian Hspa1a mRNA contains 

higher GC content that promotes the formation of stable secondary structures on the mRNA for 

cap-independent translation initiation (PMID: 34991611, 23262490). While the GC content 

increases over the evolution, the codon optimality of SSA4 mRNA drops by 30% in mouse Hspa1a 

mRNA. This implies that the translation regulatory mechanism has become intricate and reliant on 

RNA folding into a thermosensor in mammalian cells during evolution. Thus, the goal of my thesis 

was to discover the mechanisms of translation regulation in mammalian cells, especially in mouse 

embryonic fibroblasts as they are non-cancerous, non-transformed cells with no basal HSPA1A 

expression. In my next chapter, we investigated the role of RNA structural components, sequence 

elements and initiation factors in mediating the induction and regulation of Hspa1a mRNA 

translation during heat shock and recovery conditions.  

Table 3Comparison of the inducible HSP70 mRNA across species. 
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Table 2.1. Comparison of the inducible HSP70 mRNA across species. Table comparing the 

length and GC content of 5’UTR, CDS, 3’UTR and the codon optimality of the CDS across 

S.cerevisiae, D. melanogaster, M. musculus, and Homosapiens, respectively. 
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3.1 Abstract 

Heat Shock Protein 70 (HSP70) family consists of constitutive and inducible molecular chaperones 

of 70 kDa essential to maintain proteins in their functional folding. Due to its significance in 

protein homeostasis (proteostasis), eukaryotic cells highly upregulate the expression of the 

inducible HSP70 when experiencing stress conditions harmful to protein folding, such as heat 

shock. The upregulation of the inducible HSP70 expression is selective and opposite to the general 

turn-off of ubiquitous transcription and translation. In mammalian cells, translation of the 

inducible HSP70, Hspa1a mRNA, occurs during heat shock and expands into the recovery period 

upon return to permissive temperature. The 5’UTR of Hspa1a mRNA plays a critical role in its 

translation regulation during heat shock and recovery. However, the precise regulatory elements 

on the 5’ UTR sequence, the factors regulating Hspa1a mRNA translation, and whether they are 

active during both heat shock and recovery remain undefined. Based on the need for translation 

initiation factors eIF4A and eIF2α, we found that the Hspa1a mRNA switches from eIF4A and 

eIF2α independent translation upon heat shock to eIF4A and eIF2α -dependent translation during 

recovery. Additionally, the first 102 nucleotides of the coding sequence act with the 5’ UTR to 

regulate Hspa1a translation. Using single-nucleotide editing and modifications of stem-loops 

defined in an in-vitro model, we found that both specific nucleotides and secondary structure of 

the 5’UTR region regulate Hspa1a mRNA translation, inducing it upon heat shock and repressing 

during homeostatic conditions, respectively. Our data suggest the presence of a temperature 

mailto:maria.veraugalde@mcgill.ca
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induced internal ribosome entry (IRES) in the 5’ end region of Hspa1a mRNA that might act as a 

thermosensor.  

3.2 Introduction 

Certain environmental stressors, such as increased temperature, lead to the loss of native 

conformation of proteins, posing a significant threat to cell function and survival. To preserve the 

protein folding, cells upregulate the synthesis of molecular chaperones known as heat shock 

proteins (HSPs) (1). This cellular adaptation mechanism to survive stress conditions is known as 

the heat shock response (HSR) because the first ever characterized proteotoxic stressor was an 

increase in temperature (1–8). The heat-induced proteins were originally categorized in families 

based on the molecular weight and then adopted the HUGO Gene Nomenclature Committee 

(HGNC) nomenclature (9). During stress, members of the HSP70 family are the fastest and most 

inducible (10–14). Although the synthesis of HSPs was initially thought to be only stress-

inducible, their constitutive expression and family members, as well as their function, were later 

identified (15–21). 

The stimulation of the HSR is mainly ascribed to the induction of HSP transcription by the 

transcription factor heat shock factor 1, HSF1 (22). In the case of the HSP70 family, the expression 

of stress-inducible member HSPA1A mRNA is transient with very low expression levels (less than 

ten mRNA molecules per cell) under physiological homeostatic conditions in healthy fibroblast 

(23). Whereas the constitutive HSP70, Hspa8 mRNA, is expressed under permissive conditions 

and further transcriptionally induced upon heat shock. The critical difference between HSPA1A 

and HSPA8 regulation is their mRNA translation efficiencies upon heat shock and during 

recovery; while a significant increase in HSPA1A levels are detected, only a slight upregulation 
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can be quantified for HSPA8 upon heat shock and recovery (23,24). As such, a unique hallmark 

of HSPA1A is its preferential synthesis during stress. 

Hspa1a mRNA translation overcomes the general translational attenuation of stressed cells that 

prevents newly synthesized peptides from misfolding and contributes to the burden of misfolded 

proteins. First, heat-shocked cells downregulate cap-dependent translation initiation by inhibiting 

the assembly of the cap-binding translation initiation complex, eIF4F, composed of eIF4E, eIF4A, 

and eIF4G (25–29). Second, stress prevents the formation of the ternary complex consisting of 

eIF2α, GTP, and Met-tRNAi, that binds to the start codon AUG. Exposure to high temperature, 

activates the Integrated Stress Response (ISR) through Heme Regulated Kinase (HRI) 

predominantly in mammals and General aminoacid Control Nonderepressible 2 (GCN2) in yeast 

(to a weaker extent in mammals) which phosphorylates the eIF2α at Ser51 (30–36). The resultant 

phosphorylation sterically hinders the GTP loading by eIF2B, thus decreasing the abundance of 

ternary complex for translation initiation (32,37). Furthermore, stress limits the availability of 

translation initiation factors such as eIF4G, eIF4A/B, eIF3, RACK1, and 40S subunit by 

sequestering them in stress granules (SGs) (25,38–41). Besides, in stressed cells the abundance of 

unfolded proteins dilutes the ribosome-associated chaperones involved in cotranslational protein 

folding. Consequently, ribosome stalling has been observed on ubiquitously expressed mRNAs at 

nucleotide 189-195 as the nascent peptide chain protruding out of the ribosome exit tunnel is not 

assisted by chaperones (42,43). In spite of the limited availability of translation factors, Hspa1a 

mRNA gets preferentially translated under conditions of heat stress (44). 

The escape of Hspa1a mRNA from the shutoff of global protein synthesis was explained by the 

existence of specialized stress ribosomes. They carry a mitochondrial protein, MRPL18, that might 

facilitate the recruitment of factors involved in translation elongation (45). However, another study 
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contradicted these findings as the results were not reproducible in the human cell lines HeLa and 

U87 (46). Thus, it has been declared that MRPL18 is not essential for Hspa1a mRNA translation 

in all cellular systems on HS (47). Recent efforts aimed to define the Hspa1a cis- and trans- 

regulators of translation found that upon heat stress, the 5’ UTR of Hspa1a mRNAs are co-

transcriptionally imprinted by N6-methylation (m6A) at Adenosine 103 (48,49). This m6A 

modification supports non-canonical translation initiation by binding to the initiation complex 

eIF3, that recruits the ribosome to the mRNA, and to the factor ABCF1, that serves as an alternative 

recruiter for the ternary complex to the Hspa1a mRNA (50). These studies raised the possibility 

that dynamic posttranscriptional modifications determine the fate of the mRNA in response to 

stress. However, a recent work has confronted that m6A modification upstream of start codon does 

not increase the translation efficiency if an RNA during stress or permissive conditions (51). 

Additionally, the O-linked β-N-acetylglucosamination of the initiation factor eIF4G favored 

translation of Hspa1a mRNA during recovery from stress and facilitates SGs disassembly, 

suggesting that these events could be coordinated at the cellular level (29). 

Despite the dispute on the factor the cis- and trans- regulatory factors, most of these studies were 

done in mammalian cells during the four-hour recovery period that follows heat stress. At this 

timepoint, cap-dependent translation has recovered and SGs have dissolved (25,52). Hence, they 

provide evidence on the mechanisms supporting Hspa1a mRNA translated during recovery but 

leaves an open question on how Hspa1a mRNAs get translated during heat stress and whether it 

requires different translation factors than during recovery. Another caveat of these studies is that 

the experiments were conducted using cancer cell lines such as HeLa, which exhibit high HSPA1A 

levels even under permissive conditions. Thus, the use of cancer cell lines defeats the purpose of 

studying the mechanism of induction of HSPA1A under stress conditions. Similarly, using 
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truncation of segments in 5’UTR of human HSPA1A mRNA in 293 cells and TE671 

medulloblastoma cells, studies have shown IRES-like activity. Once again, the study used cell 

lines with high basal expression of HSPA1A (53).  Therefore, it remains unknown how the newly 

transcribed Hspa1a mRNAs bypass the general repression of translation. 

To explain HSPA1A synthesis during heat stress, we hypothesized the 5’ end of Hspa1a mRNA 

sequence to form an RNA structure in response to an increase in temperature and for this structure 

to mediate cap-independent translation. Such RNA thermosensors are known to melt or undergo 

conformational changes upon sensing changes in temperature and modulate the translational 

output (54). As such, a functional thermosensor would make Hspa1a mRNA behave similar to an 

internal ribosomal entry (IRES) capable of directing translation independently of eIF4F and/or the 

ternary complex, as previously described for RNA viruses such as Type III HCV IRES and Type 

IV CrPV IRES, respectively (55). The sequence of these IRESs include the intergenic region 

(IGR), however, while HCV IRES recruits the ternary complex and eIF3 to initiate translation 

(56), the CrPV IRES does not require any initiation factors because forms the pseudoknot 1 (PK-

I) that mimics the tRNA-mRNA interactions in the A-site and it is capable of recruiting a functional 

80S or 40S ribosome (57,58). After eEF2 mediated the ribosome translocation, the PK-I occupies 

the ribosomal Peptidyl (P-site and eEF1A1 brings the first tRNA to commence protein synthesis 

(57,58). Thus, the induction of an CrPV like IRES in the Hspa1a mRNA by heat would also 

provide the means for the cell to precisely recognize this mRNA as the one to be translated during 

heat stress. 

Our previous data support our hypothesis. First, we found that eEF1A1 links Hspa1a 

mRNA transcription to translation during heat shock (23). Secondly, in a recent collaboration with 

Ana Marie Pyle, we have characterized that the 5’UTR and the first 102 nts of the coding sequence 
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(CDS) of the Hspa1a mRNA forms a stable tertiary structure in vitro only when incubated at 42oC 

(59). The inclusion of 102 nts of CDS could resemble the IGR IRES as in HCV or CrPV (59). 

Using unzip and complementary mutations of stem loops and visualizing their electrophoretic 

mobility, three stem loops were identified as critical for the formation of a compact structure in 

vitro. Nonetheless, this work lacks in-vivo evidence to support the role for this heat triggered 

tertiary structure and the identified stem loops in Hspa1a mRNA cap-independent translation 

during heat shock. 

Our work aims to identify the dependency of HSPA1A synthesis on translation initiation factors 

and to validate the regulatory role of the first 102 nts of the CDS and each of the identified stem 

loops involved in the formation of the heat-induced compact structure. To achieve our goals, we 

have assessed HSPA1A synthesis in mouse fibroblast treated to modify the availability of 

translation initiation factors and express Hspa1a mRNA mutants. We found that the translation of 

Hspa1a mRNA during heat shock and recovery requires different translation initiation factors. 

Interestingly, the synthesis of HSPA1A during heat shock is independent of eIF4A and eIF2α and 

it is enhanced by the first 102 nts of the CDS, suggesting the presence of a type IV IRES. However, 

unzipping the stem-loops relevant for a structure formation in vitro did not affect the translation 

competency of Hspa1a mRNA upon heat shock in cells. To identify potential regions in the 5’ end 

of Hspa1a mRNA relevant for its translation, we undertook an unbiassed approach based on the 

editing capacity of Clustered Regularly Interspaced Short Palindromic Repeats-Cas9 fused to 

deaminase (CRISPR)-Cas9 (60). This experimental set-up points to the role of specific nucleotides 

in the 5’UTR and CDS in upregulating Hspa1a translation in response to heat stress. 
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3.3 Results 

3.3.1 The translation efficiency of Hspa1a mRNA is higher during recovery than during heat 

shock 

Previous literature has shown that Hspa1a mRNA is translated under both heat shock and recovery 

conditions (49,61–63). To compare the efficiency of Hspa1a mRNA translation under both 

conditions we used polysome profiling following by northern blot because it provides quantitative 

data on the occupancy of HSPA1A mRNAs by ribosomes. We used immortalized Mouse 

Embryonic Fibroblasts (MEFs) as they are non-transformed cells with no HSPA1A expression 

under permissive conditions. MEFs responded to heat stress by shifting their polysome profile 

from active translation (presence of light and heavy monosomes) during permissive conditions 

(control) to minimal translation (high monosome) during heat stress. At five hours of recovery, we 

identified a decreased in the monosome peaks comparing to heat shock and a corresponding slight 

increase in polysome peaks relative to heat stress (Fig 3.1A). These results confirmed that heat 

shock downregulated the general translation and the cells slowly resumed general translation 

during recovery. 

To determine the ribosome occupancy on Hspa1a mRNA, we extracted the RNA from polysome 

fractions and performed northern blotting (Figs 3.1B-D). The quality and quantity of the RNA was 

evaluated by methylene blue staining before probing the blots for Hspa1a or Actb mRNAs (Fig 

3.1B). The methylene blue staining showed sharp bands for the 28S and 18S ribosomal RNAs, 

supporting the integrity of the RNA. The ribosomal RNA staining also indicated a shift of 

ribosomes from high polysome fractions to monosomes and low polysomes upon heat shock and 

shift back to high polysomes at five hours of recovery, further supporting changes in the translation 

efficiency in these conditions (Fig 3.1B). 
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As expected, under permissive conditions, there were no Hspa1a mRNAs, and a significant 

upregulation was detected upon heat shock, which lasted at 5 h of recovery (Fig 3.1C). The Hspa1a 

mRNAs were predominantly occupied in monosome to light polysome during HS and a slight 

increase towards heavy polysomes was observed during recovery (Figs 3.1C, 3.1E). As a control, 

we quantified the ribosome occupancy of the housekeeping Actb mRNA which was detected under 

permissive, HS, and recovery conditions (Fig 3.1D). Under permissive conditions, the Actb 

mRNAs were predominantly occupied by heavy polysomes. As expected, heat stress shifted its 

ribosome occupancy towards monosomes, that was pushed back to heavy polysomes at 5 h of 

recovery (Fig 3.1D, 3.1F). The results indicate that the efficiency of Hspa1a mRNA translation is 

moderate under heat shock and recovery as the mRNAs is rarely found in the high polysome 

fraction. In addition, recovery conditions are more favorable than heat shock for the translation of 

Hspa1a mRNA.  
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Figure 3.1: Translation efficiency of Hspa1a mRNA increases during recovery from stress 

A. Polysome profiles of mouse embryonic fibroblasts (MEFs) under control (C, grey line), after 

heat shock (HS, 42oC for 2 h, red line), or recovery after heat shock (R, 37oC for 5 h, blue line). 

B-D. Northern blotting of polysome fractions in A subjected to methylene blue staining for total 

RNA (B) or hybridized with radioactive probe specific for Hspa1a mRNA (C) or Actb mRNA (D) 

under C, HS, and R respectively. E-F. Quantifications of northern blot expressed as percent of 

either Hspa1a mRNA (E) or Actb mRNA (F) in each fraction collected under C, HS, and R 

indicated in grey, red and blue, respectively. The solid lines represent mean value of three 

replicates and the hue represents Standard Error of Mean (SEM).  
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3.3.2 Hspa1a mRNA translation depends on different translation initiation factors during 

heat shock and recovery 

The higher accumulation of Hspa1a mRNA in monosomes and light polysomes in heat shock than 

during recovery suggests a lower translation efficiency. However, it might be that ribosomes are 

stalled and not translating Hspa1a mRNAs during recovery. To differentiate these two options, we 

quantified the amount of HSPA1A synthesized under both conditions by western blot (Figs 3.2A-

3.2D, mock treated cells). We observed a three- to four- fold increase in the amount of HSPA1A 

protein during recovery than heat shock, which supports a lower efficiency of Hspa1a mRNA 

translation during heat shock than recovery since recovery cells had only doubled the number of 

cytoplasmic mRNAs, as quantified by single-molecule in situ hybridization (smFISH) (Figs 3.1E 

and 3.1D, mock treated cells). However, the occupancy of Actb mRNAs by ribosomes is likely 

reflecting stalled ribosomes at the elongation step (42,43), as we do not observe an increase in the 

ACTB expression upon heat shock and during recovery (Fig 3.2C, mock treated cells). 

It is well established that heat shock inhibits cap-dependent translation and has been 

suggested that Hspa1a mRNA translation occurs by a cap-independent mechanism 

(48,49,53,61,64,65). However, the factors involved are not yet depicted. Since some viral IRES 

still required translation initiation factors (56), we first investigated how inhibition of the eIF4F 

complex factors, eIF4E and eIF4A, alters the synthesis of HSPA1A during heat shock and 

recovery. eIF4E was indirectly inhibited by treatment cells with Torin1, which inhibits mTOR and 

promotes the dephosphorylation of 4E-BP and their binding to eIF4E (66). Cells treated with 1 

μM of Torin1 for 30 min had a decrease in HSPA1A protein expression during heat stress and 

recovery (Fig 3.2A and 3.2B). With torin1 treatment, the levels of cytoplasmic Hspa1a mRNA 

were comparable to the mock translation under heat shock and recovery (67) (Fig 3.2E). 
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Interestingly, the inhibition of eIF4A binding to mRNA by treatment with 200 nM of hippuristanol 

for 3 hours before initiating heat shock, enabled the same induction of HSPA1A protein as mock 

treatment (68). Nonetheless, hippuristanol treated cells were unable to increase the synthesis 

HSPA1A during recovery (Fig 3.2A and 3.2B).  Additionally, treatment of cells with hippuristanol 

did not preclude the transcriptional induction of HSPA1A neither it affected the localization of 

Hspa1a mRNAs in the cytoplasm during recovery (Fig 3.2E). Although, the results obtained with 

Torin1 are inconclusive as of the dependency of Hspa1a mRNA translation on eIF4E, the 

treatment with hippuristanol support previous work indicating that translation of Hspa1a mRNA 

during heat shock is independent of eIF4F (53,61,65). Our data further indicates that there is a 

change in the dependency of Hspa1a mRNA on eIF4A, which is not required during heat shock 

but becomes essential for its translation during recovery. Therefore, the translation independency 

of Hspa1a mRNA from eIF4A is similar to that of the CrPV IRES, as previously described by the 

Pelletier group (69).  

An additional characteristic of the CrPV IRES is that it does not need the ternary complex 

to initiate translation (70). Since heat shock induces the phosphorylation of eIF2α at Serine 51, 

that inhibits the formation of the ternary complex and translation initiation (71), we next assess 

whether the ternary complex participates in Hspa1a mRNA translation during heat shock and 

recovery. We treated MEFs with 100 μM of salubrinal for 24 h to retain eIF2α in an inactive 

phosphorylated state (72,73). As such, the cells treated with salubrinal showed slightly higher 

Hspa1a mRNA levels than mock treated cells under heat but no difference during recovery (Figs 

3.2D and 3.2E). Since the differences in the expression of cytoplasmic Hspa1a mRNA did not 

account for the differences in protein (Fig 3.2E), these results indicate that Hspa1a mRNA 
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translation only requires the ternary complex during recovery form heat shock. Therefore, Hspa1a 

mRNA mimics the dependency of a type IV IRES on translation initiation factors. 
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Figure 3.2. Translation of Hspa1a mRNA occurs in two different modes during heat shock 

and recovery. 

A. Western blot of HSPA1A and GAPDH protein levels in untreated MEFs or treated with 1 μM 

torin or 200 nM hippuristanol under C, HS, and R respectively. B. Quantification of HSPA1A 

protein levels normalized to loading control (GAPDH) and related to the value obtained for WT 

HS cells. All plots are mean and SEM with each dot representing values from individual 

experiments, n=3. Unpaired t-test was used for statistical analysis. C. Western blot of HSPA1A 

and ACTB untreated MEFs or MEFs treated with 100 μM salubrinal under C, HS, and R 

respectively. D. Quantification of HSPA1A protein levels normalized to loading control (ACTB) 

and related to the value obtained for WT HS cells. All plots are mean and SEM with each dot 

representing values from individual experiments, n=4. Unpaired t-test was used for statistical 

analysis. SmFISH quantification of Hspa1a mRNA levels in MEFs treated with torin1 (n=77, 64), 

hippuristanol (n= 80, 62), or salubrinal (n= 72, 114) compared to mock cells (102, 196, 65) under 

C, HS, and R depicted as grey, red and blue dots, respectively. Each dot denotes number of 

cytoplasmic mRNAs in an individual cell. Dunnett’s test was used for statistical analysis. 

3.3.3 Translation of Hspa1a mRNA does not require RACK1 or eIF3D during stress and 

recovery  

We next aimed to identify translation factors that could mediate the translation initiation 

of Hspa1a mRNA. Although cap-dependent translation initiation is the most common mode of 

translation initiation, certain mRNAs use cap-independent factors to initiate translation, especially 

in conditions that limit the formation of the eIF4F complex. Recent work have described that a 

negative charge on the loop of RACK1, a ribosomal protein located on the head of 40S subunit, 

mediates the rotation of the 40S head domain similar to IRES and promotes non-canonical 

translation initiation (74). Another study has shown that eIF3d can bind to conserved structures on 

5’ end of the c-Jun mRNA to mediate eIF4F- independent translation (75–77). 

To investigate the requirement of RACK1 or eIF3d for Hspa1a mRNA translation, we 

knock them down by infecting MEFs with lentivirus expressing two specific small-hairpin RNAs 

(shRNAs). After 72 h of transfection, when the levels of RACK1 and eIF3d proteins were 

decreased by 63% and 70%, respectively, MEFs were subjected to heat shock or heat shock 

followed by recovery or left them under homeostatic conditions, and we analyzed the induction of 
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HSPA1A expression by western blot (Figs 3.3A-C). Cells depleted of RACK1 and eIF3d 

expressed similar HSPA1A protein levels than mock transfected cells upon heat shock and 

recovery (Figs 3.3B-E). Likewise, the quantification of cytoplasmic Hspa1a mRNA levels by 

smFISH indicated no differences among the three experimental groups (Fig 3.3F-G). Therefore, 

the expression of HSPA1A is independent of RACK1 or eIF3d. Based on previous reports we were 

expecting to identify a role for eIF3d on the regulation of Hspa1a mRNA translation since the eIF3 

complex has been shown to favor translation of Hspa1a mRNA by binding to m6A modification 

4-6 h post-stress (49). Since the experiments conducted by the authors did not specify a particular 

eIF3 subunit in the study, it might be that other mRNA binding subunits of the eIF3 complex could 

participate in translation regulation of Hspa1a mRNA. Based on our results, we can exclude the 

involvement of eIF3d and RACK1 in promoting the Hspa1a mRNA translation during HS as well 

as recovery from stress. 
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Figure 3.3: Translation of Hspa1a mRNA is independent of RACK1 and eIF3d 

A. Western blot showing the knock down efficiency RACK1 and eIF3d shRNAs. B-C. Western 

blot of HSPA1A and ACTB in MEFs subjected to scrambled shRNAs (shMock) or shRNAs 

targeting RACK1 or eIF3d under C, HS, and R. D-E. Quantification of HSPA1A protein levels 

normalized to loading control (ACTB) and related to the value obtained for WT HS cells. All plots 

are mean and SEM with each dot representing values from individual experiments, n=3. Unpaired 

t-test was used for statistical analysis. F-G. SmFISH quantification of Hspa1a mRNA levels in 

shMock (n=185, 342, 240) vs shRACK1 (n=302, 238, 347) (F) or shMock (n=539, 531, 710) vs 

sheIF3d (n=521, 580, 620) (G) cells under C, HS, and R depicted as grey, red and blue dots, 

respectively. Each dot denotes number of cytoplasmic mRNAs in an individual cell. Dunnett’s test 

was used for statistical analysis. 
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3.3.4 The 5’ UTR and the first 102 nts of Hspa1a mRNA CDS participate in translation 

regulation upon stress. 

Since Hspa1a mRNA translation is independent of non-canonical initiation factors, RACK1 and 

eIF3d, and also of eIF4A and eIF2α, we propose that it might may harbor an IRES akin to CrPV 

IRES with a PK-I, enabling internal ribosome recruitment for translation (58,78). Recent work 

from Ana Marie Pyle’s laboratory supports this hypothesis and suggest that heat induces a 

conformational change in the structure of the RNA (59). They expected the presence of a PK-I to 

compact the RNA structure (59). Thus, they tested whether the addition of nucleotides of the 

coding sequence (CDS) to the 5’UTR region of Hsap1a mRNA compacts the structure in vitro 

upon an increased in the incubation temperature from 37°C to 42°C. Their findings indicated that 

the first 102 nts of the CDS plus the entire 5’UTR region are required to form a temperature-

induced compact structure. They resolved the secondary structure by in vitro SHAPE analysis CDS 

(Fig 3.4A is an adaptation of the Pyle’s lab paper, (59)). 

To identify the functional relevance of these sequence and structure for translation 

upregulation in live MEFs undergoing heat shock, we fused the Hspa1a 5’UTR sequence and the 

102 first coding nucleotides in frame with the luciferase sequence lacking the AUG (Fig 3.4B, 

UTR7). We compare the capacity of this construct to drive luciferase expression with constructs 

that lack a 5’UTR region (Fig 3.4B, No_UTR, (Promega pControl plasmid)) or contain the Hspa1a 

5’UTR region (Fig 3.4B, UTR1) or the 5’UTR region with the first 30 nts of the coding sequence 

(Fig 3.4B, UTR2). It is important to indicate that the transcription of all these cDNAs was under 

the control of the endogenous Hspa1a gene promoter and all contain the Hspa1a 3’ UTR sequence 

and polyadenylation signals (Fig 3.4B). 
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The UTR1, UTR2, and UTR7 functionality was tested in vivo by co-transfecting MEFs 

with a Renilla-luciferase reporter, which we used to normalize the luciferase activity to the 

efficiency of transfection. Unlike the endogenous Hspa1a gene, luciferase activity was detected in 

control conditions probably because the expression from plasmids is leaky as it does not have the 

same transcriptional regulation as chromatin (79,80). This was an advantage because it enabled us 

to study the translation regulation of these constructs under homeostatic conditions. Under 

homeostatic conditions, the 5’UTR sequence enhanced translation as it augmented the firefly-

luciferase activity by 20-fold when compared with the No_UTR construct. Interestingly, adding 

the first 102 nts of the CDS but not 30 nts, damped down luciferase activity to the No_UTR levels 

(Fig 3.4C). Upon two hours at 42oC, we detected a 10-fold increase in the luciferase levels activity 

from No UTR, UTR1, and UTR2 constructs that increased to 25-fold in the UTR7 containing 

construct (Fig 3.4D). Based on the results, we propose that the 5’UTR region and 102 nts act 

together to tune the translation during homeostatic conditions and heat stress. They might form an 

RNA structure that behaves as an RNA thermosensor to regulate its own translation initiation, 

repressing it under homeostatic conditions and activating it upon heat stress.  
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Figure 3.4. Hspa1a mRNA 5’UTR with 102 nts of CDS regulate its translation 

A. Predicted secondary structure of 5’ UTR and 102 nts of Hspa1a mRNA by in vitro SHAPE 

analysis with DMS (59). Reactivity of nucleotides were shown in color scale with red being highly 

reactive and black being less reactive and DMS reactivity represented as dots. The stem loops are 

numbered from H1 to H8; canonical start codon AUG in H6 is highlighted in green. B. Schematic 

representation of luciferase reporter construct with different regions of 5’ end of Hspa1a mRNA 

used for cotransfection with Renilla luciferase in MEFs. C. Firefly-luciferase activity normalized 

to Renilla under no stress conditions in MEFs transfected with constructs No_UTR, UTR1, UTR2, 

and UTR7. D. Firefly-luciferase activity normalized to Renilla after 2 h of HS in MEFs transfected 

with constructs No_UTR, UTR1, UTR2, and UTR7. All plots are mean and SEM with each dot 

representing values from individual experiments, n=4. Unpaired t-test was used for statistical 

analysis in all graphs. 
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3.3.5 The stem loops H1, H4 and H6 in the 5’UTR of Hspa1a mRNA do not regulate its 

translational induction upon heat shock 

By inserting unzipped and complementary mutations in each of the stem-loops of UTR7 (5’UTR 

and 102 nts of CDS), the Pyle’s lab found that disrupting the structure but not the sequence of 

three stem loops H1, H4 and H6 impaired the UTR7 RNA folding during HS (Fig 3.4). To test the 

role of these stem-loops in recruiting the ribosome and initiating translation, we inserted the same 

unzipped mutation in a plasmid expressing the Hspa1a gene (containing the promoter, 5’UTR 

sequence, CDS, and 3’ UTR and poly A sequences) to keep the endogenous sequence context and 

induction upon heat shock (Fig 3.5A). Thus, our experiments preserve the codon optimality of 

most part of the CDS, except mutations M1 and M5 that are inserted in H6 after the AUG, and any 

sequence bound by RBPs and microRNAs regulating HSPA1A expression (Fig 3.5B). To 

distinguish the plasmid expression from the endogenous Hspa1a gene, we transfected the 

MEFsHSP70-/- which lack the expression of HSPA1A (81). Each of the HSPA1A expressing 

plasmids, WT and mutants, was co-transfected with a GFP expression plasmid into MEFsHSP70-/-, 

to normalized for the efficiency of translation by the western blot signal obtained with an antibody 

recognizing GFP. Twenty-four hours after transfection, cells were kept under homeostatic 

conditions or subjected to 2 h of heat shock at 42oC and the expression of HSPA1A and GFP were 

detected by western blot and subsequently quantified (Fig 3.5C). 

As expected, we did not detect expression of HSPA1A protein in the cells transfected only 

with the GFP plasmid, thus confirming the efficient knockout (Fig 3.5C). Although the 

transfection of HSPA1A expressing plasmids led to a leaky expression of HSPA1A protein and 

mRNA under control conditions that is not usually observed with the endogenous HSPA1A, heat 

shock significantly increased the expression of the WT HSPA1A expression, resembling the 
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regulation of the endogenous gene (Figs 3.5C and 3.5D). The unzip mutations M1 and M5 in H6, 

harboring the start codon AUG, behaved differently. While expression from M1 was equal to the 

expression of HSPA1A WT under control conditions and upon heat shock, the expression from 

M5 was significantly lower than WT (Figs 3.5E and 3.5F). The differences in protein expression 

were not due to changes in mRNA levels as these were similar among the three plasmids WT, M1, 

and M5 (Figs 3.5G and 3.5H). To explain this result, we identified in M5 two changes in the 

amino acid sequence, I9R and D10R, in addition to the A6R that is common with M1 (Fig 3.5B). 

The addition of three basic residues in the coding sequence might slow-down ribosome in M5 

leading to a decrease in HSPA1A expression (82). Hence, and solely based on the results from the 

M1 mutant, the H6 stem-loop does not change the regulation of Hspa1a mRNA translation even 

though it prevented the formation of a compact structure upon heat shock in vitro (59).  

The unzipped mutation M7 in stem-loop H4 has double the expression of HSPA1A than 

the WT sequence under control conditions and upon heat shock (Figs 3.5C-5H). However, this 

increase was probably caused by an elevated Hspa1a mRNA levels (5-fold under control and 3-

fold under HS) as detected by RT-qPCR (Figs 3.5D and 3.5G). Therefore, unzipping stem-loop 

H4 does not affect the translation regulation of Hspa1a mRNA. On the contrary, the unzipped 

mutation M9 in stem-loop H1 has a significantly higher expression of HSPA1A protein (average 

of ~8-fold, n = 4 replicas) and mRNA (average of ~4-fold, n = 6 replicas) than the WT sequence 

under control conditions (Figs 3.5C, 3.5D, 3.5E, and 3.5G). Overall M9 exhibited a significantly 

higher protein to mRNA fold change under control (Fig 3.5I). Since H1 stem-loop encompasses 

the first nucleotides after the cap, we propose that it is also formed under control conditions and 

inhibits cap-dependent translation, as it has been previously demonstrated to other stem-loops 

located by the 5’ end of an mRNA (83). When heat shocked, the expression of HSPA1A protein 



197 

 

and mRNA was also higher in cells transfected with the M9 mutant than with the WT expressing 

plasmids (Figs 3.5C, 3.5D, 3.5F and 3.5H). However, the induction of protein relative to mRNA 

did not show any significant difference for M9 and any of the other unzipped mutations, which 

indicates that these stem-loops do not regulate Hspa1a mRNA translation even though they are 

essential to form a compact structure induced by heat shock in vitro (Fig 3.5J) (59). 

Together, the three stem loops (H1, H4 and H6) characterized as significant by the Pyle’s 

group did not have influence the translation induction of Hspa1a mRNA during HS. The only 

discernable impact we observed was that under permissive condition, M9 (in H1) exhibited 

significantly higher protein expression than WT. This indicates that H1, located near the 5’ cap, 

represses translation in the absence of stress. It has been described that the presence of any stable 

stem loops or structures close to the 5’ end would impede the binding of cap-recognition factors 

that promote translation initiation (83).  
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Figure 3.5. The unzip mutation M9 activates Hspa1a mRNA translation under permissive 

conditions 

A. Scheme depicting the sequence of stem loop H1, H4 and H6 versus the respective unzip 

mutations M9, M7, M1, and M5. The nucleotides forming stem, loop and unzip mutations are in 

black, grey and bold letters, respectively. The start codon AUG is underlined. B. Changes in amino 

acid sequence (in bold) caused by the M1 and M5 mutation. C. Western blot of HSPA1A and GFP 

in Hspa1a null MEFs transiently cotransfected with plasmid carrying WT or indicated unzip 

mutants of HSPA1A minigene and GFP plasmid are then subjected to C and HS treatment. D. 

Absolute quantification of Hspa1a mRNA levels by RT-qPCR expressed in of nanograms. E-F. 

Quantification of HSPA1A protein levels under C (E) and HS (F), respectively. G-H. Absolute 

quantification of Hspa1a mRNA levels by RT-qPCR under C (G) and HS (H), respectively. I. 

Ratio of protein to mRNA fold change under control condition. J. Ratio of protein to mRNA fold 

change under HS normalized to expression under C. All plots are mean and SEM with each dot 

representing values from individual experiments, n=4-6. Unpaired t-test was used for statistical 

analysis in all graphs.  

3.3.6 The stem loop near the 5’end of Hspa1a mRNA mediates translation regulation under 

permissive conditions. 

The M9 unzipped mutation in H1 encompasses two small stem-loops H1a and H1b (Fig 

3.6A). To identify which stem-loops represses Hspa1a mRNA translation under control 

conditions, we start by unzipping H1a (H1a unzip) because it is the closest to the cap. In this case, 

we also created the complementary mutation (H1a rezip), which recovers the structure changing 

the sequence (Fig 3.6A). We transfected the H1a unzip and rezip with GFP into MEFsHSP70-/- and 

compared their expression with the WT or the M9 plasmids by western blot. Remarkably, the H1a 

unzip and M9 have the same HSPA1A upregulated expression under control conditions while the 

H1a rezipped mutant expressed the same HSPA1A levels than the WT plasmid (Fig 3.6A). We 

observed that under permissive conditions, similar to longer unzip mutation of M9, unzipping H1a 

showed a 5-fold increase in HSPA1A protein levels relative to the WT (Figs 3.6B-E). Nonetheless, 

the induction upon heat stress was the same as the WT in both H1a unzip and rezip mutations 

further supporting our findings that H1 does not play a role in the induction of HSPA1A synthesis 



200 

 

upon heat stress (Figs 3.6B-C). This further confirms the function of a stem loop close to the 5’ 

cap in repressing the translation under permissible conditions. 
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Figure 3.6. The stem-loop H1 represses Hspa1a mRNA translation under control conditions 

A. Representation of stem loop H1 in wildtype, H1a unzip and H1a rezip mutations shown in red. 

B. Western blot of HSPA1A, ACTB (loading control) and GFP in (transfection control) Hspa1a 

null MEFs transiently cotransfected with plasmid carrying WT or indicated unzip and rezip 

mutants of H1a with GFP plasmid are then subjected to C and HS treatment. C. Quantification of 

HSPA1A levels in B expressed as intensity. All plots are mean and SEM with each dot representing 

values from individual experiments, n=3-5. Unpaired t-test was used for statistical analysis. D. 

Immunoblot of HSPA1A, ACTB (loading control) and GFP (Transfection control) in Hspa1a null 

MEFs transiently transfected with plasmid carrying M9 or H1a unzip or rezip mutants with GFP 

plasmids and then subjected to C and HS treatment. E. Quantification of HSPA1A levels in D 

expressed as intensity. All plots are mean and SEM with each dot representing values from 

individual experiments, n=3. Unpaired t-test was used for statistical analysis. 

3.3.7 Single base editing revealed essential nucleotides on the 5’UTR sequence of the Hspa1a 

mRNA for its translational induction during heat shock 

We next set up an unbiased approach in cells to identify nucleotides in the 5’UTR region 

and first 102 nts of the Hspa1a CDS involved in its translational activation upon heat shock. We 

leveraged a recently developed CRISPR-Cas9 based single nucleotide editing technique to insert 

C to T mutations (Fig 3.7A). We created a library of 41 guide RNAs (gRNAs) with an ability to 

modify one, two or three nts as listed in the Table 3.1 (60). In order to edit Hspa1a gene in MEFs, 

we first generated an stable MEF line expressing the base editor nCas9 fused with the cytosine 

deaminase APOBEC1 that recognizes the NGG PAM sequence (60). This cell line had an editing 

efficiency of 90%, as established with a control base editor using a single guide (sgRNA) targeting 

Rosa26 gene and was used to create 36 stable cell lines (we are still in the process of making stable 

cell lines with gRNAs 14, 37-41), each expressing one of the gRNAs (Table 3.1). The editing 

efficiency was confirmed by PCR amplification of the genome followed by Sanger sequencing 

and calculation of the editing efficiency (Table 3.1) (https://ice.synthego.com/#/). We were 

surprised to identify high editing efficiencies since MEFs are tetraploids. Changes in the amino 
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acid sequences were annotated and the sg4, which introduces a stop codon (Q22X) in frame with 

the AUG was used as a positive control (Table 3.2). 

To quantify the role of the editing nucleotides on the translation of Hspa1a mRNA during 

heat shock, the expression of HSPA1A in each edited clone was compered to the NGG parental 

cell line. Clones were analyzed in five batches (Figs 3.7B-C). MEFs expressing sg4 have inserted 

a stop codon in 80% of the locus, which led to almost undetectable expression of HSPA1A, 

supporting the efficiency of our system to detect nucleotides relevant for HSPA1A synthesis. 

Among all tested clones, 58% (1, 3, 7-11, 13, 15-17, 18, 22-31) had similar HSPA1A 

expression than the parental NGG line and 9% (21, 35, 36) had a slightly higher expression (1.5-

fold) than the NGG parental cell line (Figs 3.7B-C). Interestingly, MEFs edited by sg5, sg6, sg12, 

sg14, sg16, sg19, sg23, sg24, sg32 and sg40 had a significant lower induction of HSPA1A than 

the NGG parental cell at 2 hours of heat stress (Figs 3.7B-C). It is important to note that none of 

the stem loops where these mutations are located were altered by the Pyle’s lab (59). 
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sg reference edited site Nt# Guide Sequence (5'-coding strand-3') % editing efficiency 

Rosa 26 GTGCCT GTGCTT C1  AAGTGCTTGTCAGTCTTAGG 90 

sg1 ATGATC ATAATC C1 315 GAGATTATCGCCAACGACCA 81 

sg2 TGATCT TAATCT  315 GGAGATTATCGCCAACGAC failed 

sg3 GGGGTC GGGGTT C1 342 GGGCAACCGCACAACCCCCA 99 

sg4 
GGAACA AAAACA C1 295 CGTGTTCTAGCACGGCAAGG 76 

  C2 294 CGTGTTTCAGCACGGCAAGG 80 

sg5 

ATCTCC ATTTTT C1 312 GCACGGCAAGGTGGAAATCA 84 
  C2 310 GCACGGCAAGGTGAAGATCA 79 
  C3 309 GCACGGCAAGGTAGAGATCA 48 

sg6 

GTGGTG ATAATG C1 272 GGCACCATCTACTCGTGCGT 23 
  C2 270 GGCACTACCTACTCGTGCGT 88 
  C3 269 GGCATCACCTACTCGTGCGT 94 

sg7 
TGGTGC TAATGC C1 270 GGGCACTACCTACTCGTGCG 74 

  C2 269 GGGCATCACCTACTCGTGCG 88 

sg8 
ACACGC ATATGC C1 291 ACTCGTGCGTGGGCGTATTC 93 

  C2 289 ACTCGTGCGTGGGCATGTTC 96 

sg9 CGCCCA TGCTTA C1 289 CCTACTCGTGCGTGGGCATG 35 

sg9   C2 286 CCTACTCGTGCGTGAGCGTG 91 

sg9   C3 285 CCTACTCGTGCGTAGGCGTG 96 

sg10 TCGCCG TCGCCA C1 245 CATGGCGATCGGCATCGACC 68 

sg11 CACGAG CATGAG C1 279 GGGCACCACCTACTCATGCG 98 

sg12 TTGGCC TTAGCC C1 237 ATGGCTAAGAACACGGCGAT 78 

sg13 TGGCGC TAGCGC C1 231 CGGCGCTATGGCCAAGAACA 94 

sg14 TGCCGA TGCTGA  253 AGAACACGGCGATCAGCATC 56 

sg15 
TCGCCG TTGCTG C1 249 TGGCCAAGAACACGGCAATC 49 

  C2 246 TGGCCAAGAACACAGCGATC 75 

sg16 

GGAAGG AAAAAG C1 212 AGCCTTCTAGAAGCAGAGCG 95 
  C2 211 AGCCTTTCAGAAGCAGAGCG 92 
  C3 208 AGCTTTCCAGAAGCAGAGCG 21 

sg17 GGCGCC GGCGCT C1 226 GAAGCAGAGCGCAGCGCCAT 8 

sg18 CCGCGC CTGCGC C1 226 TCCAGAAGCAGAGCGCAGCG 41 

sg19 

TCCGGG TCCAAA C1 181 TCCCTGGAGCATCCACGCCG 97 
  C2 180 TCCTCGGAGCATCCACGCCG 95 
  C3 179 TCTCCGGAGCATCCACGCCG 66 

sg20 CTGGAA TTGGAA  214 CGGAGCGCAGCCTTCCAAAA failed 

sg21 
TCCGCG TTTGCG C1 199 GAGCATCCACGCCGCGAAGC 99 

  C2 198 GAGCATCCACGCCGCAGAGC 99 

sg22 
CCGCGG TTGCGG C1 199 GGAGCATCCACGCCGCGAAG 50 

  C2 198 GGAGCATCCACGCCGCAGAG 75 

sg23 CGCGGC TGCGGC C1 198 CGGAGCATCCACGCCGCAGA 50 

sg24 
TCCTGG TCCTAA C1 147 TCCTAGGAGCATCCCTGCCG 94 

  C2 146 TCTCAGGAGCATCCCTGCCG 90 

sg25 
CCGCGG TTGCGG C1 166 GGAGCATCCCTGCCGCGAAG 50 

  C2 165 GGAGCATCCCTGCCGCAGAG 70 

sg26 CGCGGC TGCGGC C1 165 AGGAGCATCCCTGCCGCAGA 0 

sg27 

TCTGGG TCTAAA C1 115 TCCCTAGAGCATCCCTGCCG 96 
  C2 114 TCCTCAGAGCATCCCTGCCG 96 
  C3 113 TCTCCAGAGCATCCCTGCCG 77 

sg28 
TCCGCG TTTGCG C1 133 GAGCATCCCTGCCGCGAAGC 0 

  C2 132 GAGCATCCCTGCCGCAGAGC 10 

sg29 
CCGCGG TTGCGG C1 133 AGAGCATCCCTGCCGCGAAG 89 

  C2 132 AGAGCATCCCTGCCGCAGAG 91 

sg30 CGCGGC TGCGGC C1 132 CAGAGCATCCCTGCCGCAGA 42 

sg31 
GGAACG AAAACG C1 87 CGCGTTCTCGATCCTCGGCC 65 

  C2 86 CGCGTTTCCGATCCTCGGCC 63 

sg32 TCTGGG TTTGGG C1 117 GGACCAGCCTTCCCCAAAGC 95 

sg35 CTGGTC CTGGTT C1 102 ATCCTCGGCCAGAACCAGCC 99 

sg36 
TGGTCC TGGTTT C1 102 GATCCTCGGCCAGAACCAGC 89 

  C2 101 GATCCTCGGCCAAGACCAGC 73 

sg37 CTCTTG CTCTTA C1 59 GATAAGAGAAGCAGAGCGAG pending 

sg38 

 

CTTGTC TTTGTT C1 52 GAGACAAACGAAGACAAGAGA failed 

  C2 47 GAAACAAGCGAAGACAAGAGA failed 

sg39 
TCTTCG TTTTTG C1 57 TCCAGAGACAAGCGAAAACA pending 

  C2 54 TCCAGAGACAAGCAAAGACA pending 

sg40 AGTAGC AATAGC C1 19 CAGCTATTCAGAACCAAATC 96 

sg41 TCTGGA TTTGGA C1 45 GCACGGCAAGGTGGAAATCA pending 
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Table 3.1: List of the guide RNAs targeting the Hspa1a mRNA and their knock in efficiency. 

The sgRNAs are 20 nts long and they target the sequence between position 3-8 known as the 

“reference” located proximal to the NGG PAM site (not shown). The guide sequence is represented 

in 5’ to 3’ direction on the mRNA. The base editor, nCas9, causes C to T or G to A mutation 

depending on the targeting strand of the guide RNAs on the Hspa1a gene. The expected mutation, 

the site of mutation (C1, C2 or C3), nucleotide position on the mRNA were listed along with the 

editing efficiency. The guide sequence is represented in 5’ to 3’ direction on the mRNA. 

sg# unedited edited 

sg1 
GAG ATA ATC GCC GAG ATt ATC GCC 

E I I A E I I A 

sg2 
GAG ATA ATC GCC GAG ATt ATC GCC 

E I I A E I I A 

sg3 
CGC ACG ACC CCC CGC ACa ACC CCC 

R T T P R T T P 

sg4 
GTG TTC CAG CAC GTG TTT tAG CAC 

V F Q H V F X H 

sg5 
GTG GAG ATC ATC GTa aAa ATC ATC 

V E I I V K I I 

sg6 
GGC ACC ACC TAC GGt Att ACC TAC 

G T T Y G I T Y 

sg7 
GGC ACC ACC TAC GGC Att ACC TAC 

G T T Y G I T Y 

sg8 
GGC GTG TTC CAG GGC aTa TTC CAG 

G V F Q  G I F Q 

sg9 
GTG GGC GTG TTC GTa aGC aTG TTC 

V G V F V S M F 

sg10 
ACG GCG ATC GGC AtG GCG ATC GGC 

 T A I G  M A I G 

sg11 
TAC TCG TGC GTG TAC TCa TGC GTG 

Y S C V Y S C V 

sg12 
ATG GCC AAG AAC ATG GCa AAG AAC 

M A K N M A K N 

sg13 
GGC GCC ATG GCC GGC GCt ATG GCC 

- - M A - - M A 

sg14 
GCG ATC GGC ATC GCG ATC aGC ATC 

A I G I A I S I  

sg15 
ACG GCG ATC GGC ACa GCa ATC GGC 

T A I G T A I G 

Table 3.2: List of guide RNAs that target the CDS of Hspa1a mRNA. The nucleotide changes 

for each guide RNA (top row) are indicated in small letters and amino acid (bottom row) changes 

are indicated in red as single letter code.   

 

While we are yet to analyze further our latest clones sg14, sg23 and sg40. The editing in 

sg19 clone changed 3 nts (179-181, 2 in a loop and 1 in a stem), sg24 edited 2 nts (146-147, loop) 

whereas sg32 changed 1 nt (1177) in the 5’ UTR region of Hspa1a mRNA. There are four sgRNAs 

that land on the CDS sg5, sg6 and sg12. The editing in sg5 and sg6 changes 3 nts (309, 310, and 

312 in sg5; 269, 271, 272 in sg6) introduces an amino acid change (E27K in sg5, T13I in sg6). 

The editing in sg12 led to a 1 nts (237) but no changes in aminoacid sequence. (Tables 3.1 and 
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3.2 and Fig 3.4). Hspa1a mRNA levels in sg5, sg12, sg19 and sg32 edited cells were similar 

compared to the unedited NGG MEFs. While we are yet to analyse the sg24, clone sg6 showed 

1.5- fold lower Hspa1a mRNA compared to unedited NGG MEF which could account for the 

decrease in HSPA1A levels (Fig 3.7D). Interestingly, we found 24 nts sequence 

(GAGCATCCCTGCCGCGGAGCGCAAC) occurring twice (117-141 and 150-174) in the 

5’UTR of Hspa1a mRNA in H4 and H5 stem loop (Fig 3.7E). Each of the 24 nts repetition is 

followed by a highly conserved 8 nt C/U region rich making a loop. Interestingly, sg24 and sg19 

edited the highly C/U rich region of the first and second repeat, respectively. Such conservancy 

within a sequence is rare and it was striking that both editing reduced HSPA1A expression upon 

heat shock. Thus, we postulated that this region could be a target for cellular microRNAs. Using a 

screen for potential miRNAs with miRWalk, we identified Mir-30c-1-3p harboring two binding 

site 132-150 and 165-185 overlapping with the 24 nt repeat sequence (84). This resembles the 

HCV 5’UTR which holds two binding sites for miR122 and recruits Ago2 to stimulate a translation 

competent IRES formation (85). To support this theory, the guide RNAs in clones sg19 and sg24 

lands in the Mir-30c-1-3p binding site on the 5’UTR that significantly reduced the HSPA1A 

expression. Altogether, single-base editing underscores the impact of specific base alterations on 

HSPA1A expression under HS, implying the essential role of these sites in HSPA1A induction 

during stress. 
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Figure 3.7: Single base editing revealed essential nucleotides on 5’end of Hspa1a mRNA for 

translation induction upon stress. 

A. Outline of the CRISPR-Cas9 based single nucleotide editing from designing sgRNAs against 

Hspa1a gene, generation of sgRNAs, Cas9-mediated C to T editing and generation of stable cell 

lines. B. Western blot performed in batches to compare the HSPA1A and ACTB (loading control) 

levels upon HS in unedited NGG MEFs vs NGG MEFs edited by sgRNAs (indicated as numbers). 

C. Quantification of HSPA1A protein levels during HS normalized to ACTB relative to WT 

(unedited NGG). All plots are mean and SEM with each dot representing values from individual 

experiments, n=2-4. Unpaired t-test was used for statistical analysis. D. SmFISH quantification of 

Hspa1a mRNA levels in NGG MEFs (n= 95, 173) vs NGG MEFs edited by sgRNAs 5 (n=222, 

350), 6 (n=143, 377), 12 (n=169, 196), 19 (n=146, 383) and 32 (n= 112, 312) cells under C and 

HS, respectively. Dunnett’s test was used for statistical analysis. E. Structural representation of 

333 nts of Hspa1a mRNA highlighting repeated sequences of 24 nts in green and red. The two 

binding site for Mir-30c-1-3p on the 5’ UTR are marked in blue.  

 

3.4 Discussion 

We observed that Hspa1a mRNA is translated more efficiently during the recovery than 

heat shock, suggesting that Hspa1a mRNA translation is regulated differently under these two 

conditions. This increased translation efficiency correlates with elevated levels of the HSPA1A 

protein and a transition in the mode of translation during recovery. Interestingly, Actb mRNA 

exhibits comparable ribosome occupancy during both heat shock and recovery, similar to Hspa1a 

mRNA (Fig 1). Given that polysome profiling cannot discern between active and stalled 

translation, it suggests the possibility that Actb mRNA may not undergo translation during the heat 

shock. This is supported by no increase in the ACTB level during the heat shock (Fig 3.2B). 

Alternative it is possible that the anti-beta-actin antibody is not in the dynamic range to detect the 

changes in ACTB level, if any. Hence, a metabolic labeling experiment would elucidate the 

translation state of Actb mRNA. We have identified that during heat shock, Hspa1a mRNA 

translation is independent of the translation initiation factors eIF4A and eIF2α, suggesting a cap-

independent translation mechanism that skips the repression imposed by the phosphorylation of 
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eIF2α. Conversely, eIF4A and eIF2α are required to translate during recovery, pointing to a cap-

dependent translation initiation mechanism similar to ubiquitously expressed genes (Fig 3.2 This 

conclusion is supported by the lack of dependency of non-canonical translation initiation factors 

such as eIF3d and RACK1 (Fig 3.3) (262). The switch from eIF4A and eIF2α-independent to cap-

dependent translation increases the efficiency of HSPA1A synthesis during recovery, probably 

tailoring the amount of chaperone to the load of misfolded proteins. In order to determine the 

ribosomal occupancy of Hspa1a in cells treated with translation initiation factor inhibitors (Torin1, 

Hippuristanol, Salubrinal, shRACK1 or sheIF3d) versus mock treated cells, RNA fractionation 

followed RT-qPCR experiments could be performed. The experiments could provide us insights 

on whether fewer Hspa1a mRNA are translated at higher efficiency or many Hspa1a mRNAs are 

translated at lower efficiency to directly assess changes in Hspa1a mRNA translation efficiency 

upon heat shock and recovery. 

The requirements of Hspa1a mRNA translation during heat shock suggest the presence of 

an IRES. Certain IRES, such as the HCV and CrPV, translate independently of eIF4F but differ 

on the reliability on ternary complex and eIF3. As CrPV IRES can translate in the absence of eIF3 

and ternary complex, HCV has a type III IRES that needs eIF3 and ternary complex to translate. 

In particular, HCV IRES is bound by eIF3a and eIF3c that brings the 40S ribosome subunit and 

mediates the start codon recognition by eIF2α and eventual recruitment of 60S subunit (56). We 

originally expected the eIF3 complex to regulate HSPA1A synthesis because Zhou et al., 2015 

showed that the post-transcriptional N6-methylation of Adenosine 103 on the 5’UTR region of 

Hspa1a mRNA recruited the eIF3 complex upon heat shock to initiate translation (49). However 

these findings have been confronted by studies demonstrating that a single m6A modification 

upstream of start codon does not affect the translational output of the mRNA or the assembly of 
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initiation complex which supports our findings (51). We still have to investigate whether other 

eIF3 subunits with RNA binding activity, 3a, 3b, 3e and 3g, regulate HSPA1A synthesis during 

heat shock or recovery (77,86,87). 

Hspa1a mRNA translation regulation during heat shock resembles the type IV CrPV IRES 

based on the lack of requirement from eIF4A and eIF2α. The type IV CrPV IRES forms a PK-I in 

the  intergenic regions, which brings the 80S ribosome and mimics the tRNA structure, allowing 

to initiate translation upon the translocation of the ribosome (57,58,70,78). Therefore, the 

increased in temperature might induce a conformational change in the structure of Hspa1a mRNA 

that behaves as a type IV IRES and allows it to translate during heat shock. Recent findings by our 

collaborators support the temperature-mediated induction of an RNA compact structure 

encompassing the 5’UTR sequence and the first 102 nts of the Hspa1a mRNA CDS (59). Since 

their experiments were done in vitro and the translation capabilities of such structure were not 

analyzed, we investigated its translation activity in cells.  

We first found that first 102 nts, but not the 30 first nts of Hspa1a mRNA CDS regulate 

the actions of the 5’ UTR sequence when fused to luciferase, supressing it expression under control 

conditions and boosting it upon heat shock (Figs 3.4C-3.4D). Thus, the CDS sequence of the 

Hspa1a mRNA needed to form a compact structure at 42 oC in vitro regulates translation in vivo. 

We next investigated the role of the stem-loops H1, H4, and H6 essential for in vitro compacting 

the Hspa1a mRNA in translation under control and heat shock conditions (59). Only unzipping 

stem-loop H1, which is adjacent to the cap structure, lead to an increased in the expression of 

HSPA1A during control conditions. Probably, the H1 loop represses HSPA1A synthesis of those 

mRNAs that escape the translational silencing of its encoded gene and prevents its spurious 

accumulation from having detrimental effects for the cell (86,87). In the future, we will investigate 
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the role of H1 during recovery from stress. Noticeably, none of the stem-loops was required for 

the upregulation of HSPA1A synthesis in vivo. It might that these loops are not formed in heat 

shocked cells due to interactions of the mRNA with proteins, or that they do not control heat-

induced translation.  

Because eIF4A is not necessary to unwind RNA structures in Hspa1a mRNA for its 

translation during heat shock and the 102 nts of the CDS were needed to regulate its translation in-

vivo, we took an unbiased approach to edit nucleotides (C to T) in the 5’UTR region and 102 nts 

of the CDS and identify their role in Hspa1a mRNA translation. We found that changes to the 

bases positioned in nts 146-147, 179-181, 237 on 5’UTR, 309-312 on CDS compromised the 

translation of Hspa1a mRNA during heat shock. We identified the position 132-150 and 165-185 

harbors binding site for Mir-30c-1-3p. We think the sgRNA mediated edits in 146-147 and 179-

181 is impairing the binding of Mir-30c-1-3p and so compromising the Hspa1a mRNA translation 

during heat shock. We are yet to evaluate the presence of Mir-30c-1-3p in MEFs and assess the 

structure formation similar to HCV IRES which holds two binding sites for miR122 and recruits 

Ago2 to stimulate a translation competent IRES formation (85).  

Our current experiments, done in collaboration with the Lecuyer’s lab at the IRCM, aim to 

identify how changes in these nucleotides affect the heat-induced structure of Hspa1a mRNA by 

in vitro SHAPE analysis, as these specific stem-loops were not analyzed by the Pyle’s group. 

Importantly, these experiments are being conducted with the full sequence of Hspa1a mRNA to 

analyze the influence of the whole Hspa1a mRNA sequence on the formation of this structure. It 

is important to remark that the same heat-induced structure as the described by the Pyle’s group 

has been found. In addition, nanopore RNA sequencing showed that the highly purine regions 

from nts 43 to 78 in the 5’UTR region are highly reactive at 42 °C compared to 37 °C. Although 



211 

 

they have four target sgRNA disrupting the stem in our CRISPR-Cas9 editing experiment and we 

are currently making these cell lines. 

The IRES of HCV and CrPV exist in the intergenic region comprising some parts of the 

CDS and forms a PK-I capable of recruiting the ribosome and starting translation in the 2072 codon 

(70). Since the translation of Hspa1a mRNA is independent of eIF4A mediated unwinding and 

scanning during stress and requires the CDS, we hypothesize that Hspa1a mRNA folds into a PK-

I upon heat shock acting as an RNA thermosensor. Given the position of nts 178-181 on 5’UTR, 

our next model to test if this stem-loop could act as a hinge region for RNA folding to form a PK 

formation in Hspa1a mRNA. Additionally, H4 has unpaired CAU sequence complementary to the 

start codon AUG in the stemloop H6, providing a possible region involved in folding and 

translation induction during heat shock. We will test the hypothesis of the presence of an IRES 

forming a PK with the following experiments: 1) Using a bicistronic vector to express GFP 

followed by Hspa1a and 2) deciphering the tertiary structure of the Hspa1a mRNA by full length 

RNA nanopore sequencing (90). From this experiment, we could determine if the Hspa1a mRNA 

possess an IRES that is formed during heat shock in vivo by acting as an RNA thermosensor just 

as seen in vitro. 

Notably, RNA thermosensor has been previously described to function in bacterial HSPs 

as a part of host defense mechanism (54,91). When bacterial cells enter the host, the stem loops of 

pre-existing HSP mRNAs melt to expose the Shine-Dalgarno sequence allowing instant translation 

while slowly turning on transcription (92,93). Upon return to normal growth temperature, the 

structures fold back to immediately cease the synthesis of HSPs. This suggests that the concept of 

RNA thermosensor HSP mRNA could be evolutionarily conserved from prokaryotes to eukaryotes 

but act differently. While bacterial RNA thermosensors melt upon increase in temperature, the 
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mouse Hspa1a mRNA does the opposite i.e., forming a compact tertiary structure to allow 

translation. In order to bring more relevance to human disease, it is important to identify if the 

RNA thermosensors are conserved in humans. The HSPA1A mRNA in humans possess similar 

GC composition and 18 nts shorter 5’UTR than the mouse Hspa1a ortholog. Hence it is very likely 

for the RNA thermosensor to function in the regulation of HSR in humans.  

 

3.5 Materials and methods 

Cell lines and treatments.  

Immortalized MEFs from wildtype mice (94) and HSPA1A/1B-null MEFs (81) were grown at 37 

oC, 5% CO2 in DMEM supplemented with 5% of FBS and Penicillin/Streptomycin. Heat shock 

treatment was induced by parafilm wrapping the plates and submerging it in a water bath at 42 oC. 

Recovery is achieved by transferring the heat shocked plate back to the cell culture incubator at 37 

oC. Cells were treated with 200 nM of hippuristanol (a gentle donation of Dr. Jerry Pelletier at 

McGill University) 3 h, 100 μM of salubrinal (Cat# SML0951, Sigma) for 24 h, 1 μM torin1 (Cat# 

4247, Tocris) for 30 min before being heat shocked for 2 h. 

Plasmids.  

Firefly-luciferase expression plasmids have pGL3-Control vector (Promega) as a backbone. The 

SV40 promoter was replaced by the Mus musculus Hspa1a promoter using enzymes MluI and 

HindIII. HSPA1A promoter was amplified from mouse genomic DNA (NIH 3T3 New England 

Biolabs) using primers HSPA1APMluIF and HSPA1APHIndIIIR. Luciferase was re-cloned to 

create an EcoRI site for cloning of the different 5’UTR sequences by PCR amplification using 
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primers: The 3’UTR of Hspa1a was PCR from genomic DNA with primers: RLucFseI and 

FLUCEcoRI and cloned in the XbaI site after the stop codon of firefly-luciferase. Each of the 

UTRs was amplified by PCR from genomic DNA and cloned into the HindIII and EcoRI. All 

constructs have the same forward primer: 5UTRFFHIndIII and different reverse primer. 

UTR1REcoRI, UTR2EcoRI, UTR7REcoRI, and UTR26REcoRI. The plasmids with UTRs 

containing the AUG of Hspa1a were depleted of the AUG of luciferase by recloning luciferase 

after PCR with primers: LucFEcoRI and LucRBamHI. Direct mutagenesis was inserted using the 

(QuickChange Mutagenesis Multi-site directed Mutagenesis kit, Agilent technologies) and 

performed by NorClone Biotech. The primer sequences are listed in Table 3.5. 

ShRNA knockdown 

ShRNAs targeting Eif3d and RACK1 in mus musculus (gene ID 55944 and 14694) are listed in 

table below. All shRNAs were expressed in pLKO.1 vector backbone, obtained from GPP portal 

(https://portals.broadinstitute.org/gpp/public/) purchased from McGill University shRNA library 

(McGill Platform for Cellular Perturbation Services). The TNRC number and shRNA sequences 

are provided in Table 3.3. For knock down experiments, MEFs were infected with lentivirus 

expressing shRNAs targeting eIF3d or RACK1. Stable cells were selected using puromycin and 

the efficiency of knock down was verified by western blot. 

Transient transfection 

Transfection of luciferase plasmids was done in 12- well plates. At 50% confluence, each well was 

transfected with 0.2 μg of the Renilla-lucifeasere plasmid (pRL-SV40 vector, Promega) and 0.8 

μg of the Firefly-luciferase plasmid using 12 μl of the jetPRIME transfection reagent (Polyplus). 

The cells were subjected to heat stress 36 hours after transfection. The cells were then collected 

and lysed using lysis buffer (Promega). About 5 μl of 1:10 diluted samples were then taken for 
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measuring the firefly and Renilla luciferase expression by luminometry. For transfection of unzip 

mutant plasmids, Hspa1a/a1b null MEFs were plated (approximately 150,000 cells per well of a 

6 well plate). At 50-60% confluence, 1.8 μg of WT HSPA1A, unzip, and/or rezip mutation 

plasmids transiently co-transfected with a carrier GFP plasmid using 15 μl of the jetPRIME 

transfection reagent (Polyplus) and 200 μl of the jetPRIME transfection buffer (Polyplus). The 

media was changed 4-6 h post transfection and GFP expression was verified using fluorescence 

microscope. After 24 h, the cells were subjected to heat shock at 42 oC for 2 h and collected with 

PBS for western blot analysis or directly lysed with TRIzol (Cat# 15596026, Invitrogen) for RNA 

extraction and qPCR.  

CRISPR-Cas9 editing and genotyping 

MEFs stably expressing base editor FNLS-NGG-BLAST under Blasticidin (Cat# A1113903, 

Gibco) expression was generated by sequential lentiviral infection facilitated by 10 μg/ml 

polybrene (259). Two days after the infection, cells were selected by treatment with 5 μg/ml of 

Blasticidin for 10 days (259). The designing of guide RNA for sgRNAs for the coordinates 

chr17:35190782:35191150 region of interest +/- 18nt was done using in house pipeline. The guides 

listed below (Table 3.4) are purchased from iDT as forward and reverse oligos, annealed, and 

PNK treated. The guide RNAs are then cloned into pLenti-Guide-Puro backbone as described in 

(274). Lentivirus carrying the plasmids were produced by transfection of 293T cells using 4-vector 

system (TAT, REV, GAG/Pol, and VSVG). NGG MEFs stably expressing Flag tagged Cas9 was 

then infected with lentivirus expressing individual guide RNAs and the cells were selected using 

6 μg/ml of Puromycin (Cat# A1113803, Gibco; Cat# P8833, Sigma) and 5 μg/ml of Blasticidin for 

5 days, 48 h post infection. Then maintained at 6 μg/ml of puromycin and 2.5 μg/ml of Blasticidin 
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for another 3 days. On day 10 post infection, a portion of the cells were collected to check for 

target modification by PCR and sanger sequencing. 

Protein extraction and western blotting 

Cells from dug treatment and knock down experiments were lysed with modified RIPA buffer (50 

mM Tris-HCl pH 8.0, 150 mM NaCl, and 1% ND40) and then subjected to ultrasonication 

followed by mixing with 4X lamelli buffer (Bio-Rad) for SDS-PAGE. Cells from transient 

transfection experiments were lysed directly in SDS-PAGE buffer (60 mM Tris–HCl pH 6.8, 10% 

glycerol, 2% SDS, 5% 2-mercaptoethanol and 0.0025% bromophenol blue) for SDS-PAGE. 

Immunoblotting was performed as mentioned in (99). The blots were incubated with specific 

antibodies HSPA1A (1:2000), ACTB (1:10000), RACK1 (1:2000), eIF3d (1:1000), GAPDH 

(1:10000), JL8 GFP (1:5000), goat-anti-mouse (1:5000) and goat-anti-rabbit antibody (1:5000). 

The product details of antibodies are provided in Table 3.6. 

Single-molecule in situ hybridization (smFISH)  

SmFISH probes were designed using the LGC Biosearch Technologies probe designer (masking 

level 5, oligo length 20, minimum spacing 2). Fluorescently labelled HSPA1A or SunTag probes 

were purchased from Stellaris™. Detailed protocol for smFISH, imaging and analysis has been 

previously described (275). In brief, MEFs were plated on cover slips. After treatment (if any), the 

cells were washed thrice with PBS supplemented with 5 mM Magnesium Chloride (PBSM) and 

fixed using 4% PFA (Thermo Scientific). Quenching is achieved using 0.1 M Glycine in PBSM. 

Following 2 washes with PBSM, the cells were permeabilized using 0.1% Triton X-100 

(Invitrogen™) 2 mM Ribonuclease Vanadyl Complex (VRC, Sigma-Aldrich). The cells were 

washed once again and incubated with prehybridization solution, 10% Formamide, 2X SSC at 37 
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oC for 30 min. Cells were placed on top of 50 μl of Hybridization solution containing 2X SSC, 

10% Formamide, 1 mg/ml E. coli tRNA (Sigma-Aldrich), 10% Dextran Sulfate, 0.2 mg/ml 

UltraPure™ BSA (Invitrogen™), 2 mM VRC, 10 U/ml RNaseOUT™ Recombinant Ribonuclease 

Inhibitor (Invitrogen™), and 125 nM smFISH (Stellaris™) probes on a humidified chamber. 

Hybridization was performed for 3 h at 37 oC. The coverslips were then returned to well plates 

where they are washed twice with prewarmed prehybridization solution followed by washing with 

2X SSC twice. The coverslips were then dried and mounted on slides using ProLong™ Gold or 

ProLong™ Diamond Antifade Mountant with DAPI (Invitrogen™). The coverslips were allowed 

to cure at least overnight before imaging. 

Imaging and smFISH analysis  

The slides were imaged using custom wide-field Inverted Nikon Ti-2 wide-field microscope with 

1.4 NA oil immersion 60X objective lens, Spectra X LED light engine with a Cy7+ bandpass filter 

(Lumencor), and Orca-Fusion sCMOS camera (Hamamatsu). The outlines were created using Cell 

profiler version 2.2. The acquired images were analyzed using free analysis software developed 

by Mathworks using Matlab (version greater than 2017) programming language, FISH-quant 

(http://code.google.com/p/fish-quant/) (98). The detailed protocol for analysis has been described 

in (97). 

DNA extraction and PCR amplification 

DNA extraction was performed using 0.1 ml DNA extraction buffer (10 mM Tris HCl pH 8.0, 20 

mM EDTA, 200 mM NaCl, 0.2% Triton-X 100) supplemented with 100 μg/ml of proteinase K 

(Cat# P2308, Sigma-Aldrich) followed by incubation at 37 oC for 1.5 h. The lysate was then 

precipitated by 2.5 μl of 2.5 M NaCl and 0.1 ml of isopropanol. The samples were then centrifuged 

http://code.google.com/p/fish-quant/
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at 14000 rpm for 15 min. The pellet was air dried and resuspended in water and 1μl of RNase for 

1.5 h to overnight at 37 oC. Ultrasonication was performed 30 s ON and OFF cycle at 30% 

amplitude for 3 min. PCR was performed using 100 ng of genomic DNA and the samples sent for 

sanger sequencing with primer UpHSPA1ApromF and pSEQR. 

RNA isolation and RT-qPCR 

The cells were lysed with 0.5 ml of TRIzol and RNA extraction was performed by adding 100μl 

of chloroform and collecting the top aqueous layer. Then, RNA was precipitated by adding 0.25 

ml of isopropanol with 1 μl of glycogen (Invitrogen). RNA pellet was obtained by cold 

centrifugation at 13000 x g for 15 min, then washed twice with 75% ethanol. The pellet was dried 

in a heat block at 65 oC for 5-10 min and then resuspended in 50 μl of RNase free water. For DNase 

treatment, 500ng or 1 μg of RNA was taken in a 10 μl reaction (Promega) for 20-30 min at 37 oC. 

The treatment was quenched by adding 1 μl of stop buffer and incubation at 65 oC for 10 min. 

Dnase treated RNA (about 100 ng) was taken for reverse transcription reaction with iSCRIPT (Bio-

Rad). The cDNAs were diluted in 1:2 ratio from which 1 μl of cDNA was taken for qPCR reaction 

with 2X PowerUp™ SYBR™ Green Master Mix (Applied Biosystems) for a final reaction volume 

of 5 μl. QPCR was performed for HSPA1Agene1 mouse and ACTIN mouse primers (Table) using 

QuantStudio™ qPCR Systems (Applied Biosystems), and absolute RNA levels (in ng) was 

quantified using desktop version of QuantStudio Design & Analysis 2.7.0 software (Applied 

Biosystems). 

Polysome profiling and Northern blotting 

MEFs were seeded on 150 mm plates and once they reach 80-90% confluency, they were subjected 

to heat shock and recovery. The cells were placed on ice after the treatment and washed with ice 
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cold PBS supplemented with 100 μg/ml of Cycloheximide (BioShop). The cells were then scraped 

and lysed using 5 mM Tris-HCl pH 7.5, 2.5 mM Magnesium chloride, 1.5 mM KCl. The sample 

extraction was performed as described in (99). The clarified extract was then carefully loaded onto 

sucrose gradient prepared with 10-50% sucrose. The polysome profiling experiment was 

conducted on fractionator Teledyne ISCO as described in  (99).  RNA extraction from the 

polysome fractions were performed as described in (100). In brief, the RNA from sucrose was 

precipitated using 2-3 volumes of 100% ethanol overnight at -20 oC and subjected to cold 

centrifugation at 13000 rpm for 30 min. The excess sucrose was removed by a wash with 70% 

ethanol and the pellet obtained was subjected to TRIzol- chloroform as mentioned earlier.  RNA 

pellets were resuspended in RNase free water and mixed using home-made RNA loading dye for 

denaturing gel and transferred on to a nylon membrane (Cytiva) by capillary action overnight. The 

northern blotting was performed as mentioned in (96). HSPA1A template was amplified using 

HSPA1AF and HSPA1AR for qpcr primers. Actin template was a generous donation from Sophie 

Cousineau from Dr. Selena Sagan laboratory (University of British Columbia, Canada). The 

templates were radiolabeled with 32P prepared using RadPrime DNA Labeling System 

(Invitrogen™) as described in (101). Northern blots were developed using Typhoon biomolecular 

imager (Cytiva). 
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Table 3.3: Tabulation of shRNAs based on the target, its TRC number and the sequence. 

Target TRC number shRNA sequence 

sheIF3d-1 TRCN0000196233 5'-CCGG-GCTGATGAAGATGCGCTACTT-CTCGAG-

AAGTAGCGCATCTTCATCAGC-TTTTTTG-3' 

sheIF3d-2 TRCN0000179496 5'-CCGG-GCAGTTTAAGCCCAATGAGTT-CTCGAG-

AACTCATTGGGCTTAAACTGC-TTTTTTG-3' 

shRACK1-1 TRCN0000012698 5'-CCGG-GCTTTCTGAAACTGGCTTCTA-CTCGAG-

TAGAAGCCAGTTTCAGAAAGC-TTTTT-3' 

shRACK1-2 TRCN0000054378 5'-CCGG-GTCTTAGAAATAAACTGGCTT-CTCGAG-

AAGCCAGTTTATTTCTAAGAC-TTTTTG-3’ 
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Table 3.4: Tabulation of forward and reverse oligos used for making sgRNAs. 

sgRNA# Foward Oligo Reverse Oligo 

sg1 CACCGGAGATCATCGCCAACGACCA AAACTGGTCGTTGGCGATGATCTCC 

sg2 CACCGGGAGATCATCGCCAACGACC AAACGGTCGTTGGCGATGATCTCCC 

sg3 CACCGTGGGGGTCGTGCGGTTGCCC AAACGGGCAACCGCACGACCCCCAC 

sg4 CACCGCGTGTTCCAGCACGGCAAGG AAACCCTTGCCGTGCTGGAACACGC 

sg5 CACCGTGATCTCCACCTTGCCGTGC AAACGCACGGCAAGGTGGAGATCAC 

sg6 CACCGGGCACCACCTACTCGTGCGT AAACACGCACGAGTAGGTGGTGCCC 

sg7 CACCGGGGCACCACCTACTCGTGCG AAACCGCACGAGTAGGTGGTGCCCC 

sg8 CACCGGAACACGCCCACGCACGAGT AAACACTCGTGCGTGGGCGTGTTCC 

sg9 CACCGCACGCCCACGCACGAGTAGG AAACCCTACTCGTGCGTGGGCGTGC 

sg10 CACCGCACGGCGATCGGCATCGACC AAACGGTCGATGCCGATCGCCGTGC 

sg11 CACCGCGCACGAGTAGGTGGTGCCC AAACGGGCACCACCTACTCGTGCGC 

sg12 CACCGATGGCCAAGAACACGGCGAT AAACATCGCCGTGTTCTTGGCCATC 

sg13 CACCGCGGCGCCATGGCCAAGAACA AAACTGTTCTTGGCCATGGCGCCGC 

sg14 CACCGGATGCCGATCGCCGTGTTCT AAACAGAACACGGCGATCGGCATCC 

sg15 CACCGGATCGCCGTGTTCTTGGCCA AAACTGGCCAAGAACACGGCGATCC 

sg16 CACCGAGCCTTCCAGAAGCAGAGCG AAACCGCTCTGCTTCTGGAAGGCTC 

sg17 CACCGATGGCGCCGCGCTCTGCTTC AAACGAAGCAGAGCGCGGCGCCATC 

sg18 CACCGCGCCGCGCTCTGCTTCTGGA AAACTCCAGAAGCAGAGCGCGGCGC 

sg19 CACCGTCCCCGGAGCATCCACGCCG AAACCGGCGTGGATGCTCCGGGGAC 

sg20 CACCGTTCTGGAAGGCTGCGCTCCG AAACCGGAGCGCAGCCTTCCAGAAC 

sg21 CACCGGCTCCGCGGCGTGGATGCTC AAACGAGCATCCACGCCGCGGAGCC 

sg22 CACCGCTCCGCGGCGTGGATGCTCC AAACGGAGCATCCACGCCGCGGAGC 

sg23 CACCGTCCGCGGCGTGGATGCTCCG AAACCGGAGCATCCACGCCGCGGAC 

sg24 CACCGTCCCAGGAGCATCCCTGCCG AAACCGGCAGGGATGCTCCTGGGAC 

sg25 CACCGCTCCGCGGCAGGGATGCTCC AAACGGAGCATCCCTGCCGCGGAGC 

sg26 CACCGTCCGCGGCAGGGATGCTCCT AAACAGGAGCATCCCTGCCGCGGAC 

sg27 CACCGTCCCCAGAGCATCCCTGCCG AAACCGGCAGGGATGCTCTGGGGAC 

sg28 CACCGGCTCCGCGGCAGGGATGCTC AAACGAGCATCCCTGCCGCGGAGCC 

sg29 CACCGCTCCGCGGCAGGGATGCTCT AAACAGAGCATCCCTGCCGCGGAGC 

sg30 CACCGTCCGCGGCAGGGATGCTCTG AAACCAGAGCATCCCTGCCGCGGAC 

sg31 CACCGCGCGTTCCCGATCCTCGGCC AAACGGCCGAGGATCGGGAACGCGC 

sg32 CACCGGCTCTGGGGAAGGCTGGTCC AAACGGACCAGCCTTCCCCAGAGCC 

sg35 CACCGGGCTGGTCCTGGCCGAGGAT AAACATCCTCGGCCAGGACCAGCCC 

sg36 CACCGGCTGGTCCTGGCCGAGGATC AAACGATCCTCGGCCAGGACCAGCC 

sg37 CACCGGACAAGAGAAGCAGAGCGAG AAACCTCGCTCTGCTTCTCTTGTCC 

sg38 CACCGCTCTTGTCTTCGCTTGTCTC AAACGAGACAAGCGAAGACAAGAGC 

sg39 CACCGTGTCTTCGCTTGTCTCTGGA AAACTCCAGAGACAAGCGAAGACAC 

sg40 CACCGCAGCTACTCAGAACCAAATC AAACGATTTGGTTCTGAGTAGCTGC 

sg41 CACCGTCTCTGGATGGAACCAGATT AAACAATCTGGTTCCATCCAGAGAC 

Rosa26 CACCGAAGTGCCTGTCAGTCTTAGG AAACCCTAAGACTGACAGGCACTTC 

TABLE 4TABLE 3.4: TABULATION OF FORWARD AND REVERSE OLIGOS USED FOR MAKING SGRNAS. 
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Table 3.5: Tabulation of primers and their sequences. 

Primer name Primer sequence 

HSPA1APMluIF CTCTTACGCGTAAACTAGTAACGCGATTGGAGAGG 

HSPA1APHIndIIIR ATATATAAGCTTGACCTGCTCGCCGCCCTGCGCCTTTAAG 

RLucFseI GAAGCGGCCGGCCGCCCGACTCTAGAATTACACGGCGATCTTTC 

FLUCEcoRI ATATATGAATTCATGGAAGACGCCAAAAACATAAAG 

5UTRFFHIndIII CAGGTCAAGCTTACCAGACGCTGACAGCTAC 

UTR1REcoRI TTCCATGAATTCGGCGCCGCGCTCTGCTTCTGGAA 

UTR2EcoRI TTCCATGAATTGGTCGATGCCGATCGCCG 

UTR7REcoRI TTCCATGAATTCCGCCTGGTCGTTGGCGATGATCTCCACC 

UTR26REcoRI TTCCATGAATTCGTCGTTGGCGATGATCTCCACC 

LucFEcorI TTCCATGAATTCGAAGACGCCAAAAACATAAAGA 

LucRBamHI GTCGACGGATCCGCTGTGGAATGTGTGTC 

pSEQFHSP70 ACCAGACGCTGACAGCTACTCAG 

pSEQR  GATCGCCGTGTTCTTGGCCATG 

UpHSPA1ApromF GCTGGGACAGAGCCTCTAGTTCC 

U6 GAGGGCCTATTTCCCATGATTCCT 

HSPA1Agene1mouseF GAGATCGACTCTCTGTTCGA 

HSPA1Agene1mouseR ATCTGCGCCTTGTCCATCTT  

ACTIN Mouse F TGCTCCCCGGGCTGTATT 

ACTIN Mouse R ACATAGGAGTCCTTCTGACCCATT 

HSPA1AF for qpcr TCAGGACCCACCATCGAGGA 

HSPA1AR for qpcr AAGCCCACGTGCAATACACA 

TABLE 5TABLE 3.5: TABULATION OF PRIMERS AND THEIR SEQUENCES. 
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Table 3.6: Tabulation of antibodies, company name and the corresponding catalog number. 

Target Vendor Catalog number 

HSPA1A R&D systems AF1663 

ACTB Millipore Sigma MAB1501 

RACK1 Novus Biotechne NBP2-76864 

eIF3d Novus Biotechne NBP2-39069 

GAPDH ProteinTech 60004-1-Ig 

JL8 GFP Takara 632381 

goat-anti-mouse Bio-Rad 1706516 

goat-anti-rabbit Bio-Rad 1706515 

TABLE 6TABLE 3.6: TABULATION OF ANTIBODIES, COMPANY NAME AND THE CORRESPONDING CATALOG NUMBER. 
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CHAPTER 4: GENERAL DISCUSSION  

Since the discovery of the transcription factor HSF1, it has been well-accepted that the 

induction of the heat shock response is mainly regulated at the transcription levels and that HSF1 

is its master regulator in eukaryotic cells (121). Our work in yeast and mammalian cells 

demonstrates that the posttranscriptional regulation of the inducible Hsp70 mRNAs plays an 

essential role in fine-tuning the production of the inducible HSP70 protein. This posttranscriptional 

regulation of the inducible HSP70 expression is encoded in its genetic material and plays a dual 

role: repressing the inducible Hsp70 mRNA translation under homeostatic conditions and 

activating it upon heat shock (99). Remarkably, the coding sequence emerges as an important cis-

regulatory element in the regulation of the inducible Hsp70 mRNA translation. However, the 

regulatory mechanisms governing the output of Hsp70 mRNA translation in yeast and mammalian 

cells are different, probably reflecting the increased complexity of mammalian systems when 

compared to yeast.  

In this section, I will mainly discuss the three key conclusions from my work and what are 

the relevant open questions that we have to address. First, I will discuss the regulatory elements 

that are embedded in the CDS of inducible HSP70 controlling its expression through RQC during 

heat shock. Second, the structural and sequence elements that are responsible for mammalian 

inducible HSP70 synthesis during heat shock. Third, the fate of inducible Hsp70 mRNA during 

recovery by comparing the differences in the translation profile and degradation in yeast and 

mammalian cells. As I discuss these points, I will highlight the novel roles of factors that appear 

as cytosolic master regulators of the HSR and probably balance the extremely high transcriptional 

induction of HSP70 during heat shock to navigate a cytosolic environment that is not optimal for 

translation. 
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4.1 Role of coding sequence on HSP70 expression through RQC 

In Chapter 2, we explored the function of the inducible Hsp70 mRNA coding sequence in 

regulating its expression upon heat shock in yeast. We identified that the CDS of the inducible 

Hsp70 mRNA, SSA4, is rich in non-optimal codons. The non-optimal codons cause ribosome 

stalling during heat shock as the ribosome has to wait longer for cognate-tRNA to arrive at the site 

of protein synthesis.  The ribosomal stalling results in a collision with subsequent ribosomes, 

which are then resolved by an mRNA surveillance pathway, RQC. Despite the cellular efforts to 

increase SSA4 mRNA levels, we discovered an unexpected inhibition of Ssa4p expression by the 

CDS, which initiates the RQC mechanism. This observation suggests that cells exhibit a regulatory 

mechanism aimed at conserving energy resources by limiting the synthesis of excessive Ssa4p 

beyond what is necessary to restore proteostasis. Since translation is a metabolically demanding 

process, prioritization of energy conservation gains significance, especially under conditions of 

cellular stress (122,123).  

RQC regulation of Ssa4p is mediated by the following key factors in yeast: Asc1p, Hel2p, 

Mbf1p, and Slh1p. These factors recognize and stabilize the ribosome collision and trigger a series 

of downstream events to inhibit translation, prevent frameshifting, disassemble ribosome subunits 

mRNA decay and degrade the nascent polypeptide chain (99,124–130).  

4.1.1 The emerging role of Asc1 as a master regulator of HSR 

We have uncovered a novel role for Asc1p in yeast as a pivotal regulator of the HSR, 

complementing the well-established function of HSF1 as a master transcription factor. Asc1p 

exerts its regulatory influence on the HSR through three distinct mechanisms. Firstly, it suppresses 

the translation of SSA4 mRNA during heat shock via the RQC mechanism. Secondly, Asc1p 
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facilitates the attenuation of HSR by destabilizing SSA4 mRNA during recovery, a process 

independent of RQC or Asc1p ribosome binding activity. Lastly, Asc1p demonstrates a pro-

survival function during heat shock, which operates independently of ribosome association or 

Ssa4p expression levels.  

Prior investigations have highlighted the heightened sensitivity of ASC1-deleted yeast 

strains to heat shock (131). Beyond its ribosomal functions, cytoplasmic-free Asc1p contributes to 

PB formation under stress conditions and aids in maintaining cell wall integrity during budding in 

yeast (131). These non-ribosomal functions of Asc1p could facilitate cell survival which we plan 

to understand in the future. Through physical interaction analysis from the Saccharomyces 

Genome Database, Asc1p associates with various factors in cell wall biogenesis, remodeling and 

integrity such as Nab6p, Fks1p, Slt2p, and Kin2p as well as chaperones, and cytoskeleton proteins 

(132). Thus, Asc1p emerges as a pivotal mediator in aligning cellular status with growth by 

orchestrating cytoskeletal reorganization and facilitating cell wall synthesis. We plan to perform 

growth assay in the yeast strains depleted of cell wall remodelling factors to evaluate their function 

on cell survival under normal and heat shock conditions.  

Notably, Asc1p deleted strains overexpressed Ssa4p levels. However, the excessive Ssa4p 

did not help the cells overcome the dependency on Asc1p for repairing the cell wall damage created 

by stress. Thus, in the absence of Asc1p the yeast strains show poor survival to stress conditions.   

4.1.2 Discovery of novel RQC factors Rps19b and Rps28a 

Asc1p plays a central role in the RQC mechanism by binding to the 40S ribosomal subunits of 

collided ribosomes which is essential to recruit the downstream components of this quality control 

mechanism. In our Asc1p IP experiment, we discovered two additional RQC factors that operate 

during heat shock, Rps19 and Rps28. The precise functions of these ribosomal proteins are not 
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fully understood, but their interaction with Asc1p is significantly enriched during heat shock. We 

speculate that these ribosomal proteins may contribute to collision stabilization in conjunction with 

Asc1p. It is likely that the structure of the disome or the interaction among the ribosomal 

components may vary during heat shock to favor the interaction of Asc1p with Rps19b and Rps28a 

and deliver their function in RQC. Through experimentation in yeast, we tested the RQC function 

of Rps19b and Rps28a using stalling reporters containing GFP-K12-HIS or GFP-R12-HIS under 

permissive conditions (99).  

While stalling reporter mRNAs are being translated, the presence of polybasic stretches 

can induce ribosome stalling, thereby hindering the synthesis of full-length proteins. In the absence 

of stress, we observed that the deletion of Rps19b resulted in the production of more full-length 

proteins with both polybasic reporters compared to wild-type strains. This observation underscores 

the involvement of Rps19b in the RQC mechanism under permissive conditions as well as heat 

shock. However, Rps28a promoted stalling of the only R12 reporter but not the K12 reporter in 

the absence of stress. This discrepancy suggests that Rps28a may demonstrate substrate preference 

or respond differently based on the cellular state, such as heat shock (99). In future investigations, 

we aim to elucidate whether the mammalian orthologs of ribosomal proteins eS19 and eS28 retain 

their RQC function in mammalian systems during normal conditions and heat shock. Single 

particle Cryo-EM studies performed in mammalian cells of ribosome collisions identified two 

primary interfaces where the stalled and collided 40S ribosomes interact (133). The first interface 

includes RACK1 (Asc1 ortholog) of stalled ribosome and interactions with ribosomal proteins 

eS3, eS10 and uS10 (Rps3, Rps10, and Rps20 in yeast) of collided ribosome. The second interface 

is where the ribosomal protein eS28 (as well eS1, uS11, eS26) of stalled ribosome interacts with 

18S rRNA and uS4 of the collided ribosome. This direct physical interaction between eS28 of 
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stalled ribosome and 18S rRNA of collided ribosome signifies a promising role for eS28 in RQC 

perhaps in collision stabilization (133). It is likely that eS28 might function in RQC both in the 

absence and presence of stress which is different from its yeast ortholog Rps28a.  

4.1.3 Ubiquitination by E3 ubiquitin ligase, Hel2 

Ribosome biogenesis encompasses numerous stages, including transcription, post-transcriptional 

modifications, and translational events, all of which contribute to its intricate assembly. Clearly, 

ribosome biogenesis is an energy-intensive process (134–136). Therefore, the primary role of RQC 

is to release ribosomal subunits from aberrant mRNAs with collided ribosomes. This event is 

initiated by Hel2p-mediated ubiquitination of ribosomal proteins on the collided ribosomes (125). 

The E3 ligase Hel2p binds to the platform provided by the binding of two Asc1p at the collided 

ribosomes and ubiquitinates ribosomal proteins in the vicinity such as Rps20, Rps7, and Rps3 in 

yeast (137–141). Interestingly, neither mutation of ubiquitination sites on Rps20 (K6/8R) nor 

knockdown of Rps7b affected Ssa4p expression (99). Furthermore, in experiments conducted by 

our postdoctoral researcher, Dr. Celia Alecki, we did not detect ubiquitination marks on Rps3 via 

western blot analysis (data not shown). Consequently, the specific ribosomal proteins undergoing 

ubiquitination under heat shock conditions in the SSA4 mRNA remain unidentified. 

To identify the ubiquitinated ribosomal proteins, we will look into ribosomal proteins 

proximal to the Hel2p binding site on the ribosomes by performing structural analysis on isolated 

disomes during heat shock would provide valuable insights to identify the novel ubiquitination 

sites. We will also investigate the lysine residues of newly identified RQC factors such as Rps19b 

and Rps28a by mutating potential lysine residues for ubiquitination. Further, we could refer to our 

Asc1p-IP data and screen for more ribosomal proteins. These experiments will help us to discern 

the targets of Hel2p during heat shock.  
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4.1.4 Dual role of Mbf1p in yeast 

The ribosome collisions send a feedback signal to inhibit the translation initiation of the SSA4 

mRNA through a mechanism in yeast that we still do not understand (124,142). Studies conducted 

in mammalian cells revealed that during ribosome collisions, the mammalian ortholog of Hel2p, 

ZNF598 recruits GIGYF2 that binds to 4EHP, which competitively inhibits eIF4E binding to the 

mRNA 5’cap (143). This complex is bound by the collision sensor Mbf1p, EDF1 in mammals, to 

prevent ribosome frameshifting and feedback to translation initiation repression (130,142). 

However, yeasts lack the 4EHP ortholog and we demonstrated that the GIGYF2 orthologs in yeast 

(Smy2 and Syh1p) do not function in feedback inhibition of translation initiation. Although Mbf1p 

has been proposed to serve only on mRNA frameshifting, we speculate that Mbf1p might interact 

with other proteins to repress translation initiation (129,144). For example, the protein Whi3p is 

among the physical interactors of Mbf1p and has been shown to modulate the translation efficiency 

of other mRNAs, such as CLN3. The CLN3 mRNA encodes a G1 to S phase cyclin, whose 

expression must be tightly regulated in yeast to advance to the next phase of the cell cycle. The 

transient expression pattern of CLN3 mRNA resembles that of SSA4 mRNA, suggesting that 

Whi3p is a promising candidate for investigating feedback inhibition of translation (145). As such, 

the feedback from the RQC to translation initiation might also operate in yeast but with different 

players. It is also possible that the Mbf1p interactome changes upon heat stress and binds to factors 

that have not been considered before. By performing a pulldown of Mbf1p during heat shock, we 

could identify the factors involved in the feedback regulation of SSA4 mRNA translation initiation.  
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4.1.5 Mechanism of translation induction of SSA4 mRNA during heat shock 

Despite the global translation repression during heat shock, a question arises: How do cells discern 

SSA4 mRNA and selectively initiate its translation? In yeast, the 5’ UTR of SSA4 mRNA is notably 

72% AU rich (118).  Moreover, in yeast, an unstructured A-rich region within the 5’ UTR has been 

demonstrated to facilitate cap-independent translation by recruiting the PolyA binding protein 

Pab1p to the poly-A region in the 5’ UTR (146). Since we found that the 5’ UTR of SSA4 mRNA 

possesses A-rich region but not in SSA2 mRNA (constitutive HSP70 in yeast), we are currently 

investigating if the functions of A-rich region function prompt a preferential translation of SSA4 

mRNA during heat shock, this investigation includes truncation mutations in the 5’ UTR of SSA4 

mRNA to further elucidate the role of the A-rich region in facilitating selective translation during 

heat shock. Then, we will use the Auxin-Degron system to deplete temporally Pab1p and 

determine its role in the initiation of SSA4 mRNA translation (147–149). 

4.1.6 Mechanism of translation repression of SSA4 mRNA during physiological conditions 

By optimizing the CDS of SSA4, we have discovered that its translation is also regulated under 

homeostatic conditions. In this case, translation is repressed by the non-optimal SSA4 codon 

sequence. An ongoing project in the lab is to define the mechanism by which the CDS feedback 

inhibits translation and the repressors involved in such mechanism. It appears that the inherent 

property of SSA4 mRNA CDS is designated to counteract the spurious expression of Ssa4p in the 

event of leaky transcription under permissive conditions. This signifies the presence of another 

mechanism in action to control the Ssa4p synthesis and is independent of RQC because deletion 

of RQC factors does not lead to Ssa4p induction under homeostatic conditions. Interestingly, the 

CDS of optimized SSA4 mRNA resembles that of SSA2 mRNA which is 78% optimal. This might 
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imply that an unknown factor is regulating the spurious expression of Ssa4p by binding to the CDS 

and coordinating with the 5’UTR in the absence of stress. We are in the process of identifying 

these factors by performing a pull down of factors interacting with SSA4 and SSA2 (as a control) 

5’UTR sequences followed by mass spectrometry analysis. From the factors that we will identify, 

we plan to validate their effect by performing gene deletion or temporal depletion with the auxin 

degron system by looking at the Ssa4p expression in the absence of stress. The experimental 

outcomes we expect to identify the mechanism that controls the undesired expression of Ssa4p 

under physiological conditions. Yeast cells are not as sensitive to unwanted Ssa4p expression in 

the absence of stress as seen from our growth assay in codon-optimized SSA4 mRNA (99). 

However, the undesired expression of inducible HSP70 is cytotoxic in mammalian cells and causes 

growth defects in D. melanogaster (114,150,151). We intend to investigate whether this regulatory 

mechanism is conserved in mammalian cells and to elucidate how cancer cells evade this 

regulation for their own benefit. 

4.2 Role of the 5’ UTR and CDS on HSPA1A expression in MEFs 

Unlike yeast, Hspa1a mRNA CDS in mouse is highly optimal (78%). Since the non-optimality 

was not conserved over the evolution, the function of RACK1 (Asc1 ortholog) in HSR was not 

conserved. Through the knockdown of RACK1 in MEFs, we have demonstrated that RACK1 

failed to mediate the stability or translation of Hspa1a mRNA (Figure 3.3).  

In higher eukaryotes, the degree of complexity in the regulation of HSP70 expression 

increases. The 5’ UTR  of Hspa1a mRNAs in mice are inherently biased towards higher GC 

content (72%) suggesting a likelihood of forming secondary structure (152). Highly structured 

regions (termed IRES) are typically a secondary structure or a tertiary structure on mRNA. The 

translation initiation of the highly structured mRNAs is poor under physiological conditions due 
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to inefficient ribosome scanning (153,154). However, these structures provide an advantage of 

direct ribosome recruitment at the start codon without the need for ribosome scanning in conditions 

when translation initiation factors are deficient in cells such as during stress (155–157). For 

instance, viral mRNAs are known to have IRESs for their translation in the host cell without 

initiation factors (156,157). Similar to viral RNAs, initial studies conducted in HeLa cells 

identified that the Hspa1a mRNA could translate with no requirement of eIF4G and eIF4E cap 

recognition factors (158).   

Despite a decade-long effort, studies have failed to determine the IRES on 5’UTR of Hsp70 

mRNA. Those studies have limited themselves by looking only at the 5’UTR region and under 

non-stress conditions. As there are IRESs formed in the intergenic region (such as HCV and 

CrPV), we considered a portion of the CDS (102 nts) along with 5’UTR of Hspa1a mRNA in our 

approach to characterize the structure formed during heat shock. Through in vitro SHAPE analysis, 

Pyle’s group described that the 5’UTR with 102 nts of CDS could form a heat-inducible stable 

structure. Using luciferase constructs, we elucidated that 102 nts of the CDS is participating in the 

induction of translation along with the 5’UTR. The results suggest a role for the CDS in translation 

induction, however, there is not enough evidence to conclude the presence of an IRES. We can 

achieve this in several ways (1) using traditional bicistronic vector replacing luciferase reporter 

with GFP which is compatible with heat shock followed by the Hspa1a mRNA (2) doing live-cell 

SHAPE analysis of Hspa1a mRNA during heat shock (3) determining its structure using nanopore 

sequencing of the mRNA and (4) performing UV crosslinking followed by CryoEM to analyze the 

three-dimensional folding of the mRNA during heat shock. From these experiments, we can 

conclude if there is an IRES on the Hspa1a mRNA formed during heat shock. 
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In addition to that, we performed cellular validation of the stem-loops H1, H4, and H6 

described to trigger the formation of a compact structure by Pyle’s group. However, unzipping 

these stem loops did not influence the Hspa1a mRNA translation during HS. These discrepancies 

between in vitro and in vivo data could happen because cellular regulatory factors such as RBPs 

and miRNAs are absent in in vitro setup.  

Nonetheless, we identified that the stem loop H1 proximal to the 5’ cap inhibits the cap-

dependent translation under permissive conditions. This suggests that mammalian cells possess a 

mechanism to control the undesirable expression of HSPA1A in the absence of stress similar to 

yeast. However, we do not know the structure of human Hspa1a mRNA. Given that the GC content 

and the length are relatively similar to the mouse Hspa1a mRNA, we expect a similar behavior 

that we will analyze using human cell lines and doing in-vitro SHPAE analysis with the human 

Hspa1a mRNA sequence (Fig 3.7).   

Our in vivo validation of the in vitro data did not yield a candidate stem loop or region 

associated with HSPA1A expression during heat shock. Hence, we used the CRISPR-Cas9 single 

base editing approach to identify critical regions for the Hspa1a mRNA translation that do not 

essentially land on the structure. Interestingly, we identified several regions targeted by sgRNAs 

(179-181, 146-147, 231, and 309-312) within the 5’UTR and 102 nts of CDS that significantly 

decreased the HSP70 expression (Fig 4.1). The editing in the CDS by sg5 introduces an amino 

acid change E27K. Notably, C237T modification by sg12 affects the CDS but does not introduce 

any change in amino acid also influences translation of Hspa1a mRNA during heat shock. Thus, 

we plan to detect the structure of the Hspa1a mRNAs with the modification in positions 146-147, 

179-181 and 309-312 using mRNA nanopore sequencing. We expect to determine whether the 

above-mentioned regions are vital for the formation of a tertiary structure. 
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Interestingly, sg19 and sg24 landing on a region of 24 nts repeats regions surrounded by 

C/U rich motifs sequence (117-141 and 150-174) also reduced the HSPA1A expression. This 

region could regulate translation in two possible means. First, this region spans two binding sites 

for a Mir-30c-1-3p and both sgRNAs mutated 3 and 2 nts, respectively, on the target sequence of 

Mir-30c-1-3p. The binding of miRNA could promote translation in through the recruitment of 

Ago2-mediated conformation change on the RNA to an IRES as described on HCV viral RNA 

(159). Alternatively or additionally, the 24 repeat regions possess site for poly(rC)-binding 

protein1 and 2 (PCBP1 and PCBP2) which is a translation activator in Type I PV IRES (160,161). 

We are yet to explore both the possibilities of miRNA and PCBPs binding. We plan to start by 

checking for the expression level of Mir-30c-1-3p in MEFs. We will also create a Mir-30c-1-3p 

binding mutant by changing its binding sequence on the Hspa1a mRNA. We will transiently 

transfect the mutant plasmid in HSPA1A/1B-null MEFs followed by assessing the HSPA1A 

expression by western blot during no stress and heat shock conditions. We expect reduced 

HSPA1A expression to validate the miRNA function on translation. To explore our second 

possibility, we will do an RNA-immunoprecipitation (RIP) followed by mass spectrometry. We 

expect to see a significantly enriched interaction with PCBP1 and PCBP2 during heat shock. In 

addition, we will knock down PCBP1 and PCBP2 expression using shRNAs, which should 

decrease the induction of HSPA1A upon heat shock.  

Together, our work has revealed the participation of CDS in the HSPA1A induction and 

critical sequence elements on the 5’UTR mediating the formation of functional structure for 

HSPA1A expression during heat shock although further experimental validation is required.  
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Figure 4.1. Representation of base editing by sgRNAs on the In vitro SHAPE structure of 

Hsp70 mRNA from Pyle’s group. Shown here are the sequences edited by sg5, 6, 12, 19 and 32 

which decreases the HSP70 expression. The sg5 makes three G to A mutations in 309-312, sg6 

makes three C to T mutations in 269-272, sg12 edits C to T at position 237, sg19 edits three bases 

from C to T in 179-181 and sg32 makes one G to A edit at position 117.  

4.2.1 How does Hspa1a mRNA differ from other known IRESs? 

Viral IRESs were first identified in 1988 picornaviral family of RNAs by two different groups in 

Encephalomyelitis virus (EMCV) and Polio Virus (PV), respectively (156,157). These viral 

mRNAs are known for undergoing translation without a 5’ m7G cap or certain initiation factors. 

The viral IRESs are of several classes, the one that is of interest to us is Type IV IRES of Cricket 
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paralysis virus (CrPV) located in between coding sequences i.e., intergenic and can recruit 

ribosome for translation devoid of translation initiation factors and ribosome scanning.  

A decade after the discovery of viral IRESs, cellular IRESs were identified and are shown 

to translate during the conditions of stress. The first cellular IRES described was human BiP 

(immunoglobulin heavy chain-binding protein) mRNA also known as GRP78 (glucose-regulated 

protein 78), an ER-localized HSP70 (162). BiP is responsible for the folding of secretory proteins 

and misfolded proteins in the ER (163). Similar to HSPA1A, the expression of BiP is tightly 

regulated at the level of both transcription and translation. Apart from the inherent levels of BiP 

mRNA within the cell, the onset of ER stress induces BiP mRNA synthesis as well its selective 

translation (164–167). Following the discovery of the BiP IRES, several cellular IRESs were 

reported with the use of bicistronic vectors and observing the translational output of the cistron 

located downstream of presumed IRES elements. Although no common structure or sequence has 

been identified among cellular IRESs, they undergo a low rate of translation during physiological 

conditions and the translation efficiency is greatly increased during mitosis and stress conditions 

(109,110). Some of the examples of cellular IRESs include factors involved in various cellular 

processes including vascular endothelial growth factor (VEGF), proto-oncogene and transcription 

factor c-myc, and X-linked inhibitor of apoptosis (XIAP) (170–174). The cellular IRES element 

have been reported to form in the 5’UTR and they have different requirements of translation 

initiation factors and/or IRES trans- acting factors (ITAFs) (162,175,176). Some cellular IRESs 

during stress conditions deplete the initiation factors, and so they require only ITAFs. For example, 

BiP and XIAP mRNA translation is enhanced in the presence of La antigen (176,177). On the other 

hand, the c-myc IRES-mediated translation do require both initiation factors - eIF4A, eIF3 and 

mRNA binding protein, hnRNP as ITAF to stimulate the translation (173).  



242 

 

The 5’UTR of these mRNA has been described to hold IRES activity influencing cell 

survival, proliferation and apoptosis (178). However, the existence of cellular IRESs remains a 

subject of debate, largely due to discrepancies in the bicistronic reporter system employed to 

investigate the cellular IRES. First, unlike Viral IRES elements, cellular IRESs lack structural 

evidence demonstrating their interaction with ribosomes (179,180). Second, the lack of ITAFs in 

vitro systems which are typically required for cellular IRES activity, poses a challenge. Third, the 

expression of reporters may possess an alternative transcription site or splicing site which is not 

accounted for in the experimental setup, especially in Hoxa9 IRES (181). Finally, distinguishing 

between ribosome readthrough after translation of the first ORF (cap-dependent) and re-initiation 

at the second ORF (IRES-dependent) can be difficult (182). Thus, in our experimental setup to 

study the Hspa1a mRNA in Chapter 3, we considered the limitations of methods used to study the 

cellular IRES. We conducted our experiments in vivo using MEFs, which provide regulatory 

factors such as miRNA and ITAFs. We utilized the endogenous HSPA1A promoter and retained 

the endogenous UTRs and CDS intact to avoid discrepancies. With proper controls and 

experimental design, we will continue to investigate the induction of Hspa1a mRNA by a possible 

IRES encompassing the 5’ UTR and first 102 nts of the CDS. Certain plant viruses and cellular 

mRNAs has been reported to undergo a translation mechanism that is neither cap- nor IRES- 

dependent instead possess translation inducing tertiary structures called cap-independent 

translation enhancers (CITEs). The mRNAs harboring CITES often circularize and interact with 

the cap-binding complex and favor ribosome recruitment. The presence of CITE on Hspa1a 

mRNA could be assessed in the future (PMID: 18031280, 23268449, 22733589). 

Unlike cellular mRNA, Hspa1a mRNA differs in several ways. First, Hspa1a mRNAs are 

not present under physiological growth conditions, and they do not possess introns (183). The 
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Hspa1a mRNA synthesis is robustly upregulated during stress. Second, we think the IRES of 

Hspa1a mRNA lies in the 5’UTR and the CDS similar to IGR IRES (184). The CDS involvement 

in the formation of an IRES structure has never been considered in the previous investigations in 

the context of Hspa1a mRNA or other cellular mRNAs. Another striking difference lies in the 

possibility of the increase in temperature inducing the formation of an IRES. As such, it might be 

possible that the Hspa1a mRNA structure behaves as a thermosensor and possibly folds into 

tertiary structures upon heat shock. Typical RNA thermosensors were reported in E. coli HSP 

mRNAs for rapid translational induction during heat shock (185,186). In a bacterial system, the 

increase in temperature melts the structure of the HSP mRNA (186). Conversely, the mouse 

Hspa1a mRNA compactly folds with an increase in temperature. This underscores how 

evolutionarily conserved HSP mRNA can sense temperature changes and adapt by either unfolding 

or folding in different systems.  

 

Figure 4.2. Differences in structure formation in vitro and in vivo on Hspa1a mRNAs. Left: 

In vitro SHAPE structure of 5’UTR of Hspa1a mRNA from Pyle’s group. Right: Our current 

model showing the Mir-30c-1-3p or PCBPs binding to 5’UTR of Hspa1a mRNA may promote the 

IRES-like structure formation and/or translation.  
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The question is, does stressors other than heat, can activate the translation? If the structure 

is formed upon sensing an increase in temperature, then how does the structure form in response 

to stressors such as arsenite or viral infection? It is possible that cellular factors, possibly ITAFs, 

microRNAs, and RBPs (such as PCBP) might be involved in the structure stabilization, and 

translation induction. For instance, the HCV IRES formation is mediated by the binding of 

miR122-Ago2 that triggers a conformational change exposing another site for miR122-Ago2 

binding (159). This induces the final conformational change resembling a structure that is 

translation-competent. Similar to HCV IRES, we have found two binding sites for Mir-30c-1-3p 

on the 5’UTR of Hspa1a mRNA. We are currently exploring the possibility that miRNA-mediated 

IRES formation on Hspa1a mRNA (Fig 4.3).  

4.2.2 HSPA1A and HSPA8 expression regulation during heat shock  

It is known that the expression of HSPA1A, stress-inducible isoform, occurs during stress whereas 

the expression of HSPA8 occurs under permissive conditions. Although the Hspa8 mRNA 

expression is transcriptionally induced, unlike Hspa1a, Hspa8 mRNA contains introns which need 

to be spliced before the mRNA can enter the cytoplasm for translation. During stress, the mRNA 

processing and splicing are downregulated, thus newly transcribed Hspa8 mRNAs do not enter the 

translation pool. In addition to that cytoplasmic pre-existing Hspa8 mRNAs are sequestered in 

SGs therefore it is unlikely to get translated. Further, checking for codon optimality of CDS 

revealed that Hspa8 carries 58% non-optimal codons whereas Hspa1a exhibits only 21% of non-

optimal codons (Fig 4.3). These variations in the codon optimality could account for the poor 

translation of Hspa8 mRNAs over Hspa1a mRNAs during stress conditions. The non-optimal 

codons would greatly contribute to translation regulation of mRNAs. It has been described that 

during stress, the abundance of the tRNA pool changes to favor translation of stress-related 
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transcripts thereby resulting in the synthesis of survival proteins (187). Thus the stress-related 

transcripts have a different composition of codons than the constitutive transcripts so the cells can 

preferentially translate stress-related genes for survival (188).  

 

Figure 4.3. Codon optimality of mouse and yeast constitutive and stress-inducible Hsp70 

mRNAs. Heat map showing the optimal codons in blue and non-optimal codons in pale yellow 

across the codons of Hspa8 and Hspa1a mRNAs in mice versus SSA2 and SSA4 mRNAs in yeast. 

The mouse CDS of Hspa8 and Hspa1a mRNA have 58% and 21% non-optimality, respectively. 

The yeast CDS of SSA2 and SSA4 mRNA have 22% and 53% non-optimality, respectively. 

4.3 The change of the Hsp70 mRNA fate during recovery from stress 

4.3.1 Translation profile of inducible Hsp70 mRNA during recovery in yeasts and 

mammalian cells 

In yeast, the inducible Hsp70 mRNA is translated only upon heat shock not during the recovery 

(99). From the results in Chapter 2, we have also shown that the inducible SSA4 mRNA rapidly 

disappears during the recovery from stress and there is no further induction of its translation during 

recovery. In MEFs however, we show that the translation efficiency of Hspa1a mRNA is higher 
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during recovery than the heat shock. This is confirmed by increased ribosome occupancy on 

inducible Hsp70 mRNA in polysome fraction as well as western blotting (Chapter 3, Fig. 3.1). 

This indicates that mammalian cells have a higher demand for HSP70 proteins to recover from the 

stress than the yeasts. We believe the inducible Hsp70 mRNA codon has evolved to be more 

optimal in mammalian cells for its efficient translation during recovery just to meet cellular 

requirements (Fig 4.2). This optimization is due to the fact that yeasts have a simpler proteome 

and a faster cell cycle (~90 min), resulting in rapid turnover of gene expression. Consequently, 

yeasts synthesize sufficient inducible HSP70 proteins during stress to swiftly progress into the cell 

cycle upon recovery. Conversely, mammalian cells possess a more complex proteome and slower 

cell cycle (~12-24 h). Hence, they take advantage of the cap-dependent translation machinery  

(especially eIF4A) and maximize the inducible HSP70 synthesis during recovery and subsequently 

degrade the mRNA. 

4.3.2 Inducible Hsp70 mRNA clearance during recovery 

When the cells recover from stress, the inducible HSP70 transcripts are rapidly cleared by the cells. 

In yeast, we found that Asc1p clears the SSA4 transcripts through the recruitment of Dhh1p and 

Xrn1p in a pathway that is not yet understood. From the Asc1p physical interactome analysis, we 

proposed that the LSM heteroheptameric complex could degrade the mRNA by binding to its 

3’UTR in the cytoplasm (189–191). LSM complex functions exclusively in pre-mRNA splicing 

by interaction with U6 small nuclear RNA and is conserved from yeasts to humans. In the 

cytoplasm, the LSM complex has been shown to function with 5’-3’ degradation factors including 

Xrn1p, Dhh1p, and Dcp1p to degrade the SSA4 mRNA (189–191). Another possibility is that the 

promoter of the SSA4 gene recruits co-translationally decay factors, as has been shown for cell 

cycle-regulated genes and stress-regulated genes upon glucose starvation (192,193) We have 
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assessed whether the Asc1 binds to the 3’ UTR, 5’ UTR, or promoter of SSA4 to mediate its decay 

by replacing these regions with those of constitutive SSA2 gene (see appendix). However, none of 

these regions played a role in the clearance of inducible Hsp70 mRNA during recovery mediated 

by Asc1p. This leaves us with two possibilities: The first possibility is the presence of a conserved 

region in both the WT and Optimized SSA4 CDS for an RBP that binds Asc1, thereby facilitating 

its specific action in degrading SSA4 mRNA. The second possibility is that Asc1p could indirectly 

influence the decay of SSA4 mRNA by regulating the assembly and disassembly of PBs (194,195).  

Accordingly, we found that mammalian cells localize SSA4 mRNAs at 3 hrs of recovery from 

stress before they completely degrade all HSPA1A mRNAs (data not shown). Destabilization of 

inducible Hsp70 mRNA is highly critical. This marks the attenuation of HSR, and prevents the 

cells from cytotoxic effects of inducible HSP70 in healthy cells (114,196,197). Failure to attenuate 

HSP70 synthesis is clinically associated with tumorigenesis (38). 

4.3.3 Biomedical implications of our study on HSP70 expression: 

Healthy cells present at relatively low levels of HSPA1A and its expression is rapidly induced 

upon stress at mRNA and protein level. During stress, the HSPA1A aids in coping with cellular 

proteostasis by refolding misfolded protein, preventing aggregation, promoting degradation of 

damaged protein, and regulating apoptosis. Upon return to growth conditions, HSPA1A returns to 

the normal threshold by controlling its translation and mRNA stability (114,115,197). Thus, 

healthy cells maintain a tight regulation of HSPA1A induction and downregulation. Due to 

constant proliferation, the cancer cells are always in a state of stress. HSPA1A promotes the 

survival of the cancer cells against various apoptotic signals (198). Thus, not surprisingly, in 

certain tumors such as breast cancer, acute leukemia, and endometrial cancer, HSPA1A is 

ubiquitously expressed to protect tumor cells from both intrinsic replicative stress and extrinsic 
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environmental challenges (38,199). Notably, nuclear localization and activation of HSF1 has been 

related to malignancy by blocking pro-apoptotic signals, promoting translation, protein folding, 

and rapid cell proliferation (PMID: 23869022).  

Clearly, the HSPA1A expression is misregulated in cancer cells (151). To understand if 

the misregulation is coming from the mRNA or protein level, we established a collaboration with 

Dr. Peter Siegel working on leptomeningeal metastases (LM). Dr. Seigel’s laboratory has 

generated patient-derived xenograft models of both primary breast tumors and secondary LM 

(200–202). By RNA-seq analysis, they have found that Hspa1a mRNA levels were significantly 

downregulated in LM compared to primary tumor lesions. However, the HSPA1A protein 

expression remained the same in breast tumor and LM. This suggests a differential regulation of 

Hspa1a mRNA translation and degradation. In order to check the Hspa1a mRNA levels and 

localization, we performed a tissue-smFISH. We found that very few cancer cells in LM have a 

transcriptional induction while the rest of the cancer cells contain mature Hspa1a mRNA in the 

cytoplasm. This indicates an increase in the stability of the Hspa1a mRNAs and contributing to 

the lower yet constant synthesis of HSPA1A. The constant expression of HSPA1A is associated 

with therapeutic resistance and poor patient prognosis (151).   

This renders HSPA1A an optimal target for anticancer therapy. Numerous small molecule 

inhibitors of HSP70 have been developed to target ATPase activity, prevent interaction with co-

chaperones, or inhibit binding to client proteins (203). However, the use of direct inhibitors HSP70 

is often associated with therapeutic resistance thereby limiting their long-term efficacy. 

Consequently, there is an urgent need to explore effective alternatives for targeting HSP70 

expression in cancer cells, either by modulating the translation or stability of Hspa1a mRNA. In 

our research, we have identified key regions that play a significant role in promoting Hspa1a 
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mRNA translation although in mice. Checking the conservation in humans and targeting these 

sites using RNA interference (RNAi) presents a promising alternative for controlling HSPA1A 

dysregulation in cancer treatment. 

 

4.4 Concluding remarks 

From Chapter 2 and Chapter 3, we found that the CDS of the inducible HSP70 plays different roles 

in the activation of HSPA1A expression in mammalian and yeast cells undergoing heat stress. In 

yeast, the CDS dampens down RQC and mediates its regulation. Although not completely 

elucidated, in mammalian cells the CDS favor translation induction probably through an IRES-

like structure formation upon heat shock. This implies that the regulatory mechanisms governing 

the posttranscriptional regulation of the inducible HSP70 expression are not conserved during 

evolution.  
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6. APPENDIX 

APPENDIX 1: Asc1p modulation of SSA4 mRNA stability during recovery from stress 

in Saccharomyces cerevisiae 

Authors: Lokha R Alagar Boopathy, Kevin Munoz Portocarrero, Jessamine Mattson, Maria Vera 

Ugalde.   

ABSTRACT 

Organisms react to environmental stress by increasing the production of a group of proteins 

referred to as heat shock proteins (HSPs); more specifically, to HSP70 since it is one of the most 

functionally significant upon stress. This study delves into the regulatory mechanisms underlying 

the stability of SSA4 mRNA, a member of the Stress Seventy sub-family A (Ssa) in budding yeast, 

during recovery from heat shock. The investigation focuses on the role of Asc1p, a scaffold protein, 

in mediating the decay of SSA4 mRNA through potential binding sites within SSA4 3'UTR, 

promoter, and 5'UTR regions. Surprisingly, our results challenge our initial hypothesis that Asc1p 

directly influences SSA4 mRNA stability through binding to specific regions. Swapping the 3'UTR, 

promoter, and 5'UTR of SSA4 with those of a constitutively expressed gene, SSA2, did not 

significantly alter mRNA turnover. However, the deletion of Asc1p led to a substantial increase in 

SSA4 mRNA half-life during recovery, consistent with previous findings. Thus, the study proposes 

that Asc1p may indirectly modulate mRNA decay, potentially through its role in promoting the 

formation of cytoplasmic granules known as P-bodies. Future research aims to investigate P-body 

formation during recovery and further elucidate the intricate pathways through which Asc1p 

influences SSA4 mRNA stability. 
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INTRODUCTION 

Organisms respond to environmental stressors by upregulating a set of proteins known as 

heat shock proteins (HSPs) (1). These molecular chaperones play a crucial role in various 

biological activities, particularly in the reconfiguration of misfolded proteins, contributing to the 

maintenance of cellular homeostasis (2,3). HSPs are classified into families based on their apparent 

molecular weight. Among the ATP-dependent chaperones, HSP70 and HSP90 stand out as the most 

functionally significant in cellular processes (4). Additionally, HSPs are further categorized into 

constitutive and inducible groups based on their steady-state expression levels, with the inducible 

HSP70 genes demonstrating rapid and heightened expression (5). Fast resolution of the stress 

response is imperative, as prolonged expression of inducible HSP70 under basal conditions has 

been associated with cancer cells and tumorigenesis (6). In addition, prolonged expression of 

HSP70 has shown detrimental growth in Drosophila (7). Thus, HSP70 transcripts must transition 

from a state of high stability during stress to high instability during the recovery phase (8). For that 

reason, it is very important to study the mechanisms responsible for its mRNA decay. 

In budding yeast, the Stress Seventy sub-family A (Ssa) consists of four members: Ssa1-4 

(8,9). While the viability of the organism does not depend on any of these subfamilies, SSA4 (the 

focus of this investigation) is crucial (9). Ssa1 and SSA2 are constitutive, whereas SSA4 is 

minimally expressed under normal conditions and undergoes rapid and significant upregulation 

following exposure to heat shock (8,9). This is one of the reasons that SSA4 will be subjected to 

further analysis in this paper. 

Previous literature reveals that Asc1p, a scaffold protein situated at the forefront of the 40S 

subunit, plays a major role in destabilizing SSA4 mRNA during recovery from heat stress (8). 

Nevertheless, the exact process on how Asc1p activates downstream factors to signal the 
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degradation of SSA4 mRNA is still poorly understood; thus, we aim to investigate this process. We 

hypothesize that Asc1p binds to a particular region of the SSA4 mRNA which activates downstream 

factors to signal its decay. To test this hypothesis, we decided to look into the effects of Asc1p 

binding to the 3’UTR, Promoter and 5’UTR of SSA4 mRNA. 

In the first place, earlier studies indicate that the stability of many eukaryotic mRNAs is 

regulated by adenosine/uridine-rich elements (AREs) located in their 3’UTR sequences (10,11). 

These ARE sequences facilitate mRNA decay in response to various specific signals both within 

and outside the cell (12). In addition, the 3’UTR sequence contains the poly(A) tail whose 

deadenylation is often tightly coupled with mRNA decapping and decay (13,14,15). Moreover, 53 

motifs, found in the 3’UTR of Saccharomyces cerevisiae genes, have been associated in the 

regulation of mRNA turnover (15,16). Thus, we hypothesize that Asc1p binds to the 3’UTR 

sequence of SSA4 mRNA signaling to its degradation. To test this hypothesis, we swapped the 

3’UTR of SSA4 with the one from SSA2 and we further studied the mRNA decay during recovery 

upon stress. Accordingly, we found that there is no significant difference in mRNA stability 

between the WT/asc1Δ and its corresponding swapped strains. Thus, Asc1p does not regulate SSA4 

mRNA stability through binding to SSA4 3’UTR. 

Furthermore, previous work found that the stability of mRNA can be influenced by a 

promoter through the co-transcriptional loading of an accessory protein onto the mRNA (17). More 

specifically, they found that promoter-dependent activity directly determines the manner and 

timing of cytoplasmic degradation for a specific subset of budding yeast mRNAs (18). Therefore, 

we suspected that Asc1p binds to the promoter of SSA4 mRNA signaling to its degradation. We 

tested the influence of SSA4 promoter on the stability of SSA4 mRNA by replacing it with the 

promoter region of constitutively expressed SSA2 gene to study the effect on mRNA turnover 
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during recovery from stress. However, this replacement had no effect on either the WT/asc1Δ or 

its corresponding swapped strains. Thus, Asc1p does not regulate SSA4 mRNA stability through 

binding to SSA4 promoter sequence. 

Finally, we were able to observe a short poly(A) repeat located in the 5’UTR of SSA4 

mRNA. The SSA4 gene sequence was extracted from the SGD database and mapped on snapGene. 

As mentioned earlier, the deadenylation of the poly(A) tail is tightly coupled with mRNA 

degradation (13,14,15). Thus, we decided to further analyze Asc1p’s role in binding to the 5’UTR 

of SSA4 and regulating its stability. On that note, we tested the influence of SSA4 5’UTR on the 

stability of SSA4 mRNA by replacing it with the 5’UTR region of constitutively expressed SSA2 

gene to study the effect on mRNA turnover during recovery from stress. Nevertheless, this 

replacement had no significant effect on either the WT/asc1Δ or its corresponding swapped strains. 

Thus, Asc1 does not regulate SSA4 mRNA stability through binding to SSA4 5’UTR sequence. 

MATERIALS AND METHODS 

Yeast Culture 

All yeast strains originate from the parental strain BY4741 and were cultivated in yeast 

extract peptone dextrose (YPD) medium. The cultivation was carried out at 25°C with continuous 

shaking at 250 rpm. Modified strains involving knock-ins and deletions were developed through 

homologous recombination of the parental strain. This process involved transforming a PCR-

amplified fragment from a plasmid containing selection-specific markers. To confirm gene 

deletions and knock-ins, PCR assays were conducted on genomic DNA extracted from individual 

colonies. 
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Heat Shock and recovery 

Yeast cells in the logarithmic growth phase (optical density at 600 nm (OD600): 0.4–0.6) 

were heat shocked in a 42°C water bath with constant shaking at 150 rpm for 30 minutes. 

Immediately after heat shock, the heated medium was replaced with the same volume of room 

temperature (RT) medium. The culture flasks were then placed in a 25°C incubator with continuous 

shaking (250 rpm) until cultures were collected for recovery at 15’, 30’, 60’, and 90’ minutes. 

Recovered yeast (5 ml) was centrifuged at 4000 × g for 3 min at RT and left at -80°C for 

downstream processing. 

RNA extraction and Northern Blotting 

In the given procedure, all centrifugations were carried out at 12,000 × g. The cell pellets 

were suspended in 500 µl of RNA extraction lysis buffer (composed of 10 mM Tris–HCl pH 8.5, 

5 mM EDTA, 2% SDS, 2% stock 2-mercaptoethanol) and moved to 1.5 ml tubes. To induce cell 

lysis, the tubes were incubated in a heat block at 83°C for 20 minutes. Following a 5-minute 

centrifugation, the resulting supernatant was transferred to a new tube marked in red, containing 

550 µl of phenol pH 8.0. After a 30-second vortex and 2-minute centrifugation, the upper layer 

was transferred to a fresh tube labeled in blue. To the red-labeled tube, 250 µl of RNA extraction 

lysis buffer was added and briefly vortexed. Subsequently, an equal volume (250 µl) of chloroform 

was introduced, followed by vortexing and centrifugation, and the upper layer was transferred to 

the blue-labeled tube. An additional 550 µl of phenol pH 8.0 was added to the blue-labeled tube, 

vortexed, and spun as previously described, and the upper layer was transferred to a new tube 

containing 550 µl of acid phenol–chloroform, pH 4.5 (Cat# AM9720, Thermofisher Scientific, St. 

Austin, TX, USA). After a brief vortex and spin, 450 µl of the upper layer was transferred to a new 

set of tubes containing 200 µl of 0.6 M sodium acetate + 600 µl Acid Phenol-Chloroform, pH 4.5. 
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These tubes were vortexed and centrifuged as before. Approximately 350 µl of the upper layer was 

once again transferred to new tubes containing 1.1 ml of 99% ethanol and 30 µl of 5 M ammonium 

acetate. Following thorough mixing, the samples were stored at −20°C overnight. On the 

subsequent day, the samples underwent centrifugation at 4°C for 15 minutes, and the supernatant 

was discarded. The pellet underwent two washes with 80% ethanol, was air-dried, and then 

dissolved in 40 µl of RNase-free water for RNA quantification. Twelve micrograms (12 µg) of 

RNA were dispensed into new tubes and dried in a SpeedVac for 45 minutes at 45°C. Subsequently, 

the samples were reconstituted in 5 µl of RNase-free water and combined with 7 µl of homemade 

RNA loading dye. The RNA samples were electrophoresed on a 1% denaturing gel in 1 × MESA 

buffer. Capillary electrophoresis was utilized for the overnight setup of the transfer to zeta probe 

nylon membranes. The membrane underwent UV crosslinking at 1200 mJ, followed by staining 

for total RNA, prehybridization, hybridization, exposure to a phosphor screen, and development 

using a phosphorimager. 

mRNA half-lives calculations 

The calculation of mRNA half-life involved quantifying Northern blots with ImageJ and 

normalizing the results based on corresponding methylene blue staining. The intensity of the heat 

shock sample at the 0-minute time point was designated as 100% induction. Subsequently, the 

relative intensity for recovery samples at timepoints 15, 30, 60, and 90 minutes was computed. To 

model the decay over time, a polynomial curve was generated, plotting time against the percentage 

of mRNA decayed. The equation of the polynomial curve was determined, and using the what-if 

analysis feature in Microsoft Excel, the equation was solved for X, with the condition that Y 

represents 50. This analytical approach allowed for the estimation of the time at which mRNA 

decay reaches 50%, providing a measure of mRNA half-life in the experimental context. 
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RESULTS 

Asc1p does not affect SSA4 mRNA stability through 3’UTR binding during recovery from 

heat shock 

To explore Asc1p’s role in binding to the 3’UTR to regulate SSA4 mRNA stability during 

recovery, we performed a 3’UTR swap by replacing the SSA4 3’UTR with the SSA2 3’UTR in 

both WT and asc1Δ strains. SSA2, a constitutive gene, served as a control in northern blot analysis. 

The yeast cells were collected at 25°C (RT), after heat shock (42°C), and after recovery for 15, 30, 

60, and 90 minutes to follow the stability of the mRNAs. Detection of full-length SSA4 and SSA2 

mRNAs was achieved using radioactive probes (Figure 6.1.1A). Probes for the 3’UTR swap 

strains were generated through PCR amplification, with a forward primer flanking the end of the 

SSA4 coding sequence and a reverse primer flanking a few base pairs of SSA2 3’UTR. In the WT 

strain, SSA4 mRNA exhibited high induction during heat shock, returning rapidly to basal levels 

during recovery, consistent with expectations. On the contrary, asc1Δ showed prolonged induction 

post-heat shock which was anticipated since published data already supported Asc1p's role in 

regulating SSA4 mRNA stability during recovery (8). 

Notably, there was no significant difference in SSA4 mRNA expression between WT and 

WT 3’UTR swap strains during recovery. Similarly, no significant difference was observed in SSA4 

mRNA levels between asc1Δ and asc1Δ 3’UTR swap strains during recovery. Finally, we plotted 

the intensities of SSA4 mRNA bands and calculated their half-lives using non-linear regression 

(Figure 6.1.1B). As expected, we observed a 2.2-fold increase in its half-life upon deletion of 

Asc1p. Nevertheless, we did not observe a significant change in the half-life of the WT 3’UTR 

swap strain (0.88-fold) relative to the WT. On that note, we also did not observe a significant 

change in the half-life of the asc1Δ 3’UTR swap strain (0.77-fold) relative to the asc1Δ. 
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Figure 6.1.1. Asc1p does not affect SSA4 mRNA stability through 3’UTR binding during 

recovery from heat shock. (A) Northern blots to assess the expression of SSA4 and SSA2 mRNAs 

in the WT, WT 3’UTR swap, asc1Δ and asc1Δ 3’UTR swap strains at RT conditions, after 30 

minutes of heat shock at 42°C (HS), and at the indicated recovery time stamps (R). (B) Decay plots 

of SSA4 and SSA2 mRNAs throughout recovery. Band intensities were corrected to the methylene 

blue staining and are expressed relative to the HS band for each strain (considered to be 100% 

expression) to obtain decay curves and calculate half-lives (t1/2 of SSA4 mRNA: WT 26’, WT 

3’UTR swap 23’, asc1Δ 57’ and asc1Δ 3’UTR swap 44’). 

 

 

Asc1p does not affect SSA4 mRNA stability through promoter binding during recovery from 

heat shock 

To determine whether Asc1p is binding to the promoter to regulate SSA4’s mRNA stability 

during recovery, we performed a promoter swap by replacing the SSA4 promoter with the SSA2 

promoter (referred to as 2P4) in both WT and asc1Δ strains (Figure 6.1.2A). The yeast cells were 

collected at 25°C (RT), after heat shock (42°C), and after recovery for 15, 30, 60, and 90 minutes 
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to follow the stability of the mRNAs. From the northern blot results, the SSA4 mRNA in WT strain 

exhibited high induction during heat shock, returning rapidly to basal levels during recovery, 

consistent with expectations. On the other hand, the prolonged induction observed in asc1Δ after 

heat shock was expected, given the existing published data that supports Asc1p’s role in the 

regulation of SSA4 mRNA stability during the recovery phase (8). Notably, there was no significant 

difference in SSA4 mRNA expression between WT and WT 2P4 swap strains during recovery. 

Similarly, no significant difference was observed in SSA4 mRNA levels between asc1Δ and asc1Δ 

2P4 swap strains during recovery. Finally, we plotted the intensities of SSA4 mRNA bands and 

calculated their half-lives using non-linear regression (Figure 6.1.2B). As expected, we observed 

a 2.2-fold increase in its half-life upon deletion of ASC1. Nevertheless, we did not observe a 

significant change in the half-life of the WT 2P4 swap strain (1.2-fold) relative to the WT. On that 

note, we also did not observe a significant change in the half-life of the asc1Δ 2P4 swap strain 

(0.89-fold) relative to the asc1Δ.  
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Figure 6.1.2. Asc1p does not affect SSA4 mRNA stability through promoter binding during 

recovery from heat shock. (A) Northern blots to assess the expression of SSA4 and SSA2 mRNAs 

in the WT, WT 2P4 swap, asc1Δ and asc1Δ 2P4 swap strains at RT conditions, after 30 minutes of 

heat shock at 42°C (HS), and at the indicated recovery time stamps (R). (B) Decay plots of SSA4 

and SSA2 mRNAs throughout recovery. Band intensities were corrected to the methylene blue 

staining and are expressed relative to the HS band for each strain (considered to be 100% 

expression) to obtain decay curves and calculate half-lives (t1/2 of SSA4 mRNA: WT 26’, WT 2P4 

swap 31’, asc1Δ 56’ and asc1Δ 2P4 swap 50’). 

 

Asc1p does not affect SSA4 mRNA stability through 5’UTR binding during recovery from 

heat shock 

To explore Asc1p’s role in binding to the 5’UTR to regulate SSA4’s mRNA stability during 

recovery, we performed a 5’UTR swap by replacing the SSA4 5’UTR with the SSA2 5’UTR in 

both WT and asc1Δ strains. To assess the stability of SSA4 mRNA levels, we performed northern 

blot by collect yeast cells under control, HS, HS followed by 15, 30, 60 and 90 minutes of recovery 
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(Figure 6.1.3A). In the WT strain, SSA4 mRNA exhibited the expected pattern of high induction 

during heat shock, returning rapidly to basal levels during recovery. On the other hand, asc1Δ 

showed prolonged induction post-heat shock which was anticipated since published data already 

supported Asc1's role in regulating SSA4 mRNA stability during recovery (8). 

Notably, there was no significant difference in SSA4 mRNA expression between WT and 

WT 5’UTR swap strains during recovery. Similarly, no significant difference was observed in SSA4 

mRNA levels between asc1Δ and asc1Δ 5’UTR swap strains during recovery. Finally, we plotted 

the intensities of SSA4 mRNA bands and calculated their half-lives using non-linear regression 

(Figure 6.1.3B). As expected, we observed a 2.1-fold increase in its half-life upon deletion of 

Asc1p. Nevertheless, we did not observe a significant change in the half-life of the WT 5’UTR 

swap strain (0.89-fold) relative to the WT. Similarly, we also did not observe a significant change 

in the half-life of the asc1Δ 3’UTR swap strain (0.73-fold) relative to the asc1Δ. 
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Figure 6.1.3. Asc1p does not affect SSA4 mRNA stability through 5’UTR binding during 

recovery from heat shock. (A) Northern blots to assess the expression of SSA4 and SSA2 mRNAs 

in the WT, WT 5’UTR swap, asc1Δ and asc1Δ 5’UTR swap strains at RT conditions, after 30 

minutes of heat shock at 42°C (HS), and at the indicated recovery time stamps (R). (B) Decay plots 

of SSA4 and SSA2 mRNAs throughout recovery. Band intensities were corrected to the methylene 

blue staining and are expressed relative to the HS band for each strain (considered to be 100% 

expression) to obtain decay curves and calculate half-lives (t1/2 of SSA4 mRNA: WT 36’, WT 

3’UTR swap 32’, asc1Δ 75’ and asc1Δ 3’UTR swap 55’). 

 

DISCUSSION 

The investigation aimed to elucidate the role of Asc1p in regulating the stability of SSA4 

mRNA during recovery from heat shock, focusing on potential binding sites within the 3'UTR, 

promoter, and 5'UTR regions. The results obtained provide insights into the molecular mechanisms 

underlying the decay of SSA4 mRNA during recovery from stress. Our results demonstrated that 

replacing the 3’UTR of SSA4 with that of the constitutively expressed SSA2 did not alter SSA4 

mRNA stability. We were very surprised by the outcome of these results since researchers have 
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widely associated the function of 3’UTRs to mRNA decay (10-16). In a similar fashion, our work 

revealed that replacing the SSA4 promoter with the constitutively expressed SSA2 promoter did 

not affect mRNA turnover. Thus, the SSA4 promoter does not play a major role in its mRNA 

stability. An interesting observation to comment is that we were able to see some mRNA expression 

in the WT 2P4 swap control sample. As stated before, SSA4 is an inducible gene; thus, its 

expression should not be seen in control conditions but only upon stress (8,9). Nevertheless, due 

to the fact that the promoter was swapped to the one of SSA2 (constitutive gene), we were able to 

observe some expression even in control conditions. Lastly, our work disclosed that replacing the 

5’UTR of SSA4 with that of SSA2 mRNA did not significantly impact SSA4 mRNA stability. On 

that note, these findings refuted our original hypothesis which established Asc1p regulating SSA4 

mRNA stability through binding to a specific region of SSA4 mRNA. 

The observed increase in SSA4 mRNA half-life upon ASC1 deletion is consistent with 

previous findings, affirming Asc1p's role in modulating SSA4 mRNA stability during recovery 

from heat shock. However, the lack of significant changes in mRNA stability in the swapped strains 

suggests that Asc1p may influence mRNA decay indirectly rather than direct binding to a single 

region. More specifically, previous literature has linked Asc1p promoting cytoplasmic granule 

formation during stress (19). These cytoplasmic granules known as P-bodies emerge in eukaryotic 

cells as a reaction to various stresses (19,20). These structures function as locations for the 

degradation of some mRNA molecules (19-21). In addition, it has been found that these P-bodies 

contain all the necessary components for the mRNA degradation machinery such as the 5’−3’ 

exonuclease Xrn1p (20,21). Furthermore, previous studies have shown that SSA4 mRNA’s half-

life is vastly increased in strains depleted from Xrn1p in comparison to WT (8). Thus, Xrn1p plays 

a crucial role in the degradation of SSA4 mRNA during recovery (8). For the reasons outlined 
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before and the results obtained in this study, we believe that Asc1p might mitigate SSA4 mRNA 

stability indirectly through P-bodies rather than a direct binding to a specific region of SSA4 

mRNA. To test this hypothesis in the future, we aim to start by transforming a plasmid containing 

a fluorescent tag for P-bodies into our yeast strains in order to observe them under the microscope 

and assess P-body formation during recovery. In conclusion, while our initial hypotheses regarding 

the direct involvement of the 3’UTR, promoter, and 5’UTR in Asc1p-mediated regulation of SSA4 

mRNA stability were not supported, the study opens avenues for future research to unravel the 

intricate web of interactions governing SSA4 mRNA decay in response to environmental stressors. 
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APPENDIX 2: Chapter 3 supplementary tables  

Supplementary table 2.1: table of plasmids 

Plasmid  Reference 

pSH62-EBD  Addgene 49455 

pSH47 gal Ura Cre  Genbank AF298782 

YCplac111 GenBank X75457, L26350 

YCplac211 GenBank X75462, L26358 

pFA6a-kanMX6 Euroscarf 

pFA6-hphNT1  Euroscarf 

p415-3xHA-12V6WT  pMV54 

pUC57+OPTSSA4 pMV157 

pSH47-OPTSSA4 pMV-AX005 

pFN6+Hygro SSA4+MUT 3'UTR pMV183 

pRS416-Asc1M1x pMV195 

pRS416-Asc1DY pMV196 

pFA6a-kanMX6-3xFlag pMV189 

YCplac111+pGPD-GFP-K12 (AAAAAG)-

FLAG-HIS  

pMV234 (recloned from Dimitrova and 

Inada 2009) 

YCplac111+pGPD-GFP-R12-FLAG-HIS 

pMV235 (recloned from Dimitrova and 

Inada 2009) 

p415GPDp-RPS20 WT Matsuo Nat Commun 2017 

p415GPDp-RPS20 K6R K8R  Matsuo Nat Commun 2017 

pFA6-Halo-HISMX6+3XHA-SSA4 pMV237 
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Supplementary table 2.2: table of primers 

Primer Sequence 

SSA4nbF GAGTAAATTTTACGGAGCTGC 

SSA4nbR CTCTGGCTTATGACGATGAG 

SSA3nbF ATCCATGCCCAACTCGGGTGC 

SSA3nbR GAAGTGTGCGTTACTCTCGGAC 

SSA2nbF GAAGGCTGAAGAAACTATTGCTTGG 

SSA2nbR CTTTTCGGATATTTTACAGGGCG 

SSA1nbF CGATGACAAGTTGAAGGAGTTG 

SSA1nbR CATTAGTGTTAGCGATAATCAAG 

DOANBF GCT AAA CAG TCA CAG AAT TTG GC 

DOANBR GAT TAT TTG CTA TCT AGA CAT TAT GTG 

SSA4OPTF GGA AGG TGT TGC CAA TCC AAT CAT G 

MS2V6R Northern ATG CCG ATA TTC TGC ACC 

SSA4F for 3xHA-

12MS2V6 integration 

CAGGAGCAGGCCCAGTTCCGGGTGCTGGAGCAGGCCCCACTGGAGCACCAGACAACG

GCCCAACGGTTGAAGAGGT GTTTACCCATACGATGTTCCTG   

SSA4R for 3xHA-

12MS2V6 integration 

TATATACTTATAAAAAGTTGTTAAGAGGGAAAACTAAGAAATTCTCATCGCATCTTTG

TATTTAT CACTAGTGGATCTGATATCACC  

SSA2F for 3xHA-

12MS2V6 integration 

GCAGCTCCAGGTGGTTTCCCAGGTGGTGCTCCTCCAGCTCCAGAAGCTGAAGGTCCAA

CTGTCGAAGAAGTTGAT GTTTACCCATACGATGTTCCTG   

SSA2R for 3xHA-

12MS2V6 integration 

CGTAAAAAAATTAAAAAATACAGAGGAAAGCAAAAGTAAAACTTTTCGGATATTTTA

CAGGGCGATCGCTAAGC CACTAGTGGATCTGATATCACC  

SSA3F for 3xHA-

12MS2V6 integration 

GGATTCCCCGGATCCATGCCCAACTCGGGTGCTACGGGAGGTGGAGAAGATACAGGT

CCAACAGTGGAAGAGGTTGAT GTTTACCCATACGATGTTCCTG   

SSA3R for 3xHA-

12MS2V6 integration 

CATCATGGATAGATTACCCGCCATCGTATAAAAGGTTAAACATAAAAAGTAGCTAAA

TAGAACACTATAGAAGAATAA CACTAGTGGATCTGATATCACC  

SSA1F for 3xHA-

12MS2V6 integration 

CAGGTGGTGCTCCAGGCGGTTTCCCAGGTGGTGCTCCTCCAGCTCCAGAGGCTGAAGG

TCCAACCGTTGAAGAAGTTGAT GTTTACCCATACGATGTTCCTG  

SSA1R for 3xHA-

12MS2V6 integration 

CGGAAAATTCCTCATTATACCCAGATCATTAAAAGACATTTTCGTTATTATCAATTGCC

GCACCAATTGGC CACTAGTGGATCTGATATCACC  

DOA for 3xHA-

12MS2V6 integration 

CTTGGCTTGCAAACATCAAAAGGAGCTATGGGAACGTGCCAAGGTTTAAGGATATTTT

CGACGATCTC TCCGTTTACCCATACGATGTTCCTG 

DOA for 3xHA-

12MS2V6 integration 

CAGAAAGAATTTTAAAGATTATTTGCTATCTAGACATTATGTGTTTTATATGATTGCTG

TAAAAGTA CACTAGTGGATCTGATATCACC 

SSA4-OPTMS2V6F GCCGGTCCAGTTCCAGGTGCTGGTGCCGGTCCTACGGGCGCACCAGACAACGGTCCA

ACTGTCGAAGAAGTCGATGTTTACCCATACGATGTTCCTG 

Mutated3SSA4F TGAAGAGGTTGATTAGATAAATACAAAGATGCGATGTTGATGCAGCATCGAATTTCTT

AG 

Mutated3SSA4R TTTAAATTATGATTGCTGTACATTTCCGAGCTAAACTC 

Asc1HisF GGTTTTCCTAACTCGTTCTCTCTCTCTTTTTTTTTTCCAAAAAATCCTTATAACACACTA

AAGTAAATAAAGTGAAAAATGACAGAGCAGAAAGCCCTAG 

Asc1HisR TATAGAAATTATTTTCTTTATTTTTACCATTTTAAACATGACCAATAACTAGAAGATAC

ATAAAAGAACAAATGAACTTTATACATATTCCTACATAAGAACACCTTTGG 

Hel2HygroF AAAAAGATCCATAAAGTGCATTTTGATACAGTCTCTTTCGTCGAAAAAATAGTGGC 

TATACTTCTTTTCAAGAATTAGGATGGGTAAAAAGCCTGAACTC 

Hel2HygroR TATCGGAATTTTATTTAAGACTTTCATTTCTCTAATGCTATTGTCAGTTACAGGTTAGA

AATATATTTCCAATCGTTAAAGCCTTCGAGCGTCCCAAAACC 

STE20FHygro CTTGGCTTGCAAACATCAAAAGGAGCTATGGGAACGTGCCAAGGTTTAAGGATATTTT

CGACGATCTC TCCGTTTACCCATACGATGTTCCTG 

STE20RHygro CAGAAAGAATTTTAAAGATTATTTGCTATCTAGACATTATGTGTTTTATATGATTGCTG

TAAAAGTA CACTAGTGGATCTGATATCACC 

Edc3URAF GCCGGTCCAGTTCCAGGTGCTGGTGCCGGTCCTACGGGCGCACCAGACAACGGTCCA

ACTGTCGAAGAAGTCGATGTTTACCCATACGATGTTCCTG 

Edc3URAR GGTTTTCCTAACTCGTTCTCTCTCTCTTTTTTTTTTCCAAAAAATCCTTATAACACACTA

AAGTAAATAAAGTGAAAAATGACAGAGCAGAAAGCCCTAG 
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RPS28AURAF TATAGAAATTATTTTCTTTATTTTTACCATTTTAAACATGACCAATAACTAGAAGATAC

ATAAAAGAACAAATGAACTTTATACATATTCCTACATAAGAACACCTTTGG 

RPS28AURAF AAAAAGATCCATAAAGTGCATTTTGATACAGTCTCTTTCGTCGAAAAAATAGTGGC 

TATACTTCTTTTCAAGAATTAGGATGGGTAAAAAGCCTGAACTC 

Dom34HisF AGATCCCAAAAAATTAAGCATTCGTTGCTGCATCGTTGTCATTTTGTTCAATTATCGCA

TTCCTATCATAGCAAAAATATGACAGAGCAGAAAGCCCTAG  

Dom34HisR GAAGTAAAGAGAATAATCCGATTTATTATAGGGTTGCAAATTTTATGTGTACATTACT

TTTTTCTTACATAGTAAATCTACATAAGAACACCTTTGGTGG 

Hbs1HisF  AATAAGCAATTTAAAAAGAGTTAAGTACAGCTTGGAGACACCCAAAGGCTTCTGCTT

CGACAACTATTGACTATCGAGATGACAGAGCAGAAAGCCCTAG  

Hbs1HisR GATCGCTATTAATGTGTAGAAATTGAAAAAATTACATACAGAAGCGTATAAAATTCTT

ATCATCTATTTTCACCCTTCTACATAAGAACACCTTTGGTGG 

AscHygroDepF AGATCCCAAAAAATTAAGCATTCGTTGCTGCATCGTTGTCATTTTGTTCAATTATCGCA

TTCCTATCATAGCAAAAATATGACAGAGCAGAAAGCCCTAG  

AscHygroDepR GAAGTAAAGAGAATAATCCGATTTATTATAGGGTTGCAAATTTTATGTGTACATTACT

TTTTTCTTACATAGTAAATCTACATAAGAACACCTTTGGTGG 

Ski7Fint GAGACCCTTCTACAATACACGTACGAGGAGGTGGTCTTCGAAACTTACAGTACCACCT

GACATGACAGAGCAGAAAGCCC 

Ski7Rint ATATATTAAACAATAAGTATGAATGCCTAGTATAATTTCTTAGTTGTAGGA CTACATA

AGAACACCTTTGGTGG 

dhh1URAF GAAGTAAAGAGAATAATCCGATTTATTATAGGGTTGCAAATTTTATGTGTACATTACT

TTTTTCTTACATAGTAAATCTACATAAGAACACCTTTGGTGG 

dhh1URAR GAGACCCTTCTACAATACACGTACGAGGAGGTGGTCTTCGAAACTTACAGTACCACCT

GACATGACAGAGCAGAAAGCCC 

NotHygroF ATATATTAAACAATAAGTATGAATGCCTAGTATAATTTCTTAGTTGTAGGA CTACATA

AGAACACCTTTGGTGG 

NotHygroR GAAGTAAAGAGAATAATCCGATTTATTATAGGGTTGCAAATTTTATGTGTACATTACT

TTTTTCTTACATAGTAAATCTACATAAGAACACCTTTGGTGG 

RPS19BURAF GAAATTTTAAAGTGGGATTTTTGTGAATATTGACAACAAAGGTATAGAACCAAAGAT

AATAAAGatgtcgaaagctacatataagg 

RPS19BURAR CGATAATACTATAGTATAATGATAATATTAATAAAAATCTTAGCTTTTTATTTTTAACA

ACTCGCttagttttgctggccgcatcttctc 

RPS28AURAF ATTTATTGTAAATTACAGTTGTGTTCGTTTTCGATTCTTCTCAAAAGCAGAAAACCAAG

CTAGCAATCatgtcgaaagctacatataagg 

RPS28AURAR AAAAGGCACAAATATATAAGATAGATTTTGTATAGCTGCAACCTTCAATCTGCAAATA

AGCTTCCttagttttgctggccgcatcttctc 

Mbf1UraF GCTTCCATAACTGTAAAAGCTAATAAGCTAGAAAACAAAAAAGTTAACGAGCAAAAT

CGTAAAGAAAA atgtcgaaagctacatataagg  

Mbf1UraR TAATGTACATTATTAAGAATGCTTCATTGATGACATGCAGTGCGAAAAGAAAGGAAC

AAATGAAAGAAGACCTCT ttagttttgctggccgcatcttctc  

Ltn1PFint ACTGAAGAAGTCCTTCTTAATAGTTCAAATCTGCTAAGCCATCAAAAAAAGTTCAAGC

AATAGTTGGTTCTTAatgtcgaaagctacatataagg 

Ltn1Print ATTTGTAAGAGAGCACAATAATAAAAGGAACTTTGTTTAAAAAATGTAGTACATTTAT

ATGAAATTTATATGCGATAGT ttagttttgctggccgcatcttctc 

Rps7BUraF TTGACTTTGTATATACAAACAGAAGAGAAACCAACACACTAAAGACTAGACACATAA

CTGACCAatgtcgaaagctacatataagg 

Rps7BuraR TTATTATTTTTTCTTAATATTATTTTCTTTAAGTATGACAAATGATGAGAATGATAGTT

ATCTCACTATttagttttgctggccgcatcttctc 

MAG2FintLeu TGCACTGATAAAATAAAGATATAGTAGTAGAATCTGTTACTAATCTTAACACTTTTGA

TGGTAGAACCGGAC ATGTCTGCCCCTAAGAAGATCG 

MAG2RintLeu GAAATGATATAGAATAGGTCCTCCCACATTTCTGGCTTGGAAAGAGATTTTTAAGCAG

AACATGCTGTAACC TTAAGCAAGGATTTTCTTAACTTC 

Asc1FlagF GGTCAAACTTTGTTTGCCGGTTACACCGACAACGTCATTAGAGTTTGGCAAGTTATGA

CTGCTAAC ACG CTG CAG GTC GAC GAC TAC AAA 

Asc1FlagRKan ATTTTTACCATTTTAAACATGACCAATAACTAGAAGATACATAAAAGAACAAATGAA

CTTTATACATA ACTGGATGGCGGCGTTAGTATC 

SSA4OPT5UTRF TATAAATTGAACGAAACTCAAGCCAATAAAGGAC 

URAREVSSA43UTR TGATTGTGTATCTTATATATATACTTATAAAAAGTTGTTAAGAGGGAAAACTAAGAAA

TTCTCATCGCATCTTTGTATTT ttagttttgctggccgcatcttctc 

Asc1CheckF GCATTGGGCTATTCCTTTAATTGTG 

HisR CCTGTGTGGACGTTAATCACTTG 
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Hel2CheckF GGCGGTCACTCTTAATAATAGC 

HygroR2test GTTTCAGGCAGGTCTTGCAACG 

KanRevCheck CGGGCTTCCCATACAATCG 

NOPFcheck: GCATATCAAGACGTGTACTACATAC 

Edc3PCheckF TGTAATTAGCTGCAATCATCTTG 

UraRev check GCAAATTTTCTGTCTTCGAAGAG 

RPS28AF GATGATTTATTGTAAATTACAG 

Asc1Promoter F CCTAACTCGTTCTCTCTCTC 

LeuRCheck CAACGAAGTCAGTACCTTTAGC 

Ski7CheckF GACCAGATTTACATTGGTGTAC 

Dhh1checkF CAGAGCTATCATCAACAAGCG 

Xrn1FwdCheck ACGTTGAGTGGTTCAACAAG 

Hbs1CheckF  CTATTCAACCTGGTGAATCTTTGAC  

P3mutFcheck GATAAATACAAAGATGCGATGTTGAT  

RPS19BF GAACATTAGTGAAGATACAATCG 

RPS28AF GATGATTTATTGTAAATTACAG 

Mbf1pFcheck CGCTTAACCAATAATAGTTTCATG 

Ltn1CheckF GTACTTCTTACCTCCAGCTTGAC 

SSA4NTHAF CATGTCAGTTTACCCATACGATG 

SSA45F ggatccGAGCTC TTGAACGAAACTCAAGCCAA 

SSA4PFHindIII ATTCCGAAGCTT CGAGGTTTACACGAAAGATATC 

PSSA4HARev TGAGGAAATTTCTTCTGGAGTAAATG 

Rps20WT PF ccatgtctgactttcaaaaggaaaag 

Rps20K68R mut PF ccatgtctgactttcaaagagaaaga 

RPS20 Rev cgagttagttggaagcaacaacaac 

RPS28PF2 CTTGGTCGTTGAACTACTTGG 

RPS28 ORF REV CAATAGTTCTGGAAGTGTCTTCC 

Rps7bcheck CACGTTCCACACAGTTTGGG 

MAG2FCheck CTATATCGTAAACACCGTTGG 

3Xflag tagF tcgacGACTACAAAGACGATGACGACAAGGACTACAAAG ACGATGACGACAAG GAC 

TAC AAA GACGATGACGACAAGTAGc 

3Xflag tagR ccgggCTACTTGTCGTCATCGTCTTTGTAGTCCTTGTCGTCATCGTCTTTGTAGTCCTTGT

CGTCATCGTCTTTGTAGTCg 

Mutated3SSA4FHindIII ATATATAAGCTTTGAAGAGGTTGATTAGATAAATACAAAGATGCGATGTTGATGCAG

C  

Mutated3SSA4RBamHI ATATATGGATCCTTTAAATTATGATTGCTGTAC  

RTT105F TATTTATACAATGTACAGCAATCATAATTTAAATTCGG 

RTT105R GTCTTCCAAATCCTCGTTGTTTTGCC 

RTTPromoterEcoRV ATATATGATATCTATAATACTCTCTTATTTAAGTTACTTCTATTCTTCAATTGATTAATT

CCAACAGATCAAGCAGATTTTATACAGAAATATTTATACAATGTACAGC 

SSA4OPTPSt1 ATATATCTGCAGTATAAATTGAACGAAACTCAAGCC 

SSA4OPTRevXbaI ATATATTCTAGAAATCGACTTCTTCGACAGTTGG 

Asc1FPFBlp1 CATACATATTCAATGAGCTGAGC 

Asc13RevSpeI atatatactagtCCTTTCTTTCATTACTTCGAAATCTATGACG 

Asc1FQPCR ATGTTTGGCCACTTTGTTGG 

Asc1RQPCR GTTACCGGCAGAAATGATGG 

SNR24FQPCR TTGCTACTTCAGATGGAACTTTG 

SNR24RQPCR TCAGAGATCTTGGTGATAATTGG 

ACTFQPCR TTCTGAGGTTGCTGCTTTGG 

ACTRQPCR CTTGGTGTCTTGGTCTACCG 

SSA4optFqpcr GACAAGATGGTTGCTGAAGC 

SSA4optRqpcr CTAGCGTCTTCTTCACCTAC 

SSA4FQPCR CTATAAATTGGTTAGATGCTTCGC 

SSA4 Rev QPCR CAACCGTTGGGCCGTTGTCTGG 
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