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Proteins are versatile molecular machines that control and execute virtually all

cellular processes. They are synthesized in a multilayered process requiring

transfer of information fromDNA to RNA and finally into polypeptide, withmany

opportunities for error. In addition, nascent proteins must successfully navigate

a complex folding-energy landscape, in which their functional native state

represents one of many possible outcomes. Consequently, newly synthesized

proteins are at increased risk of misfolding and toxic aggregation. To maintain

proteostasis–the state of proteome balance–cells employ a plethora of

molecular chaperones that guide proteins along a productive folding

pathway and quality control factors that direct misfolded species for

degradation. Achieving the correct balance between folding and degradation

therefore represents a fundamental task for the proteostasis network. While

many chaperones act co-translationally, protein quality control is generally

considered to be a post-translational process, as the majority of proteins will

only achieve their final native state once translation is completed. Nevertheless,

it has been observed that proteins can be ubiquitinated during synthesis. The

extent and the relevance of co-translational protein degradation, as well as the

underlying molecular mechanisms, remain areas of open investigation. Recent

studies made seminal advances in elucidating ribosome-associated quality

control processes, and how their loss of function can lead to proteostasis

failure and disease. Here, we discuss current understanding of the situations

leading to the marking of nascent proteins for degradation before synthesis is

completed, and the emerging quality controls pathways engaged in this task in

eukaryotic cells. We also highlight the methods used to study co-translational

quality control.
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1 Introduction

A typical mammalian cell expresses more than

10,000 structurally and functionally diverse proteins, with

copy numbers varying from a few molecules to millions (Beck

et al., 2011). To reach their functional state, proteins must

generally fold into appropriate three-dimensional structures,

assemble with partners, localize to specific cellular

compartments, and exist at appropriate concentrations. This is

an enormous task for the cell: altogether, proteins dedicated to

functions related to the life cycle of the proteome (translation,

elongation, folding and proteolysis) constitute a remarkable 10%

of proteome mass; with 3% dedicated to protein folding (Muller

et al., 2020). Protein synthesis is inherently error prone. During

folding, newly synthesized proteins must sample diverse

intermediate conformations, at risk of assuming kinetically

trapped non-native states. Moreover, stochastic errors

occurring at the level of transcription, mRNA maturation, and

translation can generate folding-compromised protein variants.

The same is true for disease-associated genetic mutations and for

DNA and RNA molecules damaged by environmental stress,

such as UV irradiation. Certain proteins require translation at

specific cellular locations, such as the endoplasmic reticulum

(ER) and mitochondrial membranes, which involves the

concerted action of specialized targeting factors.

Mislocalization of nascent chains therefore represents another

cause of defective protein synthesis. The protein folding problem

is further exacerbated by the fact that many proteins require

conformational flexibility to function, and therefore are only

marginally stable under physiological conditions. Consequently,

their structural integrity is challenged by proteotoxic stress

situations, such as high temperatures and reactive oxygen

species, as well as by a number of pathological states and aging.

If left unresolved, defective protein species pose a substantial

problem to the cell. Misfolded protein forms are not only

dysfunctional, but they also tend to engage in non-productive

intermolecular interactions, forming potentially toxic protein

aggregates. These aggregates, which in some instances are

thermodynamically more stable than the native state, can

overburden folding and degradation factors, thereby enforcing

a self-propagating cycle that ultimately leads to proteostasis

collapse and cell death (Hipp et al., 2014). Many pathological

conditions are fundamentally rooted in the protein folding

problem, including loss-of-function genetic disorders such as

Cystic Fibrosis and aggregate-deposition diseases, as in many

age-dependent neurodegenerative disorders such as Parkinson’s

and Alzheimer’s diseases. For these reasons, cells largely benefit

from early detection and rapid resolution of non-native protein

species (Rodrigo-Brenni and Hegde, 2012). This can be

accomplished by two general means, chaperone-assisted

protein remodeling and protein degradation via the ubiquitin-

proteasome and autophagy systems. The timing for transitioning

from refolding to a degradation strategy is critical towards

establishing an effective balance between overall protein

synthesis efficiency and risk of aggregation, and poses one of

the key problems in cell biology (Rodrigo-Brenni and Hegde,

2012; Duttler et al., 2013). Of note, the appropriate balance may

vary between cell types and different physiologic and metabolic

circumstances, adding another layer of complexity to this task.

2 How efficient is protein synthesis?

The overall efficiency of protein synthesis and maturation

has been a matter of debate. Defective ribosomal products

(DRiPs), defined as polypeptides that never attain native

structure owing to errors in translation or post-translational

processes necessary for proper protein folding and maturation

(Yewdell et al., 1996), have been estimated to represent upwards

of 30% of newly synthesized proteins (Schubert et al., 2000). In

certain conditions, up to two-thirds of proteins were degraded

during or rapidly after translation (Schubert et al., 2000). These

estimations were based on pulse labelling experiments

comparing the levels of newly synthesized proteins (i.e., those

containing a pulsed radioactive amino acid) in the presence and

absence of proteasome inhibitors over a period of up to 1 hour.

However, subsequent studies raised concerns about this

methodology. Proteasome activity promotes the recycling of

proteins into free amino acids. Incorporation of a radiolabeled

amino acid into newly synthesized proteins is most efficient in

the absence of the corresponding unlabeled amino acid.

Accordingly, reduced amino acid recycling from the unlabeled

proteome during proteasome inhibition promotes higher

incorporation of radioactive amino acid into nascent proteins,

especially if experiments are performed in amino acid starvation

media (Vabulas and Hartl, 2005). In the relevant timespan for

DRiP degradation, it is therefore difficult to distinguish if

eventual increases in pulse-labeled radioactive proteins in the

presence of proteasome inhibitors stem from higher labelling

efficiency or from blocking their degradation. Taking these

limitations into account, Vabulas and Hartl estimated that

only a few percent of proteins are degraded immediately upon

translation, with around 20% degradation in the time frame of

30–60 min. Even in the presence of the proline analog

L-azetidine-2-carboxylic acid (AZC), which promotes

misfolding, proteins were protected from very early

degradation (up to 12 min), but steadily declined at later

stages (~40% degradation between 15–60 min). The authors

propose that proteins that are unable to fold correctly are not

robustly degraded during translation, but rather through a

relatively slow posttranslational process likely involving the

cooperation of chaperones and degradation pathways (Vabulas

and Hartl, 2005). In the timespan of 30–60 min, DRiP

degradation might overlap with the regulated degradation of

short-lived proteins (Vabulas and Hartl, 2005), and therefore the

overall levels of erroneous protein synthesis remain undefined.
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3 Co-translational degradation is a
relatively rare but nonetheless
relevant quality control mechanism

These studies have raised very pertinent questions: to what

extent do protein quality control pathways act co-translationally,

and in which instances is co-translational degradation

advantageous over engagement with the post-ribosomal

chaperone network? Here we define co-translational

degradation as all instances where nascent proteins are

marked for degradation before their synthesis is completed,

i.e., while still associated to ribosomes. Early studies observed

co-translational ubiquitination of Apolipoprotein B, beta-

galactosidase containing an artificial N-degron sequence, and

in vitro translated CFTR (Sato et al., 1998; Zhou et al., 1998;

Turner and Varshavsky, 2000). Wang et al. quantified overall

levels of co-translational ubiquitination in human cells using a

sensitive pulse labelling strategy (Figure 1A). Polysomes isolated

from cells expressing FLAG-tagged ubiquitin were treated

in vitro with biotin-conjugated puromycin, which incorporates

into and releases nascent proteins from ribosomes. An anti-

FLAG immunoprecipitation was used to isolate ubiquitinated

proteins, which were then analyzed by SDS-PAGE and

immunoblotting with fluorescent streptavidin to detect

released nascent proteins. In HEK293T cells, 12%–15% of the

total nascent polypeptides were found to be co-translationally

ubiquitinated, with similar values also obtained in HeLa, mouse

NIH 3T3, and primary human foreskin keratinocytes. Further

analysis found that K48-linked chains were the predominant type

of co-translational polyubiquitination, indicating a function in

proteasomal degradation. The authors conclude that co-

translational ubiquitination is a robust process in mammalian

cells (Wang et al., 2013).

Duttler et al. performed similar analyses in yeast (Figure 1B).

After a 1 min 35S-pulse labelling of nascent proteins, ribosome-

bound nascent polypeptides were separated from finished

FIGURE 1
Experimental workflows to study co-translational ubiquitination. (A) Wang et al. introduced FLAG-tagged ubiquitin to human cells to enable
purification of ubiquitinated protein species by FLAG immunoprecipitation. To restrict the analysis to nascent proteins, first ribosomes were isolated
and associated polypeptides were labeled and released from the ribosome using biotin-puromycin. Following separation of ubiquitinated and non-
modified species, nascent chains were detected based on the binding of fluorescent streptavidin with the biotin-puromycin label. (B) Duttler
et al. pulse-labeled nascent proteins with 35S-labeled amino acids for a short period of time (1 min). After this pulse, some labeled nascent proteins
were still associated with ribosomes, while others reached termination and ribosome release. Ribosomes were then isolated from completed
proteins and both fractions were submitted to polyubiquitin affinity isolation. Nascent chains and newly synthesized released proteins were then
detected by autoradiography. The fraction of co-translational ubiquitination is calculated as the amount of 35S-labeled nascent chains isolated by
polyUb affinity over total 35S-labeled nascent chains in the ribosomal fraction.
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products using sucrose fractionation, and both fractions were

submitted to affinity isolation of polyubiquitinated proteins. The

analysis showed that approximately 1.1% ± 0.07% of ribosome-

bound nascent chains and 0.5% ± 0.04% of completed, newly

made polypeptides were ubiquitinated in vivo. Chase

experiments showed that these polyubiquitinated nascent

polypeptides were rapidly degraded after 5–10 min, and

proteasome inhibition increased the combined fraction of

ubiquitinated nascent chains and newly made polypeptides

from 1.5% to 5%. The authors conclude that a small pool of

newly made proteins are ubiquitinated co- and post-

translationally, and those are degraded during or soon after

synthesis (Duttler et al., 2013). In this regard, it is important

to point out that a steady flow of even a small percentage of

ubiquitinated nascent proteins could represent a considerable

burden to the proteasome, as ribosomes are 10 times more

abundant than proteasomes in both yeast and mammalian

cells (Russell et al., 1999; von der Haar, 2008; Beck et al.,

2011; Duttler et al., 2013).

4 Types of co-translational
degradation

Wang et al. (2013) observed that co-translational

ubiquitination (CTU) can happen in at least two different

contexts: within stalled translation complexes (CTUS) and

within active translation complexes (CTUA). Ribosome run off

experiments in human cells showed that CTUA was the most

prominent type of co-translational ubiquitination, representing

circa two-thirds of CTU events. CTUA increased in response to

treatments that induce protein misfolding, such as the proline

analog AZC, inhibition of co-translational chaperone Hsp70

(but not of post-translational chaperone Hsp90), or

knockdown of the co-translational chaperone NAC (nascent

polypeptide-associated complex). CTUS was increased by

agents that lead to translational errors or ribosomal stalling,

such as Hygromycin B (affecting translational fidelity and

readthrough of stop codons), Cycloheximide (inhibitor of

ribosome translocation), and Eeyarestatin 1 (inhibitor of

Sec61-dependent translocation).

5 The ribosome-associated quality
control pathway: Targeting
ribosome-stalled nascent chains for
degradation

While the effectors of CTUA remain largely unknown, the

major players of CTUS have been extensively characterized in

recent years. The function of the ribosome-associated quality

control (RQC) pathway is to eliminate partially synthesized

protein products from elongation-stalled ribosomes,

i.e., ribosomes that take disproportionately long

translational pauses and that are unable to undergo the

canonical translation termination process. Initial sensing of

stalled ribosomes can happen in two distinct ways (Figure 2):

i) recognition of an empty ribosome A site (devoid of mRNA)

by the protein Pelota (yeast Dom34), happening when

ribosomes reach the extreme 3′ end of mRNAs lacking stop

codons (Shoemaker et al., 2010; Pisareva et al., 2011; Hilal

et al., 2016), or ii) recognition of collided ribosomes by the

ubiquitin ligase ZNF598 (yeast Hel2), happening when a

trailing ribosome encounters a leading ribosome that

stalled mid-message (Juszkiewicz et al., 2018). In the first

case, Pelota can induce ribosome splitting together with

partner proteins Hbs1 and ABCE1. In the second case,

ZNF598-mediated ubiquitination of specific sites at the 40S

ribosomal subunit (in the RPS10 and RPS20 proteins) recruits

the ASCC complex (named RQC-trigger complex, RQT, in

yeast) to split the stalled ribosome (Juszkiewicz and Hegde,

2017; Matsuo et al., 2017; Sitron et al., 2017; Sundaramoorthy

et al., 2017). In both instances, ribosomal splitting leads to a

large ribosomal subunit still attached to the tRNA-bound

nascent chain, a situation that does not occur in canonical

translation and therefore serves as a signal for the recruitment

of the RQC complex (Lyumkis et al., 2014). The core

components of the RQC machinery in mammals are the

ubiquitin ligase Listerin and the factor NEMF (Ltn1 and

Rqc2 in yeast, respectively) (Chu et al., 2009; Bengtson and

Joazeiro, 2010; Brandman et al., 2012). NEMF/

Rqc2 recognizes the peptidyl−transfer RNA molecule at the

interface of the dissociated 60S ribosome and supports the

recruitment of Listerin/Ltn1 to ubiquitinate the stalled

polypeptide near the ribosome exit tunnel (Shao et al.,

2015). This is followed by tRNA release from the nascent

chain by the tRNA endonuclease ANKZF1 (yeast Vms1)

(Kuroha et al., 2018; Verma et al., 2018; Zurita Rendon

et al., 2018), extraction from the 60S with the help of the

AAA+ ATPase VCP (yeast Cdc48) and degradation by the

ubiquitin-proteasome system, which also involves the factors

TCF25 (yeast Rqc1) and Tom1 (Figure 2) (Brandman et al.,

2012; Defenouillere et al., 2013; Verma et al., 2013;

Defenouillere et al., 2017; Osuna et al., 2017; Kuroha et al.,

2018).

In some situations, yeast Rqc2 and the large ribosomal

subunit can elongate stalled proteins with carboxy-terminal

alanine and threonine residues (CAT tails), in an atypical

form of polypeptide elongation that does not involve a

template mRNA or the 40S subunit (Shen et al., 2015).

C-terminal extensions with varying amino acid composition

have also been observed in prokaryotic and metazoan

organisms, and therefore the term CAT tail has been revised

to “C-terminal addition to translation tails” (Sitron and

Brandman, 2020). CAT-tailing is thought to be important in

instances where Listerin/Ltn1 fails to ubiquitinate the nascent
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chain due to the absence of Listerin-accessible Lys residues,

i.e., when they are buried in the ribosomal exit tunnel or

when they happen in inflexible structured regions (Kostova

et al., 2017; Sitron and Brandman, 2019). CAT-tailing further

extrudes the protein from the ribosomal exit tunnel, providing

new opportunities for Listerin/Ltn1 ubiquitination (Kostova

et al., 2017; Sitron and Brandman, 2019). In addition, the

CAT tail can serve as a degron sequence, promoting Listerin/

Ltn1-independent degradation of ribosome-stalled nascent

chains. In the model cases studied so far, CAT-tailing

promoted the recruitment of alternative E3 ubiquitin ligases

(Hul5 in yeast and CRL2KLHDC10 and Pirh2/Rchy1 in humans)

(Sitron and Brandman, 2019; Thrun et al., 2021) to

polyubiquitinate the stalled nascent chains once they were

released from the ribosome. Of note, CAT-tail recognition is

predicted to happen exclusively off the ribosome, as CAT-tails

(typically ~10–14 residues (Sitron and Brandman, 2019)) would

otherwise be buried inside the ribosomal exit tunnel.

Some aspects of CAT-tailed mediated protein

degradation remain to be addressed: i) how are CAT-tailed

proteins released from stalled ribosomes in the absence of

Listerin/Ltn1, ii) are there additional ubiquitin ligases

involved in CAT-tail induced degradation, and if so, are

they specific towards certain substrates, iii) could CAT-

tails have a direct function at the proteasome, for example

in initiating protein unfolding and thus facilitating

degradation (Thrun et al., 2021). In conclusion, RQC-

mediated degradation can happen through two different

co-translational mechanisms: ubiquitination by the

Listerin/Ltn1 ubiquitin ligase, or CAT-tailing by the

NEMF/Rqc2 factor. Accordingly, RQC-mediated

degradation does not necessarily involve co-translational

ubiquitination, with the CAT tail assuming the role of a

degron. This mechanism might reconcile early

observations that only a fraction (~15%–18%) of ribosome-

stalled nascent chains are ubiquitinated in human cells

(Wang et al., 2013), and that Listerin/Ltn1 only accounts

for a small fraction of total co-translational ubiquitination

events (~10% in human and ~5% in yeast) (Duttler et al.,

2013; Wang et al., 2013).

Importantly, CAT tails tend to self-associate, driving the

formation of potentially toxic protein aggregates that sequester

chaperone proteins and are difficult to eliminate (Choe et al.,

2016; Defenouillere et al., 2016; Yonashiro et al., 2016; Wu et al.,

2019; Sitron et al., 2020; Udagawa et al., 2021). This tendency was

more pronounced for yeast CAT tails composed of Ala and Thr

residues than for human CAT tails composed mainly of Ala

residues (Yonashiro et al., 2016; Thrun et al., 2021; Udagawa

et al., 2021). Disruption of Listerin/Ltn1 in yeast and human cells

decreased stalled nascent chain degradation and promoted the

accumulation of aggregated CAT-tailed proteins, sensitizing cells

to translational and proteotoxic stress. NEMF/Rqc2 deletion

ameliorated some of these phenotypes, indicating that CAT-

tail accumulation contributes to cell toxicity (Choe et al., 2016;

Defenouillere et al., 2016; Yonashiro et al., 2016; Wu et al., 2019;

Sitron et al., 2020; Udagawa et al., 2021).

At the organismal level, mutations in the core RQC

components have been associated with severe early onset

motor and neurodegenerative phenotypes. In mice, a

hypomorphic mutation in the gene encoding the Listerin

ubiquitin ligase results in progressive neurological and

motor dysfunction, which includes several pathological

biomarkers seen in human neurological diseases (Chu

et al., 2009). Mice harboring homozygous missense

mutations in the NEMF gene also display a progressive

neuromuscular phenotype (Martin et al., 2020). The

FIGURE 2
Stalled ribosome rescue and RQC pathways. Elongation-stalled ribosomes can be recognized by two mechanisms, an empty A site at the
extreme 3′ end of themRNA or the presence of collided ribosomes. Both situations lead to ribosome splitting, resulting in a 60S subunit still attached
to the peptidyl-tRNA. The RQC marks the 60S-associated nascent chain for proteasomal degradation through two possible mechanisms, Listerin-
mediated ubiquitination, or NEMF-mediated CAT-tailing. The latter can promote Listerin-mediated ubiquitination or act as a degron sequence
after release from the large ribosomal subunit. Homologous human and yeast factors are labeled in black and grey, respectively.
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corresponding mutations in yeast Rqc2 were associated with

reduced CAT-tailing activity, but could still promote

Ltn1 binding to stalled nascent chain complexes. NEMF-

null mice exhibited more severe neuromuscular

phenotypes than these hypomorphic mutants, having a

median lifespan of 11 days (compared to 20 days

and >2 years for the point mutants). NEMF mutations

have also been found in nine patients presenting

intellectual disability and/or early motor neuron disease

phenotypes (Martin et al., 2020). Collectively, these

observations indicate that CAT-tail induced protein

aggregation can pose a significant risk to proteome

balance, but (partial) loss of RQC-mediated protein

degradation has severe impact on organismal fitness even

in the absence of CAT-tail aggregation.

Stalling of ribosomes before they reach the correct

termination codon results in the production of truncated

proteins that are likely to be dysfunctional. Partially

synthesized proteins could have problems in folding and

maturation, or they might lack functional domains and

therefore potentially cause dominant negative effects

(Brandman et al., 2012; Brandman and Hegde, 2016). Some

truncated proteins might be able to fold into a stable

structure, and therefore a conformational criteria would not

suffice to monitor all elongation-stalling events (Brandman

and Hegde, 2016). Monitoring ribosome elongation status not

only solves this problem, but also gives an opportunity to commit

elongation-stalled nascent chains to degradation before they exit

the ribosome. This prevents further attempts to fold these

defective proteins, reducing the burden on the proteostasis

network, and limits their chances to engage in inappropriate

interactions. Moreover, adopting prolonged ribosome collision as

a signal for RQC activation provides the opportunity to fine tune

the RQC degradation threshold for different proteins: transcripts

with low translation initiation rates have larger distances between

ribosomes, allowing for transient translational pauses that serve a

function in co-translational folding and trafficking (Juszkiewicz

et al., 2018; Lakshminarayan et al., 2020).

6 Triggers of ribosomal stalling and
RQC-mediated degradation

Since Listerin was first described to act in the degradation of

elongation-stalled nascent chains, several situations were shown

to cause ribosomal stalling and RQC activation. Many studies

using model protein constructs provided proof-of-principle

evidence that certain mRNA defects can activate the RQC. As

RQC represents a proofreading pathway acting on relatively rare

but very diverse failed translation events, obtaining a

comprehensive view of endogenous RQC substrates is a

challenging task that remains to be fully addressed.

Characterizing the natural causes of RQC-mediated

degradation, and how they respond to translational and

proteotoxic stress, will be critical towards understanding how

toxic protein species contribute to RQC-linked

neurodegeneration (Sitron and Brandman, 2020).

6.1 Defective mRNAs

In yeast, the RQC is intimately linked to two cytosolic mRNA

decay pathways that rely on ribosome translation as a

proofreading mechanism to detect defective mRNAs: the No-

Go Decay (NGD) pathway, which eliminates mRNAs that

present obstacles to elongation (Doma and Parker, 2006;

Simms et al., 2017; Ikeuchi et al., 2019; Winz et al., 2019),

and the Non-Stop Decay (NSD) pathway, which targets

mRNAs that lack stop codons (Frischmeyer et al., 2002;

Pisareva et al., 2011; Tsuboi et al., 2012). As both pathways

are activated by ribosomal stalling, they share common

recruitment mechanisms with the RQC. Although the NGD

and NSD pathways are conserved from yeast to human

(Powers et al., 2020), experiments exploring whether related

mRNA decay occurs in mammalian cell lines produced mixed

results (Frischmeyer et al., 2002; Arthur et al., 2015; Juszkiewicz

and Hegde, 2017; Meydan and Guydosh, 2020; Goldman et al.,

2021). Mammalian cells minimize the translation of problematic

messages via an mRNA silencing feedback loop. The protein

EDF1 is a ZNF598-independent sensor of ribosome collisions

that recruits the translational repressors GIGYF2 and EIF4E2 to

prevent translation re-initiation at the defective mRNA, reducing

the number of ribosomes queuing after the stalled ribosome and

the protein output of the corresponding mRNA (Hickey et al.,

2020; O’Donnell et al., 2020; Sinha et al., 2020).

mRNA defects that have been shown to cause a problem in

ribosome elongation include:

6.1.1 Premature polyadenylation
Alternative polyadenylation is a widespread mechanism of

gene regulation that generates distinct mRNA 3′ ends to

modulate mRNA localization, stability, and translation

efficiency during developmental and signaling processes. This

regulatory heterogeneity comes at the expense of fidelity.

Premature polyadenylation is a naturally occurring error in

transcript maturation where cleavage and polyadenylation

happen at near cognate sites within the coding sequence (i.e.

before the stop codon), rather than at the 3′ untranslated region

(UTR). Unless a termination codon is created at the intersection

of the coding sequence and the poly(A) sequence, ribosomes will

read into the poly(A) tail. Using dual fluorescence reporter assays

for terminal ribosome stalling (Figure 3), it has been shown that

poly(A) sequences are strong inducers of ribosome stalling, but

disruption of collision sensor ZNF598/Hel2 allows for eventual

readthrough of such problematic sequences (Juszkiewicz and

Hegde, 2017; Sundaramoorthy et al., 2017; Juszkiewicz et al.,
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2018). Translation of the first few AAA codons, encoding for Lys

residues, progressively slows elongation as the poly(Lys) peptidyl

tRNA adopts a conformation that is suboptimal for peptide bond

formation. Furthermore, the poly(A) mRNA sequence inside the

ribosome adopts a helical conformation that engages in stacking

interactions with the 18S ribosomal RNA. These interactions

promote rearrangement of the decoding center, further slowing

elongation to the point of stalling (Chandrasekaran et al., 2019).

It has been postulated that premature polyadenylation is the

most common mRNA defect in eukaryotes (Chandrasekaran

et al., 2019). A comprehensive polyadenylation site database

compiled from deep sequencing data estimate that 1.8% of the

poly(A) sites mapped in human cells happen inside the coding

sequence (Wang et al., 2018). However, these sites are used with

very low frequency in relation to canonical 3′ UTR sites, and in

some instances a stop codon might be formed. Of note, poly(A)

site selection is regulated according to developmental and

environmental conditions, and therefore fluctuations in

premature polyadenylation mistakes might happen as well.

Another possibility for poly(A) translation is readthrough of

stop codons, which could result in ribosomal stalling at poly(A)

sequences correctly placed at the 3′ UTR. Although termination

readthrough happens with some frequency (typically less than

1%), the majority of transcripts (93% in human cells) contain

additional in frame stop codons within the 3′ UTR (Namy et al.,

2001; Wangen and Green, 2020). Therefore, poly(A) translation

would require consecutive rare readthrough events. Nevertheless,

stop codon readthrough can be increased in certain situations,

such as aminoglycoside antibiotic treatment (Palmer et al., 1979;

Manuvakhova et al., 2000; Wangen and Green, 2020), stress-

induced loss of the ABCE1 ribosome splitting factor (Annibaldis

et al., 2020), and the [PSI+] prion state in yeast, involving

aggregation of the Sup35p (eRF3 homolog) translation

termination factor (Paushkin et al., 1996).

6.1.2 Truncated mRNAs
Ribosomes stall at the extreme 3′ end of truncated mRNAs

lacking stop codons, due to a simple physical impediment

(Meaux and Van Hoof, 2006; Tsuboi et al., 2012; Guydosh

and Green, 2014). Truncated mRNAs can arise, for example,

by endonucleolytic cleavage within the open reading frame.

Presumably, ribosomal stalling only happens when cleavage

occurs in mRNAs already engaged in translation, as

translation initiation is inefficient in the absence of a poly(A)

tail (Munroe and Jacobson, 1990; Joazeiro, 2017). This could be

the case during NSD and NGD decay pathways that cleave

mRNAs at ribosome stalling sites, as an initial step in mRNA

degradation (Frischmeyer et al., 2002; van Hoof et al., 2002;

Doma and Parker, 2006; D’Orazio et al., 2019; Glover et al.,

2020). Endonucleolytic cleavage of actively translated mRNAs

might also happen in the context of regulated IRE1-dependent

decay (RIDD), a process in which the IRE1 ribonuclease cleaves

mRNAs located at the ER membrane in order to decrease the

burden of ER protein synthesis during stress situations (Hollien

and Weissman, 2006; Hollien et al., 2009). Additional cellular

processes, such as nonsense-mediated mRNA decay (Huntzinger

et al., 2008; Eberle et al., 2009) and some cases of gene silencing

by microRNAs (Shin et al., 2010), also involve mRNA cleavage.

Whether mRNA cleavage events in these different contexts

activate the RQC remains to be demonstrated.

One important implication from the eventual recruitment of

mRNA decay pathways to collided ribosomes is that both stalling

sensing mechanisms, ZNF598- and Pelota-mediated, could take

place in the same mRNA (Figure 4). For example, ribosome

collisions at a premature poly(A) site are initially recognized by

the ZNF598/Hel2 collision sensor, which recruits the NGD

pathway to cleave the problematic mRNA in the vicinity of

the collision site (Simms et al., 2017; Ikeuchi et al., 2019;

Winz et al., 2019). The next incoming ribosome then stalls at

the new 3′ end, exposing an empty A site that is recognized by

Pelota/Dom34. As stalled ribosome rescue is a relatively slow

process (Goldman et al., 2021), it is also plausible that in

truncated mRNAs additional ribosomes might collide after the

3′ end stalling event, thereby engaging ZNF598/Hel2. As

ZNF598/Hel2 and Pelota/Dom34 recruit different ribosome

splitting complexes, endonucleolytic cleavage might provide a

fail-safe mechanism for stalled ribosome rescue.

FIGURE 3
Dual fluorescence reporter assay for measuring terminal
ribosomal stalling. Three coding sequences are expressed from
the same mRNA, separated by viral 2A peptides that induce
ribosomes to skip the formation of one peptide bond without
interrupting translation (Lin et al., 2013). When translation
proceeds undisturbed, the three proteins are produced in equal
amounts. Problems in ribosome elongation during the synthesis of
the test sequence lead to ribosome collision and recruitment of
ZNF598/Hel2 to activate rescue of stalled ribosomes. Ribosome
splitting, the commitment step in aborting translation, precludes
the synthesis of RFP. This reflects in a reduction in the RFP to GFP
fluorescence ratios, which can be quantified by flow cytometry
analysis.
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6.1.3 mRNA damage
Modification of mRNA can occur in certain physiological

and stress situations, e.g., though reactive oxygen species (ROS),

alkylating agents, or ultraviolet (UV) irradiation. In vitro

translation using wheat germ extracts or rabbit reticulocyte

lysates of messages containing the oxidised base lesion 8-

oxoguanosine (8-oxoG) failed to produce a full-length protein

(Tanaka et al., 2007; Simms et al., 2014). Instead, truncated

peptide species were detected together with accumulation of

peptidyl-tRNA (Simms et al., 2014). Yeast in vivo experiments

showed that depletion of stalled ribosome rescue factor

Dom34 increased the 8-oxoG level in poly(A) mRNAs in 80S

and polysome fractions (Simms et al., 2014). Treatment with

both the oxidizing agent 4-NQO and the alkylating agent MMS

led to an increase in ubiquitination of nascent peptide chains

(Yan et al., 2019). This effect was ablated upon Ltn1 depletion

and increased upon Cdc48 knockdown, both findings indicating

an activation of RQC (Yan et al., 2019). Furthermore, Hel2-

mediated ribosome ubiquitination increased upon treatment

with oxidizing and alkylating agents (Yan et al., 2019). In

mammalian cells, a single 8-oxoG modification in the coding

sequence led to twice as fast degradation of the mRNA than the

same modification in the 3′ UTR (Yan et al., 2019).

Another important physiological stress, UV irradiation, has

been described to chemically alter RNA as well as DNA, e.g., with

the formation of pyrimidine dimers (Kalthoff et al., 1978;

Wurtmann and Wolin, 2009). Wu et al. hypothesized that UV

irradiation not only stresses cells by damaging DNA and

ribosomal RNA (rRNA) but also leads to mRNA damage

resulting in ribosome collisions (Wu et al., 2020). Polysome

profiling of UV-irradiated HeLa cells showed an increase in

collided ribosomes compared to untreated cells (Wu et al.,

2020; Stoneley et al., 2022). Codons with two adjacent

pyrimidines were especially associated with collided

ribosomes, indicating that stalling happens at sites particularly

susceptible to UV damage (Wu et al., 2020). Further evidence was

provided recently, when in vitro translation of a UV irradiated

mRNA harboring a pyrimidine tract led to formation of tRNA-

bound proteins truncated at the pyrimidine site, indicating that

mRNA damage is sufficient to induce ribosomal stalling (i.e. in

the absence of rRNA and tRNA lesions) (Stoneley et al., 2022).

Interestingly, Stoneley et al. (2022) found that the cause of stall

influences its outcome: elongation inhibitor-, UVB- and 4NQO-

stalled ribosomes all recruit the ASCC ribosome splitting

complex, but it fails to resolve the stall for UVB- and 4NQO-

stalled ribosomes. Combined, these studies demonstrate that

mRNA damage caused by alkylating or oxidizing agents or

UV irradiation hinder translation and result in ribosome

collisions. Considering that the abundance of oxidized RNA is

correlated with various neurodegenerative diseases (Nunomura

et al., 2006), ribosome-associated quality control processes are

likely to play an important role in attenuating disease-related

toxic effects. Nonetheless, open questions remain, such as the

mechanisms by which mRNA modifications interfere with

ribosomal elongation, and to what extent UV-induced

aminoacyl-tRNA and rRNA damages hinder decoding

properties during translation.

6.2 Inefficient translation termination

Besides problems in ribosome elongation, also inefficient

translation termination can lead to ribosome collisions and RQC

activation. Wu et al. report that in a Drosophila genetic model of

Parkinson’s disease and in human cells treated with a mitochondrial

stressor, themitochondrial C-I30 protein (Complex I 30kD protein, a

nuclear-encoded part of the C-I respiratory chain complex) is

extended with CAT-tails at the stop codon, leading to its

aggregation. The authors named this process MISTERMINATE

(mitochondrial-stress-induced translational termination

impairment and protein carboxyl terminal extension).

Overexpression of translation termination factors, ABCE1 and

eRF1, reduced NEMF-mediated C-I30 extension, indicating that

MISTERMINATE is caused by an insufficiency of translation

termination factors (Wu et al., 2019). The activity of the essential

ribosome splitting factor ABCE1 (yeast Rli1), involved in both

FIGURE 4
Endonucleolytic cleavage can result in secondary stalling. In
yeast, nematodes, and possibly in humans, the ribosome collision
sensor Hel2 recruits the Cue2 endonuclease (NONU-1 in worm) to
cleave the encoding mRNA in the vicinity of the ribosome
collision site. The ubiquitinated stalled ribosome is then split by the
RQT ribosome rescue complex. The trailing ribosome
subsequently stalls at the new 3′ end of the resulting truncated
mRNA. This exposes an empty A site that is recognized by the
Dom34 factor, which recruits the Hbs1-Rli1 factors for ribosomal
splitting. Although humans have a Cue2 homolog (N4BP2), it is not
yet clear if it engages in collision-dependent mRNA decay. Human
and yeast homologs are labeled in black and grey, respectively.

Frontiers in Molecular Biosciences frontiersin.org08

Eisenack and Trentini 10.3389/fmolb.2022.1089825

https://www.frontiersin.org/journals/molecular-biosciences
https://www.frontiersin.org
https://doi.org/10.3389/fmolb.2022.1089825


canonical translation termination and Pelota-activated stalled

ribosome rescue, depends on oxidation-labile Fe-S clusters present

at itsN-terminal domain (Barthelme et al., 2007). The initial reactions

that assemble Fe-S clusters on protein scaffolds occur in the

mitochondrial matrix, and therefore ABCE1 synthesis requires

proper mitochondrial fitness (membrane potential and active

transport) (Lill and Muhlenhoff, 2008). Consequently,

maintenance of ABCE1/Rli1 protein abundance is compromised

during diverse oxidative and mitochondrial stress situations

(Alhebshi et al., 2012; Sudmant et al., 2018; Wu et al., 2019; Zhu

et al., 2020). Ribosome profiling studies showed that a decrease in

ABCE1/Rli1 levels are associated with widespread accumulation of

ribosomes at the stop codon and at the 3′ UTR, consistent with
ribosomal collisions and stop codon readthrough (Young et al., 2015;

Mills et al., 2016; Sudmant et al., 2018). To what extent a termination

dysfunction activates RQC-mediated degradation in prolonged

situations of stress remains to be defined.

6.3 Charged tRNA insufficiency

Codon usage can influence translation kinetics during

protein synthesis, and this phenomenon is largely dependent

on the abundance of cognate tRNAs (dos Reis et al., 2004;

Pechmann and Frydman, 2013; Yu et al., 2015). Adjustment

of local ribosomal translation speed mediated by alteration of

optimal and non-optimal codons allows for enhanced co-

translational protein folding (Zhang and Ignatova, 2011; Zhou

et al., 2013). For example, a synonymous single nucleotide

polymorphism in the gene encoding the polytopic membrane

protein CFTR (T2562G) modifies local translation speed and

alters CFTR stability (Kirchner et al., 2017). The stability decrease

is rescued upon increasing the level of the corresponding tRNA

(Kirchner et al., 2017). Charged tRNA availability can largely

vary depending on tissue or even cell type. In some instances,

insufficient supply of charged tRNAs can slow translation to the

extent of provoking ribosome collisions.

Mutated glycyl-tRNA synthetase (GARS), causing Charcot-

Marie-Tooth type 2D (CMT2D) peripheral neuropathy, fails to

release charged tRNAGly (Mendonsa et al., 2021; Zuko et al.,

2021). Sequestration of tRNAGly from the cellular pool depletes it

for translation. Ribosomal profiling of HEK293T cells expressing

a CMT-GARS mutant (G240R), as well as spinal cord extracts of

CMT2D mice (GarsC201R/+), showed accumulation of Gly codons

in the ribosomal A site, indicating a prolonged dwell time on

these codons (Mendonsa et al., 2021; Zuko et al., 2021). Depletion

of GTPBP2, a mammalian Hbs1 homolog and binding partner of

Pelota, worsened the peripheral neuropathy phenotype in

GarsC201R/+ mice, whereas it did not induce a phenotype by

itself (Zuko et al., 2021). Similarly, loss-of-function mutation

in n-Tr20, encoding for the CNS-exclusive tRNAArg
UCU, induces

ribosome stalling at AGA codons in a mouse model (Terrey et al.,

2020). Failure to resolve these stalling events occurs upon

simultaneous impairment of GTPBP2 and consequently leads

to neurodegeneration (Terrey et al., 2020). Of note, the

neurodegenerative phenotype caused by loss of GTPBP2 could

not be rescued by Hbs1l, another Pelota binding partner (Terrey

et al., 2020). In conclusion, depletion of charged tRNAs from the

cellular pool, either by a defective tRNA synthetase or mutations

in the tRNAs themselves, promotes ribosome stalling events and

can contribute to the pathogenesis of neurodegenerative disease.

6.4 Viral infection

Viruses hijack the host protein synthesis apparatus to

produce viral proteins, having evolved remarkable strategies to

manipulate the translation machinery to favor viral mRNAs. In

response, cells attempt to limit infection by downregulating

translation and activating a number of signaling pathways.

Different lines of evidence indicate that viral infections

increase the incidence of ribosomal collisions.

ZNF598 knockdown suppressed poxvirus spread and viral

protein synthesis (DiGiuseppe et al., 2018). Similarly, vaccinia

virus replication was repressed more than 10-fold in both

ZNF598-KO and eS10 or uS10 point mutant cell lines lacking

the critical ZNF598 ubiquitin-acceptor residues

(Sundaramoorthy et al., 2021). In wild-type (WT) cells,

vaccinia virus increased uS10 ubiquitination throughout the

infection. Proteomic and transcriptomic analyses indicated

that ZNF598 disruption affects primarily viral protein

synthesis, rather than transcription (Sundaramoorthy et al.,

2021). These observations suggest that vaccinia virus infection

enhances the frequency of ribosome collisions and that an

inability to rescue stalled ribosomes limits viral translation,

presumably by depleting the pool of functional ribosomes

(Sundaramoorthy et al., 2021). Of note is that vaccinia virus

inhibits the integrated stress response (ISR), which normally

would reduce protein synthesis in situations of proteotoxic stress

(Davies et al., 1992; Davies et al., 1993). Accordingly,

reprogramming cells to sustaining high translation rates

despite the elevated proteostasis burden likely increases viral

dependency on the stalled ribosome rescue system

(Sundaramoorthy et al., 2021).

Ribosome collisions also play a role in immune signaling.

Depletion of ZNF598 or ASCC3 (a helicase mediating stalled

ribosome splitting) activated interferon-stimulated gene (ISG)

expression, which induces a broad antiviral state (Li et al., 2013;

Williamson et al., 2017; DiGiuseppe et al., 2018). The cyclic

GMP-AMP synthase-stimulator of interferon genes (cGAS-

STING) pathway plays a vital role in triggering the innate

immune response, by sensing cytosolic DNA as an indication

of invading pathogens. A recent study has shown that translation

stress acts as a potent co-activator of this pathway (Wan et al.,

2021). cGAS was found to interact with collided ribosomes, and

chemical induction of ribosomal collisions increased cGAS
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relocation from the nucleus to ribosomes in the cytosol, where it

activated downstream signaling pathways culminating in ISG

expression (Wan et al., 2021). The same happened when collided

ribosomes accumulated as a result of ZNF598 or

ASCC3 inactivation. Of note, poxvirus and vaccinia virus

replication also decreased upon ZNF598 depletion in cells

lacking an interferon response, indicating that the function of

ZNF598 in supporting protein synthesis also plays an important

role in viral spread (DiGiuseppe et al., 2018; Sundaramoorthy

et al., 2021). While RQC-mediated degradation of viral proteins

remains to be formally demonstrated, collectively these

observations reveal that viral infections promote a state of

collision-inducing translational stress, and that this state is

exploited by the immune system to detect intracellular

infections. Besides the role in ISG activation, the RQC could

also contribute to timely sampling of viral proteins for MHC-I

antigen presentation, given its ability to rapidly target a wide

range of proteins independently of their folding properties

(Trentini et al., 2020).

6.5 Failed membrane insertion

An inventory of natural targets of Listerin-mediated

degradation in human cells has been recently obtained by

serendipitous methods. Prompted by a long-standing debate

concerning how defective protein synthesis supports antigen

presentation, Trentini et al. analyzed the contribution of the

Listerin ubiquitin ligase to MHC-I peptide repertoire in

human cells (Trentini et al., 2020). MHC-I antigen

presentation involves the loading of cytosolic peptides

produced by the proteasome system into the MHC-I

protein complex, followed by their transport to the cell

surface for inspection by cytotoxic T-cells (Figure 5A).

This process allows the immune system to detect

intracellular pathogens and cancer-transformed cells. As

MHC-I antigen presentation can be used as a proxy for

proteasomal degradation, mass spectrometry based

immunopeptidome analysis of WT and Listerin-KO cells

revealed how Listerin deletion affects the degradation of

endogenous human proteins (Figure 5B). Overall, the

analysis identified a total of 3,658 immunopeptides

belonging to 2,016 different proteins. Of those,

103 peptides from 100 different proteins (~3% of the

detected immunopeptidome and ~5% of presented

proteins) were significantly more abundant in WT cells

than in Listerin-KO cells, and therefore represent targets

of RQC-mediated degradation. Gene ontology enrichment

analysis did not show any significant differences between the

group of Listerin targets and the entire list of presented

FIGURE 5
Analysis of MHC-I antigen presentation as a proxy for protein degradation. (A)Cytosolic peptides produced by the proteasome are translocated
into the ER lumen by the Transporter associated with Antigen Processing (TAP). There, they are loaded into the MHC-I complex, which is then
transported to the cell surface for inspection by cytotoxic T cells. Accordingly, MHC-I presentation correlates with the levels of intracellular peptides
produced by proteasomal degradation. (B) High-throughput analysis of MHC-I antigen presentation. Trentini et al. quantified the repertoire of
immunopeptides in WT and Listerin-KO human cells by immunoprecipitation of MHC-I with bound peptides. Peptides were released from the
complex by solvent elution and then analyzed by mass spectrometry (MS). An aliquot of the total protein extract was collected for trypsin digestion
and total proteome analysis. Comparison between proteome and immunopeptidome WT to KO ratios allows assessing whether changes in antigen
presentation stem from differential protein expression or from alterations in proteasomal degradation.
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proteins, indicating that RQC-mediated degradation is not

biased towards a specific molecular function, cellular

component, or biological process (Trentini et al., 2020).

Further indicators of the physiological role of RQC came

from total proteome analysis of WT and Listerin-KO cells.

Interestingly, RQC disruption caused an accumulation of

subunits of the ER membrane protein complex (EMC) and

the translocase of the outer membrane (TOM) (Trentini et al.,

2020). The EMC and TOM complexes are implicated in the

insertion of transmembrane proteins into the ER and

mitochondria, respectively. TOM forms the mitochondria

entry gate for most nuclear-encoded mitochondrial proteins,

and both post-translational and co-translational import

mechanisms have been reported (den Brave et al., 2021). EMC

is a widely expressed and highly abundant 10 subunit protein

complex that can act as a co-translational membrane insertase for

specific protein topologies and as a potential chaperone for

transmembrane segments (Chitwood et al., 2018; Guna et al.,

2018; Shurtleff et al., 2018; Miller-Vedam et al., 2020). In vivo

characterization of EMC substrates revealed a preference for

multipass membrane proteins and for proteins containing

charged residues within transmembrane domains (TMDs)

(Shurtleff et al., 2018; Tian et al., 2019). The Listerin-KO

immunopeptidome data indicated that transmembrane

proteins in general (number of TMDs ≥1) were not

overrepresented among Listerin targets (Trentini et al., 2020).

However, there was a significant enrichment of proteins with

large numbers (>10) of TMDs: 4% of the Listerin targets versus

1.5% among proteins with Listerin-independent presentation.

Moreover, the WT/KO immunopeptidome ratio (i.e. the effect of

Listerin on presentation/degradation) increased with the number

of TMDs, and proteins with more than 10 TMDs displayed

significantly higher RQC-dependent degradation than proteins

not having any predicted TMD. Taken together, the results

indicate that complex membrane proteins have an increased

tendency towards RQC-mediated degradation.

In theory, ribosome stalling during membrane insertion/

translocation could be triggered by the same mRNA defects

engaging the RQC pathway in the cytosol (von der Malsburg

et al., 2015). Another possibility is cleavage of ER-localized

mRNAs by the Ire1 ribonuclease during RIDD. Importantly,

membrane proteins with low numbers of TMDs, secretory, or

ER-resident proteins were not overrepresented among RQC

targets in the reported immunopeptidome analysis (Trentini

et al., 2020), hinting that translation at the ER was not

associated with an increased risk of mRNA damage. The

findings indicate that the intrinsic challenges of co-

translationally inserting TMDs into the membrane render

complex transmembrane proteins prone to RQC-mediated

degradation. We therefore proposed that improper

membrane insertion could result in stalling of translocon-

anchored ribosomes, triggering RQC recruitment (Trentini

et al., 2020).

This hypothesis has been further corroborated by a study in

yeast addressing the biogenesis of the ABC transporter Yor1.

Lakshminarayan et al. (2020) report that the synthesis of Yor1-

ΔF670 misfolded mutant is further compromised by disruption of

the EMC insertase/chaperone complex, without major changes to

global fold or aggregation state of the Yor1-ΔF670 nascent

protein. The synthesis defect caused by EMC loss was

reversed by the deletion of genes acting on RQC recruitment:

Hel2, Dom34, and the RQT complex subunit Slh1

(ASCC3 homolog). As these gene deletions allow for read-

through of translation stalls, it was proposed that the

combined effects of the ΔF670 folding defect and the loss of

EMC activity exacerbate ribosomal pausing during

Yor1 synthesis, leading to ribosome collisions. A similar

observation was also made for a Sec61 translocon mutant

(R275E/R406E) impaired in co-translational targeting:

Hel2 deletion reversed the detrimental effect of this

Sec61 mutation on the synthesis of Yor1-ΔF670. The results

indicate that a ribosome-associated quality-control pathway is

recruited by ribosome collisions when transmembrane domain

insertion and/or folding fails. Whether this pathway involves the

canonical RQC components remains to be tested. The authors

also show that yeast mRNAs encoding for polytopic membrane

proteins have relatively low translation efficiency (ribosome

abundance along the mRNA), suggesting an evolutionary

adaptation to permit ribosome speed reductions required for

productive transmembrane protein synthesis and maturation

(Lakshminarayan et al., 2020).

These two studies support the emerging concept that, at least

in the context of co-translational membrane insertion, ribosome

stalling and RQC activation may not originate from mRNA

defects. Another novel implication is that, as the mechanisms

of RQC activation perceive ribosome elongation status and not

the folding state of the nascent chain (Trentini et al., 2020),

problems in transmembrane protein folding/insertion can

influence ribosome elongation. The exact mechanisms leading

to ribosomal stalling and RQC activation during the synthesis of

complex membrane proteins remain to be characterized, and are

likely to differ from those at the cytoplasm (Phillips and Miller,

2020). Lakshminarayan et al. posit that Yor1 TMDsmight engage

in hydrophobic interactions with the ribosomal exit tunnel,

which could create kinked nascent chain structures that

impair elongation, akin to what has been observed for

translation arrests induced by the drug-like molecule PF846

(Li et al., 2019; Lakshminarayan et al., 2020). These transient

stalls could be counteracted by pulling forces provided by correct

folding and/or chaperone activity, similar to themechanisms that

relieve bacterial stalling signals (Wilson et al., 2016;

Lakshminarayan et al., 2020). Indeed, it is plausible that the

peculiar characteristics of TMDs, high hydrophobicity and the

tendency to adopt α-helical conformation inside the ribosomal

tunnel (Bano-Polo et al., 2018), pose a challenge for their

translocation across the ribosome exit tunnel. How
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problematic TMDs interact with the ribosomal exit tunnel, and

whether they can distort the peptidyl-transferase center to the

point of compromising ribosome elongation, remain to be

addressed. Nevertheless, it has been experimentally shown

that, in bacteria, interactions between nascent polypeptides

and lipids can provide pulling forces for TMD partitioning

from the translocon into the membrane, and that

intramolecular interactions between N- and C-terminal TMDs

can increase these pulling forces (Cymer and von Heijne, 2013;

Cymer et al., 2014; Niesen et al., 2018). These observations

provide a rationale for how correct folding and the activity of

the translocon and its associated factors can overcome the

intrinsic challenges of translating transmembrane proteins.

An alternative possibility is that obstacles in TMD access to

the membrane pose a steric hindrance to the elongation activity

of translocon-bound ribosomes. In principle, physical roadblocks

preventing access of substrates to the membrane could arise from

defective/mutated membrane insertion machinery (translocon

and its associated factors) (Phillips and Miller, 2020), or from

inappropriate nascent chain conformations in the vicinity of the

membrane access site. Recent studies reveal that biogenesis of

multipass membrane proteins involves substrate-driven,

dynamic assembly of multiple factors to the ribosome-Sec61

complex: the GET- and EMC-like (GEL), protein associated with

translocon (PAT), and back of Sec61 (BOS) complexes (referred

as the “multipass translocon”) (Smalinskaite et al., 2022;

Sundaram et al., 2022). These findings underscore the high

complexity of co-translational folding/insertion of large

transmembrane proteins, which provides ample opportunity

for error. Of note, many transmembrane proteins contain

charged and polar residues within membrane-spanning

segments that are structurally and functionally important, for

example, in forming hydrogen bonds or salt bridges between

TMDs, and in establishing conductance channels and membrane

occlusion sites of transporter proteins (Adamian and Liang, 2002;

Partridge et al., 2002). As a result, certain TMDs are only

marginally hydrophobic, and thus, are difficult to partition

into the lipid bilayer. Interestingly, all five multipass

membrane proteins characterized as RQC targets by

immunopeptidome analysis belong to the solute carrier (SLC)

family of membrane transport proteins (Trentini et al., 2020),

which commonly employ charged residues in membrane-

spanning segments. This observation hints that particularly

challenging TMD insertion events might promote ribosome

collisions and RQC activation.

Another particular problem of membrane protein biogenesis

is establishing the correct topology (i.e. orientation in relation to

the membrane plane). In the case of polytopic membrane

proteins, the first TMD is considered critical for setting the

overall topology in which downstream TMDs will be placed

(Blobel, 1980). Topology mistakes can occur, for example, when

EMC activity is lacking. The EMC complex is necessary for

establishing the correct orientation of multipass proteins

adopting an exoplasmic N-terminus conformation, by

mediating the insertion of the first TMD sequence in this

conformation (Chitwood et al., 2018). It is unlikely that a

wrong orientation arising from insufficient EMC activity

represents the mechanism responsible for stalled Yor1-ΔF670
translation in EMC deletion strains, or for RQC-mediated

degradation of the five SLC proteins identified by Trentini

et al., as all these proteins assume an endoplasmic N-terminus

topology. Nevertheless, in theory topology mistakes could

hamper co-translational nascent chain folding/insertion, by

limiting appropriate access to luminal and cytoplasmic

chaperone and assembly factors.

In conclusion, critical challenges of multipass

transmembrane protein biogenesis–targeting ribosomes to the

ER, defining membrane topology, TMD insertion into the lipid

bilayer, and some aspects of folding–have to be addressed co-

translationally (Figure 6). Understanding to what extent and how

malfunctions in these different steps, either due to nascent chain

mutations or natural and stress-induced deficits in the activity of

biosynthesis factors, compromise ribosome elongation and

activate co-translational degradation represents a key area for

further investigation.

6.6 Failed ribosome recruitment to the ER
membrane

Co-translational targeting of proteins to the ER is generally

mediated by the signal recognition particle (SRP), which

recognizes hydrophobic segments (signal sequences or TMDs)

of nascent polypeptide chains and, through interaction with the

ER-localized SRP receptor, directs them to the translocon. This

process involves transient translation arrest until the SRP-bound

ribosome–nascent chain complex (RNC) is delivered to the SRP

receptor, which is required tomaximize ER targeting (Walter and

Blobel, 1981; Mason et al., 2000; Lakkaraju et al., 2008). It would

be counterproductive if such programmed translation arrests

activated the RQC and/or No-GomRNA decay. Themechanisms

preventing this from happening remain to be fully understood.

A recent study used affinity purification of yeast Hel2-bound

RNCs followed by sequencing of ribosome-protected mRNA

fragments to characterize endogenous substrates of Hel2.

Matsuo and Inada observed that Hel2-associated cytosolic

ribosomes are enriched for mRNAs containing a signal

sequence and/or TMD(s). This enrichment was lost when

both cytosolic and ER-localized ribosomes were included in

the analysis, indicating that Hel2 frequently targeted secretory

RNCs before they engage with the Sec61 translocon. The

association of Hel2 with cytosolic ribosomes translating

secretory proteins was increased by reducing the expression of

SRP, suggesting that Hel2 targets ribosomes lacking SRP

recognition. Of note, SRP depletion increases mistargeting of

secretory proteins to the mitochondria and rapidly induces
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mitochondrial fragmentation (Costa et al., 2018). Deletion of

Hel2 in the low SRP expression yeast strain was associated with

mistargeting of the ER membrane protein Sct1 to mitochondria

and with a growth reduction in respiratory medium (Matsuo and

Inada, 2021). The authors propose that Hel2 participates in a

triage system that detects secretory RNCs lacking SRP

recognition and prevents them from mislocalizing to

mitochondria. Further mechanistic studies will be required to

clarify the role of Hel2 in this putative quality control system of

the secretory pathway.

ER targeting involves the concerted interplay between SRP

and the co-translational chaperone NAC (nascent

polypeptide–associated complex) (Wiedmann et al., 1994).

The abundant NAC complex is capable of binding both SRP

and the ribosome simultaneously, increasing the local

concentration of SRP in the vicinity of the ribosomal exit

tunnel. However, NAC initially precludes direct SRP binding

to the ribosome until an ER signal sequence emerges, upon which

NAC rearrangement allows for SRP interaction with the nascent

chain (Jomaa et al., 2022). This mechanism illustrates how

protein targeting is accomplished through a multilayered

process involving competition between multiple factors

recruited to the ribosomal exit tunnel region.

Immunoprecipitation experiments of the Eukaryotic

translation initiation factor 3 (eIF3) from fission yeast

demonstrated that eIF3 assembles into a large supercomplex,

coined the “translatome”, containing elongation factors, tRNA

synthetases, 40S and 60S ribosomal proteins, chaperones, and the

proteasome (Sha et al., 2009). A subsequent study in human cells

demonstrated that, in addition to its function in translation

initiation, eIF3 is capable of associating with 80S ribosomes

translating the first ~60 codons of a subset of mRNAs (Lin

et al., 2020). Ribosome profiling experiments showed that

knockdown of eIF3 subunit “e” resulted in increased

association of ribosomes with a subset of mRNAs in the

region between codons 25 and 75. Affected transcripts

encompassed a large number of membrane proteins, as well as

mitochondrial, endosomal, lysosomal, and secretory proteins.

The observed increase in ribosome association correlated with a

reduction in protein synthesis. The findings indicate that, for

specific mRNAs, eIF3 deficiency causes a slow-down in early

translation elongation, in a region that approximately coincides

with the emergence of nascent chains from the ribosomal exit

tunnel. The authors propose that one of the functions of eIF3 is to

recruit factors to the 80S ribosome that receive nascent chains to

target them to their subcellular destinations, which in turn

promotes ribosome elongation (Lin et al., 2020). As

proteasomes are also part of the eIF3 supercomplex, it is

plausible that the translatome functions in ensuring

translational fidelity in the early synthesis steps of a specific

set of proteins, most notably transmembrane, secretory and

mitochondrial proteins, by bridging protein synthesis and

degradation machineries.

In conclusion, while transient translation arrest serves an

important physiological function in targeting of nascent chains to

the ER, failure in achieving the correct destination can also result

in stalling of ribosomes in the early stages of translation. How

cells distinguish between these two scenarios warrants further

investigation, and is likely to involve the dynamic interplay

between multiple ribosome-associated proteostasis factors.

FIGURE 6
Challenges in complex transmembrane protein biogenesis. Incorporation of proteins into the membrane entails overcoming important
biophysical challenges: hydrophobic protein segments must be shielded from the crowded aqueous cytosol as well as transported past the highly
polar surface of the membrane into the hydrophobic core of the lipid bilayer. Therefore, the majority of transmembrane proteins are assembled co-
translationally at the ER. This entails targeting of ribosomes to the Sec61 translocon, defining the protein topology (orientation in relation to the
membrane plane), inserting TMDs into the membrane via concerted action of the translocon and additional folding/insertase complexes,
translocation of soluble luminal domains, initial stages of folding, and in some cases glycosylation of the nascent chain. Potential failures in these co-
translational processes (red labels), either due to defective cellular machinery or a defective nascent chain, might in principle affect ribosomal
elongation. Productive maturation steps, such as folding of soluble domains, formation of correct inter-TMD interactions and inter-domain
assembly, and chaperone-mediated remodeling (blue labels), might aid ribosomes in overcoming these problems.
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7 Ribosome profiling experiments
reveal general principles of ribosomal
stalling

Ribosome profiling (also called Ribo-Seq or ribosomal

footprinting) employs deep sequencing of ribosome-protected

mRNA fragments to measure the position-specific association of

translating ribosomes with mRNA (Ingolia et al., 2009). For this

analysis, cell lysates are treated with a ribonuclease, ideally

destroying all RNA except short mRNA regions protected by

ribosomes, called ribosome footprints (RFPs) (Figure 7).

Sequencing these ~28-nucleotide oligomers offers a global

snapshot of translation, and allows for a wide variety of

analyses: determination of open-reading frame (ORF)

boundaries–including upstream ORFs, non-ATG or alternative

translation start sites, transcriptome-wide determination of

translation rates, and quantification of changes in the

translatome upon stress induction, drug treatment, or

throughout different tissues, to name just a few. Furthermore,

the ribosome occupancy on a single message allows estimating

changes in local decoding speed: the number of ribosome-

protected footprints of a specific site correlates with the

relative dwell time of the ribosome, revealing hard-to-decode

motifs, pause and stall sites (Ingolia et al., 2011). Following

Guydosh and Green (2014), studies additionally sequenced

footprints protected by disomes (i.e. two collided ribosomes,

40–80 nt) or even trisomes (80–100 nt), giving a clearer idea on

which sequences ribosomes pause and begin to pile

up. Moreover, ribosomes stalled at the 3′ end of truncated

mRNAs can be identified as short (15–18 nt) footprints

(Guydosh and Green, 2014). Han et al. (2020) identified over

2,200 disome sites in ~1,100 individual genes in a genome-wide

collision study in HEK293 cells, suggesting that ~11% of all genes

have at least one ribosome collision site (Han et al., 2020). In vivo

profiling data of mouse liver suggest that ~10% of elongating

ribosomes are trapped in a disome state (Arpat et al., 2020). It has

been previously hypothesized that collisions are more likely to

occur on highly translated mRNAs due to denser packing of

ribosomes (Juszkiewicz et al., 2018). Comparison of the

translation efficiency (ratio of monosome reads to RNA-seq

counts) to the rate of collision on the global scale gives

contradicting results: no correlation was observed in yeast

(Meydan and Guydosh, 2020) or mammalian cells (Han et al.,

2020), whereas a strong positive correlation was found in mouse

liver (Arpat et al., 2020).

Ribosome profiling studies have provided important insights

into the determinants of stalled translation, revealing, for

example, overrepresentation of amino acid motifs at collision

sites. Mouse liver profiling showed a selectivity for amino acids

only in the P- and A-sites of the leading ribosome: Asp was over-

represented in both P- and A-site, Ile in the A-site and Gly in the

P-site only (Arpat et al., 2020). Furthermore, enrichment of

negatively (Asp, Glu) and depletion of positively charged

amino acids (Lys, His) was observed (Arpat et al., 2020). A

dependency on codon usage was only found in selected cases:

Asp in the P-site only occurred when encoded by AAT, Lys was

either enriched or depleted in the A-site when encoded by AAG

or AAA, respectively (Arpat et al., 2020). Dipeptide motifs Gly-

Ile, Asp-Ile and Gly-Asp were strongly enriched on pause sites

independently of codon usage (Arpat et al., 2020). Several other

dipeptide motifs were strongly dependent on codon usage,

namely when Lys or Gly reside in the A-site (Arpat et al.,

2020). Other studies identified Pro-Pro/Gly/Asp at E-P-sites

and Arg-X-Lys at E-P-A-sites in HEK293 (Han et al., 2020)

and poly-Lys or poly-Arg codons in yeast, scaling with the

number of consecutive codons (Meydan and Guydosh, 2020).

In yeast, synonymous codon composition of poly-Lys regions

showed little effect on disome peaks, whereas poly-Arg disome

FIGURE 7
Ribosome profiling allows large-scale monitoring of translation dynamics. First, ribosome nascent-chain complexes are extracted from cells or
tissues, and then they are treated with RNase. Translating ribosomes protect small pieces of mRNA from digestion, resulting in ribosome footprints
(FPs) that reflect the position of the ribosome on the mRNA. The FPs of monosomes or stacked ribosomes are then isolated by electrophoresis and
analyzed by deep sequencing technology. The abundance of monosome FPs serves as a quantitative measure of translation (ribosome
association) at codon resolution. Disome footprints occur upon ribosomal stalling with subsequent ribosome collision, and are indicative of hard to
decode sequences. The protocol can also be adapted to identify short footprints resulting from ribosomal stalling in the 3′ end of truncated mRNAs.
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peaks were increased by usage of CGA codons, which have been

described to influence translation efficiency (Meydan and

Guydosh, 2020). Dipeptide motifs previously described to slow

translation due to interaction of adjacent tRNAs (Gamble et al.,

2016) were strongly enriched in yeast disome profiling (Meydan

and Guydosh, 2020). In HEK293 no clear evidence was found for

increased collision due to high hydrophobicity of the nascent

chain held in the ribosome exit tunnel (Han et al., 2020).

Intriguingly, positive charging of the nascent chain only

resulted in increased disome formation when a Pro-Pro motif

was present in the E-P-site at the same time (Han et al., 2020).

Moreover, neither tRNA abundance nor codon usage correlated

with disome formation (Han et al., 2020). It is noteworthy that

monosome profiling alone underestimated collision or pause

sites in all mentioned studies, highlighting the benefit of

profiling higher-order ribosome species.

These results, in part contradictory to each other, highlight the

apparent underlying complexity of translation kinetics and

ribosome pausing. Multiple approaches sought to pinpoint the

influence of specific factors: with secondary structure predictions,

Arpat et al. (2020) found that disome formation is enriched in

unstructured regions directly downstream of a structured region

(α-helix or β-sheet) (Arpat et al., 2020). In yeast, a fraction of

collision sites were identified within domains, aligning with the

observation of a previous study that ribosomes pause at the end of

domains during recruitment of chaperones to facilitate peptide

folding (Stein et al., 2019). Both findings, although conflicting at

first glance, follow the hypothesis of programmed elongation

slowdown to facilitate co-translational peptide folding or

complex assembly. Another known programmed pause in

translation occurs upon SRP binding to facilitate targeting to

the ER, which was reflected in disome build-up in the signal

peptide region with a steep decrease of disomes directly

downstream (Arpat et al., 2020) (see discussion on Section 6.6).

Analysis of evolutionary conservation indicates that disome sites

are more conserved than expected by chance (Arpat et al., 2020).

Disome sites are further associated with regulatory upstream

ORFs, selenocysteine decoding, programmed ribosomal

frameshifting, and co-translational processing of pro-ubiquitin

and the XBP1 transcriptional factor (Arpat et al., 2020; Han

et al., 2020; Meydan and Guydosh, 2020).

Whether or not all observed disomes represent terminally

stalled translation events that need rescue and activation of the

RQC remains elusive. Translational pauses, which may cause

transient collisions, can have important physiological functions

in promoting co-translational protein folding, protein targeting,

and protein complex assembly (Collart and Weiss, 2020).

Knockdown of ZNF598, the E3 ligase detecting terminally

stalled ribosomes, did not lead to global changes in ribosome

density at collision sites in HEK293 cells (Han et al., 2020). In

yeast, depletion of the ZNF598 homolog Hel2 led to unexpected

decrease in disome accumulation, for which the authors offer

multiple explanations: ribosome collisions might happen

frequently by chance, forming transient disomes, which, if not

stabilized by Hel2, are resolved by resuming translation (Meydan

and Guydosh, 2020). Hel2 deletion also resulted in the activation

of the ISR, which attenuates protein synthesis through

phosphorylation of the eIF2α translation initiation factor

(Meydan and Guydosh, 2020). It is conceivable that ISR

activation decreases ribosome loading onto mRNAs, limiting

the chances of disome formation (Meydan and Guydosh, 2020).

Indeed, it appears that not all endogenous disomes activate a

quality control response. RNA sequencing revealed that the levels

of most mRNAs were not changed by Hel2 deletion, indicating

that disome formation, even when sensitive to the presence of

Hel2, was not a strong trigger for mRNA degradation.

An additional layer of complexity was revealed by Stein et al.

(2022), who studied the influence of ageing on ribosome pausing

in yeast and nematode models (Stein et al., 2022). Although the

cumulative pausing of ribosomes was not changed on a global

scale, thousands of stall sites increased with age in both

organisms (Stein et al., 2022). In yeast, pausing increased

mostly on the amino acids Pro, Arg and Lys, independent of

codon usage (Stein et al., 2022). Pausing on previously described

sites, i.e. certain di- or tripeptides as well as polybasic motifs, was

exacerbated upon ageing, in many cases leading to ribosomal

collisions (Stein et al., 2022). Additionally, ageing impaired RQC

processing of ribosome-stalled nascent chains, which can lead to

their aggregation and is likely to contribute to age-dependent

systemic decline (Stein et al., 2022).

8 Emerging co-translational quality
control pathways

8.1 The UFMylation pathway: Eliminating
ribosome-stalled nascent chains at the ER

Approximately one-third of the eukaryotic proteome is

synthesized at the ER surface. Although the RQC pathway has

been shown to also function at the ER (Crowder et al., 2015; von

der Malsburg et al., 2015; Arakawa et al., 2016), recent studies

indicate that cells employ additional mechanisms to clear nascent

chains stalled at the Sec61 translocon. Wang et al. (2020)

analyzed the fate of a non-stop model construct consisting of

an ER-targeted GFP protein followed by a poly(A) sequence. The

authors report that ribosomes stalled during the synthesis of this

construct were conjugated with a Ubiquitin-fold modifier 1

(UFM1), which was required for the fast degradation of the

translation-arrested protein product. UFMylation involves the

sequential activation, conjugation, and ligation of UFM1 to a

target substrate via an E1 (UBA5), E2 (UFC1), and E3 (UFL1)

cascade that mirrors ubiquitin conjugation (Komatsu et al., 2004;

Daniel and Liebau, 2014). Strikingly, ribosome UFMylation was

not associated with nascent chain degradation by the

proteasome. Instead, the UFM1 signal enabled the trafficking
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of the ER-localized stalled nascent chain to lysosomes for

degradation (Stephani et al., 2020; Wang et al., 2020). The

UFL1 E3 ligase forms a ternary complex with ER membrane

adaptor DDRGK1 (also known as UFM1 binding protein-1,

UFBP1) and CDK5RAP3 (also known as C53, LZAP, IC53,

HSF-27) (Wu et al., 2010; Walczak et al., 2019; Stephani et al.,

2020). CDK5RAP3 acts as a specificity determinant of the

E3 ligase complex, restricting its activity towards the 40S

ribosomal protein RPL26 (Peter et al., 2022). CDK5RAP3 can

also act as an autophagy cargo receptor, as it interacts with

ATG8, an ubiquitin-like protein that is conjugated to the

phagophore upon activation of autophagy (Stephani et al.,

2020). To date, the mechanisms recruiting the UFL1 ligase

specifically to elongation-stalled ribosomes, or how the

UFM1 modification in the ribosome promotes processing of

the stalled nascent chain for degradation, remain to be defined.

One important aspect to be addressed is the interplay between

UFM1-dependent protein degradation and the RQC pathways:

do they act on different sets of ER substrates, and do they share

pathway components? It is also worth noting that the

UFMylation system has pleiotropic roles in various cellular

processes, including maintenance of ER homeostasis,

autophagy, cell signaling, DNA damage response,

transcriptional regulation, cell differentiation, and others

[reviewed in (Fang and Pan, 2019; Gerakis et al., 2019;

Banerjee et al., 2020; Witting and Mulder, 2021; Jing et al.,

2022)]. It is not yet clear to what extent co-translational

degradation contributes to the many phenotypes attributed to

a dysfunction of the UFMylation system.

8.2 Protein quality control associated with
nonsense-mediated mRNA decay

In addition to No-Go and Non-Stop decay, cells employ a

third translation-dependent mRNA decay pathway in the

cytosol. The function of the nonsense-mediated decay (NMD)

is to degrade transcripts harboring a premature termination

codon (PTC), which can arise from genetic mutations or

stochastic errors in transcription or splicing (Chang et al.,

1979; Losson and Lacroute, 1979; Maquat et al., 1981;

Kinniburgh et al., 1982). In addition to this mRNA quality

control function, NMD also targets a substantial part of the

transcriptome as a form of post-transcriptional regulation

(Lelivelt and Culbertson, 1999; He et al., 2003; Mendell et al.,

2004; Rehwinkel et al., 2005). It has been suggested that ribosome

stalling at a termination codon indicates aberrant translation

termination and thereby triggers NMD (Amrani et al., 2004;

Peixeiro et al., 2012), although a subsequent study indicated that

ribosome occupancy at the termination codon is similar for

NMD-sensitive and -insensitive transcripts (Karousis et al.,

2020). NMD can be activated through multiple mechanisms.

For example, when the terminating ribosome is located far away

from the poly(A) sequence, it fails to interact with the poly(A)-

binding protein (PABPC1), which promotes proper translation

termination (Amrani et al., 2004). NMD can also be promoted by

proximity of the terminating ribosome with an exon junction

complex (EJC), which interacts with NMD factors (Kim et al.,

2001; Le Hir et al., 2001). Similar to non-stop and no-go

transcripts, PTC-containing messages produce defective,

truncated proteins that can potentially harm the cell by

misfolding and aggregating or by assuming dominant-negative

effects. Indeed, proteins produced by NMD-targeted transcripts

are markedly less stable than proteins produced by normal

transcripts, even when the generated products are identical

(Chu et al., 2021; Udy and Bradley, 2022). This observation

strongly corroborates that premature termination activates a

quality control pathway to degrade the resulting polypeptide.

Protein degradation is reduced upon depletion of central NMD

factors UPF1 or SMG1, indicating that they participate in the

activation of protein quality control (Chu et al., 2021). As NMD

factors are recruited to PTC-located ribosomes, it is very likely

that the associated quality control pathway acts co-

translationally.

Since NMD decay involves mRNA cleavage in close

proximity to the PTC (Huntzinger et al., 2008; Eberle et al.,

2009), it is conceivable that it may elicit ribosomal stalling at the

neo 3′ end, the signal for NSD mRNA decay and RQC-mediated

protein degradation. In accordance, a study in Caenorhabditis

elegans has shown that deletion of NSD factors pelo-1/skih-2

(homologs of Pelota and the RNA helicase Ski2, involved in

FIGURE 8
Dual fluorescence reporter assay for measuring NMD-
associated protein degradation. Two fluorescent proteins,
separated by a 2A peptide bond skipping sequence, are produced
in equal amounts from the same mRNA. Introduction of an
intron after the stop (S) codon results in deposition of an exon
junction complex (EJC) in the 3′ UTR during splicing. The EJC
downstream of the termination codon is perceived as a signal for
NMD activation. When ribosomes reach the termination codon,
the GFP protein has already been released, while RFP remains
associated to the ribosome until termination is completed. NMD-
induced co-translational degradation of the RFP protein results in
decreased RFP to GFP ratios of the EJC-containing construct in
flow cytometry analysis. As GFP serves as a normalizing factor for
expression, changes in mRNA levels due to mRNA decay do not
influence the protein degradation readout.
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mRNA decay) leads to the accumulation of ribosomes at the 3′
end of mRNAs truncated near the stop codon, in endogenous

NMD-regulated transcripts (Arribere and Fire, 2018). Whether

these NMD-generated non-stop transcripts also activate the RQC

remains to be formally addressed. The RQC (Ltn1 and Rqc1) was

found to be involved in the degradation of Orf1p, a truncated

peptide originated from a naturally occurring PTC in the

ornithine decarboxylase antizyme 1 (OAZ1) mRNA in yeast

(Pradhan et al., 2021). However, the RQC might not be the

primary degradation pathway for all classes of NMD targets. In

yeast, the stability of endogenous phosphogluconate

dehydrogenase truncated by a premature termination codon

(Gnd1PTC) was increased by deletion of the E3 ubiquitin

ligases Upf1, a component of the NMD pathway, and the

N-end rule ligase Ubr1, which is also involved in the

degradation of misfolded cytosolic proteins (Eisele and Wolf,

2008; Heck et al., 2010; Nillegoda et al., 2010), while deletion of

the RQC ubiquitin ligase Ltn1 had no effect (Verma et al., 2013).

Chu et al. analyzed the stability of a dual fluorescence reporter

containing an EJC in the 3′ UTR of the corresponding transcript

in HEK293 human cells (Figure 8). Although this reporter was

stabilized by depletion of NMD factors and by proteasomal

inhibition, it was not affected by knockdown of the core RQC

components Listerin and NEMF (Chu et al., 2021). A study in

pre-print using a similar NMD reporter protein confirmed that

the RQC did not participate in its degradation (Inglis et al., 2022).

Using genetic screens, the authors identified the E3 ubiquitin

ligase CNOT4 to be involved in NMD-dependent degradation of

this reporter. As the employed dual fluorescence assay is not

influenced by mRNA stability, the authors propose that the

quality control role of CNOT4 may be independent of its

function in the multi-subunit CCR4-NOT complex, which

regulates eukaryotic gene expression by deadenylation (Inglis

et al., 2022). Interestingly, CNOT4 knockdown was previously

shown to reduce total co-translational ubiquitination levels in

10% in human 293T cells (Wang et al., 2013), while in yeast

NOT4 deletion largely increased co-translational ubiquitination,

likely reflecting the influence of CCR4-NOT complex in mRNA

quality control (Duttler et al., 2013).

In conclusion, a growing body of work has indicated that

NMD activates co-translational degradation of polypeptides

produced by PTC-containing transcripts. The protein quality

control factors involved in this process are only starting to

emerge, and might differ between classes of NMD substrates.

It will be interesting to see if the factors engaged in a quality

control function, i.e., in eliminating defective PTC-truncated

proteins, might also assume a role in silencing of NMD-

regulated transcripts. Given that NMD alters the expression of

~10% of transcripts in a wide variety of eukaryotes (Huang and

Wilkinson, 2012), and that it plays an essential role in organism

development, cell differentiation, and disease physiology,

elucidating the associated protein quality control mechanisms

represents a topic of high interest.

8.3 Quality control associated with
dysfunctional ribosomes

In budding yeast, ribosomal RNAs containing point

mutations that adversely affect ribosome decoding function

lead to 18S rRNA clearance by a quality control mechanism

known as non-functional 18S rRNA decay (NRD) (LaRiviere

et al., 2006). Activation of NRD involves polyubiquitination of

the 40S protein RPS3 and ribosomal splitting, through a multi-

tiered process consisting of mono-ubiquitination and ubiquitin

chain elongation by the Mag2 and Fap1 ubiquitin ligases,

respectively (Sugiyama et al., 2019). Interestingly, while the

NRD-inducing 18S base mutation A1755C led to 80S

ribosomes arrested at the initiation codon, selective ribosome

profiling experiments showed that both Mag2 and

Fap1 prominently associate with ribosomes located within the

coding sequence (Li et al., 2022). This observation indicates that

NRD decay also targets translating ribosomes, suggesting that

defective, truncated nascent proteins might also be produced in

the context of NRD-eliciting situations. It remains to be defined

whether NRD is associated with co-translational quality control

pathway(s) for nascent chain degradation.

Importantly, the mechanism of NRD activation seems to be

quite distinct from sensing of defective mRNAs by the NSD/NGD

and RQC pathways. Fap1, contrary to ZNF598, shows a strong

preference for binding to monosomes over polysomes (Li et al.,

2022). Cryo-EM analysis revealed that the elongated Fap1 structure

envelops the 40S subunit, simultaneously binding to mRNA both at

the entry and exit sites of the ribosome. The authors hypothesize

that movement of mRNA through the ribosome could destabilize

these Fap1 contact sites, and therefore Fap1 would only be able to

stably interact with and modify stalled 80S monosomes (Li et al.,

2022). The positioning of Fap1 sterically clashes with the canonical

structure of collided ribosomes, indicating that i) Fap1 biding would

hinder the formation of disomes, and ii) Fap1 would not be able to

bind to pre-formed disomes. The apparent preference for

monosomes raises interesting questions about the physiological

function of NRD, as normally only few transcripts are translated

as monosomes.

The human homolog of Mag2, RNF10, has been implicated

in the selective degradation of 40S (but not 60S) ribosomal

proteins (Garshott et al., 2021). A number of pharmacological

treatments have been shown to induce RNF10-mediated

ubiquitination of 40S proteins RPS3 and RPS2 in human cells:

harringtonine and lactimidomycin, which inhibit progression of

80S ribosomes at the start codon, rocaglates and pateamine A,

which impair mRNA scanning by the pre-initiation complex, and

cycloheximide in high concentration, which globally inhibits

ribosome elongation. The authors propose that impeding

progression of scanning or elongating ribosomes near start

codons induces site-specific ribosome ubiquitination and 40S

protein degradation by a pathway they named initiation RQC

(iRQC) (Garshott et al., 2021). Further studies will be necessary
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to define how often and how far iRQC-targeted small ribosomal

subunits are able to progress into translation, at risk of producing

defective protein products.

In conclusion, a growing body of work revealed that cells

survey and respond to dysfunctional ribosomes with rRNA and

ribosomal protein degradation. Although the mechanisms

mediating these responses are only starting to emerge, current

evidence indicates that ribosomes engaged in translation are also

targeted for degradation. The exact physiological triggers of these

responses, and how cells cope with nascent polypeptides

produced by these defective ribosomes, represent important

points of future investigation.

9 Quality control pathways recruited
to active translation complexes

While there is considerable evidence that nascent proteins

can become ubiquitinated while associated with elongating

ribosomes (see Section 3), the mechanisms and the functional

relevance of these processes remain elusive. Duttler et al.

analyzed the total co-translational ubiquitination levels in a

panel of 10 yeast single and double deletion strains of

ubiquitin-conjugating (E2) and ubiquitin ligase (E3) enzymes.

Double deletion of the E2 enzymes UBC1/4, but not single

deletions, led to a strong (~50%) reduction in co-translational

ubiquitination. Deleting single E3 ligases led to no or very small

(5%–10%) effects. The latter was the case for proteasome-linked

Hul5, and the major ER-associated protein degradation (ERAD)

components HRD1 and DOA10 (Duttler et al., 2013). In human

cells, knockout of chaperone-associated E3 ligase CHIP, the

Hul5 homolog UBE3C, or double deletion of N-end rule

pathway E3 ligases UBR1/2 did not affect total levels of co-

translational ubiquitination (Wang et al., 2013). However, in

yeast the extent of co-translational degradation of a β-
galactosidase derived protein carrying a strong N-terminal

degradation signal was influenced by the levels of the

Ubr1 E3 ligase (Turner and Varshavsky, 2000). Although

these experiments did not differentiate between stalled and

active translation, the potential implication of general quality

control factors in co-translational degradation indicates that

some ubiquitin ligases are able to function both on and off the

ribosome. The involvement of general quality control players is

also in line with observations that CTUA events are promoted by

protein misfolding (Wang et al., 2013).

Tian et al. (2021) showed that HSP70 chaperone

HSPA1 supports the co-translational degradation of nascent

polypeptides during proteotoxic stress. In cultured mouse

cells, HSPA1 was upregulated and remained elevated

following transient heat shock, contributing to the

development of thermotolerance. Sucrose fractionation

experiments showed that heat shock led to the accumulation

of K48-polyubiquitinated proteins in polysomal fractions. The

majority of these ubiquitinated proteins corresponded to nascent

chains rather than ribosomal proteins, as they were displaced

from polysomes by puromycin treatment. Interestingly, pre-

exposed thermotolerant cells did not show an accumulation of

ribosome-associated polyubiquitinated proteins following a

second heat exposure. However, treatment of these cells with

Hsp70-or proteasomal-inhibitors restored the buildup of K48-

modified nascent chains. Hsp70 activity also increased the

recruitment of proteasomes to polysomes upon stress. While

the majority of polyubiquitinated proteins formed upon

proteasomal inhibition remained soluble, Hsp70 inhibition led

to their accumulation in the insoluble fraction. The authors

conclude that Hsp70 promotes proteasomal degradation of

nascent and newly synthesized K48-polyubiquitylated proteins

during heat stress, most likely by keeping them in a soluble state.

In accordance, deletion of the HSPA1 co-chaperone

HSPH1 impeded thermotolerance and tumor growth in mice

(Tian et al., 2021).While it is not yet clear if heat-induced nascent

chain ubiquitination happens in elongating or stalled ribosomes,

the study highlights the importance of eliminating damaged

nascent proteins for cell survival during stress.

Overall, the limited amount of evidence available at present

indicates that co-translational ubiquitination of actively

translation complexes might be carried out by multiple

ubiquitin ligases, following nascent chain conformational cues,

exposed degron sequences, and/or chaperone binding.

Nevertheless, it is difficult to reconcile how recognition of

abnormal co-translational folding would work, since, apart

from a few exceptions, proteins in the process of being

synthesized are normally non-native (Rodrigo-Brenni and

Hegde, 2012). In general terms, the vicinity of the ribosome

represents an environment that disfavors ubiquitination—not

only due to the shielding effect of the ribosome itself, but also by

the action of ribosome-bound molecular chaperones and by the

occurrence of co-translational folding events (Duttler et al.,

2013). Moreover, ubiquitin modifications can be removed by

the action of deubiquitinating enzymes, meaning that not all co-

translationally ubiquitination events may lead to nascent chain

degradation. On the other hand, co-translational triaging of

folding-incompetent nascent proteins can have important

advantages towards minimizing the risk of proteostasis

imbalance, by limiting the burden on the proteostasis

network, and by potentially creating redundancy with

downstream quality control pathways (Rodrigo-Brenni and

Hegde, 2012). It has also been proposed that ubiquitination of

nascent proteins may serve as a “fix me” signal with multiple

possible purposes, such as shielding hydrophobic sequences,

preventing enzymatic activity or inappropriate interactions

during trafficking, and recruiting ubiquitin-dependent

chaperones and unfolding enzymes (Culver et al., 2022). All

these possibilities underscore the complexity of balancing protein

synthesis efficiency with the risk of proteostasis failure, and the

need to address the underlying mechanisms in the future.

Frontiers in Molecular Biosciences frontiersin.org18

Eisenack and Trentini 10.3389/fmolb.2022.1089825

https://www.frontiersin.org/journals/molecular-biosciences
https://www.frontiersin.org
https://doi.org/10.3389/fmolb.2022.1089825


10 Future perspectives

Research in the past decade revealed that the ribosome–or

more specifically the speed of the ribosome–plays a seminal role

in activating co-translational protein and mRNA quality control

pathways that are essential for organismal fitness. While it is clear

that the RQC pathway acts to prevent the detrimental effects

arising from errors in mRNA synthesis and/or environmental

mRNA damage, whether it also responds to cleaved mRNA

byproducts resulting from physiological processes, such as

RIDD, NMD, mRNA silencing, etc, remains to be addressed.

Moreover, new evidence indicates that defective mRNAs might

not be the only cause of RQC activation; failure in co-

translational processes, such as transmembrane protein

insertion, seems to activate protein degradation as well.

Further studies will be necessary to understand i) how co-

translational processes influence ribosomal elongation, and ii)

whether the associated quality control pathway(s) differ in any

way from the canonical RQC. Clarifying whether cells distinguish

between these essentially different translation defects will be

specially relevant considering the emerging role of ribosome

collisions as a signal of stress, controlling important cell fate

decisions such as the integrated stress response, cell cycle

progression, the ribotoxic stress response (apoptosis), and

interferon gene expression (Wu et al., 2020; Wan et al., 2021;

Yan and Zaher, 2021; Kim and Zaher, 2022; Robinson et al., 2022;

Stoneley et al., 2022). The interplay between the RQC and novel

pathways responding to specific types of mRNA defects/

ribosome stalls also represents an important aspect of future

investigation. It remains to be defined whether ribosome-

restricted quality control pathways exist outside the context of

stalled elongation. It has been shown that some ubiquitin ligases

are able to ubiquitinate substrates both at the ribosome and in the

cytosol, but whether such co-translational ubiquitination events

contribute to proteostasis balance or represent off target

reactions warrants further investigation. New technologies,

such as ribosome profiling and dual fluorescence reporters

coupled to genetic screens, together with in vitro

reconstitution and structural analyses, will help to delineate

these open questions.
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