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Ubiquitin-dependent translation control mechanisms: 
degradation and beyond

Pierce W. Ford1,*, Mythreyi Narasimhan1,*, Eric J. Bennett1,2

1School of Biological Sciences, Department of Cell and Developmental Biology, University of 
California, San Diego, La Jolla, CA 92093, USA

Abstract

Translation control mechanisms connect the largely static genome to the highly dynamic 

proteome. At each step in the translation cycle, multiple layers of regulation enable efficient 

protein biogenesis under optimal conditions and mediate responses to acute environmental 

challenges. Recent research has demonstrated that individual ribosomal protein ubiquitylation 

events act as molecular signals to specify quality control pathway outcomes. Here, we synthesize 

current knowledge of ubiquitin-mediated translation control mechanisms and highlight key 

outstanding questions. We compare and contrast ubiquitin-dependent mechanisms that regulate 

ribosome associated quality control pathways at several steps in the translation cycle. We 

also explore how distinct ribosome ubiquitylation events on specific ribosomal proteins impact 

translation activity and how defects in specific ubiquitin-mediated regulatory steps impact 

physiology and health.

Introduction

Protein biogenesis is central to all cellular activities. Rapid and faithful decoding of 

the genetic material into proteins is required to construct dynamic proteomes that 

respond to developmental and proliferative cues1,2. Protein biogenesis and degradation 

bookend the protein lifecycle, and both processes are regulated to coordinate stress 

responses. In this context, the ubiquitin proteasome system regulates the degradation of 

most cytosolic and nuclear proteins3. Protein ubiquitylation involves appending ubiquitin 

to target lysine residues through the ordered activities of E1 activating enzymes, E2 

conjugating enzymes, and E3 ubiquitin ligases4. The canonical fate of ubiquitylated proteins 

is proteasome-mediated degradation, but some ubiquitylation events instead regulate 

substrate activity3. Post-translational modification of many translation-associated factors 

has been demonstrated to regulate translation activity5. Perhaps unsurprisingly, proteomic 

approaches have described ubiquitylation of many translation-associated factors, including 

most ribosomal proteins, providing a possible major mechanism for ubiquitin-mediated 

translation regulation6–9. Many of these identified ribosomal ubiquitylation events likely 
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target orphaned (non-complexed) ribosomal proteins for decay10–12. However, a subset of 

ribosomal protein ubiquitylation events are conserved across eukaryotes at the level of the 

individual modification site, and these ubiquitylation events have been shown to directly 

regulate assembled and active ribosomes13,14. The site-specificity of these regulatory 

ribosomal ubiquitylation events contrasts with typical ubiquitylation reactions, where 

plasticity of ubiquitin-site utilization is often observed when proteasomal degradation is 

the ultimate outcome. Here, we focus on describing how conserved ribosomal ubiquitylation 

regulates translation activity and capacity.

Overview of ribosome-associated quality control pathways

Though translation is a stunningly complex process, most translation reactions properly 

decode individual mRNAs into cognate proteins. However, despite this robustness, 

ribosome progression can be impeded by a variety of mechanisms that require the 

activity of ribosome-associated quality control (RQC) pathways15. Since the early genetic 

characterization of the RQC pathway in yeast16,17, recent research progress has uncovered 

new RQC pathways that respond to specific insults during the translation cycle15,16,18,19. 

Ribosomal protein ubiquitylation events are consistently identified as key steps in these 

increasingly diverse RQC pathways.

There are numerous conditions in which ribosome progress can be delayed during the 

initiation, elongation, and termination phases of translation. For ease of discussion, we 

consider three general categories of delayed ribosome progression: paused ribosomes, 

stalled ribosomes where the stall is resolvable, and trapped ribosomes that are permanently 

stuck with progression impossible (Fig. 1A). Ribosome pauses can occur upon depletion of 

individual tRNAs, consecutive decoding of non-optimal codons, ribosome assembly defects 

that impair decoding, or reduced abundance or activity of translation elongation, initiation, 

or termination factors. Ribosome stalling occurs when physical blockades are encountered. 

Examples include rigid mRNA structure, mRNA modifications, crosslinked mRNA with 

ribosomes or other RNA binding proteins (RBPs), defective ribosomes that prevent initiation 

or elongation, polypeptide interactions with the 60S exit channel, and translation elongation 

or initiation inhibitors. In principle, each of these stalls can be resolved to allow ribosomes 

to continue translating past the impediment. However, truncated or cleaved mRNAs that do 

not contain a termination codon present a blockade where the ribosome cannot proceed past 

the insult and result in what we refer to here as a trapped ribosome (Fig. 1A). Paused versus 

stalled ribosomes can be differentiated using kinetic parameters (e.g. paused ribosomes are 

more transient than stalled ribosomes), and a central challenge for RQC pathways is the 

faithful discrimination between normal pausing events and more problematic stalls.

Each of the scenarios outlined above requires RQC activity for successful resolution, and the 

precise mechanisms and outcomes often vary. Regulatory ribosomal ubiquitylation events 

are often required for subsequent steps of RQC pathways. Surprisingly, these ubiquitylation 

events are highly site-specific, with multiple distinct ligases being employed to ubiquitylate 

individual ribosomal proteins on specific lysine residues (Fig. 1B). The ubiquitylation site-

specificity suggests that individual ribosomal ubiquitylation events impart distinct functional 

outcomes. In this review, we predominately focus on the distinct ribosomal ubiquitylation 
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events which serve to resolve stalled ribosomes, with some discussion of ubiquitin-mediated 

resolution of paused ribosomes.

Elongation ribosome-associated quality control

The elongation phase of the translation cycle normally proceeds through a set ordered 

reactions that decode the A-site codon, catalyze peptidyl transferase to extend the growing 

nascent polypeptide chain, and translocate the ribosome to position a new codon within the 

A-site (Fig. 2). The normal elongation cycle can be slowed by a variety of impediments. One 

initial conundrum was how stalled ribosomes that require RQC activity are differentiated 

from normally translating ribosomes. Initial elegant kinetic modeling and subsequent 

experiments in E. coli from the Subramaniam research group indicated collision events 

between a stalled leading ribosome and a trailing ribosome lead to abortive termination20. 

Subsequent clever and rigorous biochemical, structural, and in vivo studies from the 

Inada, Hegde, and Zaher research groups provided evidence that ribosome collisions act 

as a common trigger to activate RQC pathways21–23. The collision model simplifies the 

discrimination between paused and stalled ribosomes and provides unique biochemical 

entities (e.g. ribosome collision interfaces) to engage RQC factors. While 80S ribosome 

collisions clearly stimulate RQC pathway activation, it remains unclear if collisions are 

strictly required for all RQC pathway outcomes.

RQC activation generally results in truncated polypeptide destruction, mRNA decay, and 

ribosome recycling. However, there are several exceptions to this general description 

as well as context, organism, and tissue type specificities in RQC responses15,18,19. 

Failure to degrade truncated nascent chains due to loss or mutation of RQC factors 

leads to neurodegeneration, underscoring the physiological importance of RQC-mediated 

resolution of stalled ribosomes24,25. In this section we discuss ubiquitin-mediated steps and 

mechanisms that occur during RQC pathway activation and subsequent resolution of stalled 

and collided ribosomes.

Ubiquitin-mediated sensing and ribosome splitting

A stalled 80S elongating ribosome that persists long enough to allow a trailing 80S ribosome 

to collide with it triggers the classical elongation-centric RQC pathway (Fig. 2). Collisions 

are initially sensed by the E3 ligase ZNF598 in mammals, which is recruited to the collision 

interface and mediates distinct regulatory ribosomal ubiquitylation events21,22. ZNF598 

ubiquitylates ribosomal proteins eS10 (RPS10) at K138 and K139 and uS10 (RPS20) at K4 

and K8 (Fig. 2). These ubiquitylation events are hierarchical: eS10 ubiquitylation precedes 

and is required for uS10 ubiquitylation26–29. These site-specific ubiquitylation events are 

reversed by the deubiquitylating enzymes USP21 and OTUD326. While OTUD3 specifically 

demodifies ZNF598-mediated eS10 and uS10 ubiquitylation, USP21 exhibits promiscuous 

ribosomal deubiquitylation activity26. Initial studies reported that ZNF598 specifically 

monoubiquitylates eS10 and uS1026,28,29. However, recent studies demonstrate that ZNF598 

also mediates K63-linked polyubiquitylation on eS10 and uS1030,31. Loss of ZNF598 or 

mutation of the ubiquitylation sites on either eS10 or uS10 results in RQC failure and 

readthrough of stall inducing sequences in multiple reading frames28,29. This observation 
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indicates that concurrent ubiquitylation of two different ribosomal proteins are needed 

for subsequent RQC steps in mammals. Hel2, the yeast ortholog of ZNF598, similarly 

ubiquitylates uS10 but interestingly also ubiquitylates uS3 and eS7 (RPS7)32. However, 

mutation of the uS10 ubiquitylation sites alone completely phenocopy the stall readthrough 

effects of Hel2 deletion, suggesting uS10 ubiquitylation is the most consequential RQC 

ubiquitylation event in yeast32. This conserved regulatory ribosomal ubiquitylation is a 

pivotal step in initiating downstream RQC events.

The mechanistic role of these regulatory ribosomal ubiquitylation events has been a key 

area of active investigation. Ribosomal ubiquitylation is directly recognized by the ribosome 

quality control trigger complex (RQT) in yeast (ASC-1 complex in mammals) to promote 

collided ribosome dissociation (Fig. 2)30–37. In mammals, the ASC-1 complex consists of 

a stable complex of the RNA helicase ASCC3, CUE domain containing protein ASCC2, 

TRIP4, and an additional ASCC1 component which may be dispensable for ribosome 

clearance34,35,38. The yeast RQT complex is comprised of Slh1 (ASCC3 homolog), Cue3 

(ASCC2 homolog), and Rqt4 (TRIP4 homolog)32,37. The ATPase-dependent helicase 

activity of the core component ASCC3/Slh1 is important for dissociation of collided 

ribosomes and its loss results in stall readthrough, phenocopying ZNF598/Hel2 loss33–

35,38. The presence of a ubiquitin-binding CUE domain within ASCC2/Cue3 led to the 

hypothesis that it serves as the elusive reader of ribosome ubiquitylation. However, there are 

contradictory reports regarding the significance of the CUE domain of ASCC2 during RQC-

stimulated ribosomal clearance34,35. Loss of ASCC2 results in ribosome stall readthrough 

that is fully rescued by re-expressing wildtype ASCC2. However, rescue experiments using 

ASCC2 with a mutant CUE domain abates the loss of function phenotype either partially34 

or completely35, indicating that the ubiquitin-binding CUE domain is at least partially 

dispensable in vivo in mammals. In contrast, recent evidence shows that a ubiquitin-binding 

deficient ASCC2 fails to promote subunit dissociation in an in vitro ribosome splitting assay, 

emphasizing the biochemical importance of ribosomal ubiquitin recognition and binding for 

ASC-1 complex recruitment30. Experiments in yeast show that the ubiquitin binding CUE 

domain of Cue3 and N-terminal residues of Rqt4 independently associate with ubiquitylated 

ribosomes36. While either Cue3 or Rqt4 single mutants fail to abolish ribosome disassembly, 

their combined deletion phenocopies Hel2 loss36. Together, these observations illustrate a 

mechanism where, during elongating ribosome collisions, the ubiquitin moieties on uS10 

and eS10 recruit the ASC-1/RQT complex via ASCC2/Cue3 or TRIP4/Rqt4 ubiquitin 

binding to stimulate clearance of stalled ribosomes.

The cryo-EM structure of the yeast RQT complex revealed its exclusive association with 

the 40S subunit of the leading stalled ribosome, close to the mRNA entry channel and 

ribosomal protein uS10. During a ribosomal collision, the RQT-associating region of the 

trailing ribosome is occluded by the lead ribosome, making it inaccessible to the RQT 

complex33. This observation is consistent with in vitro data demonstrating that the RQT 

complex specifically disassociates the leading stalled ribosome in a collision, resulting in 

either elongation resumption by the trailing ribosome past the blockade or subsequent RQT-

mediated clearance of the next leading ribosome in the collision queue33,35. The interaction 

of the RQT complex with the lead ribosome also relies on the accessibility of the 3’ mRNA 

overhang emerging from the stalled ribosome. A minimum of 30 nucleotides downstream 
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of the stalled ribosome P-site is essential for efficient subunit splitting by ASCC3/Slh131,33. 

As an interesting contrast, the mammalian mRNA surveillance Pelota-Hbs1 complex can 

promote subunit dissociation of stalled ribosomes with either an empty A site or an occupied 

A site with a very short 3’ mRNA overhang35. The Pelota-Hbs1 complex fails to act on 

ribosomes when the mRNA overhang extends beyond 12 nucleotides30,35,38. This ubiquitin-

independent mechanism therefore serves to split and rescue terminally trapped ribosomes. 

Thus, distinct mechanisms exist to clear the different classes of impeded ribosomes.

The RQT complex cryo-EM structure further suggests Slh1 promotes subunit splitting by 

applying a pulling force on mRNA with the trailing ribosome acting as a wedge between 

the subunits of the two collided ribosomes. According to this model, the presence of at least 

one neighboring ribosome would be required to drive subunit dissociation, implying that 

the last 80S in the collision queue would not be dissociated33. While these findings are in 

agreement with the biochemical evidence suggesting ASCC3/Slh1 dissociates monosomes 

far less efficiently than disomes or trisomes30,35, a recent study indicates ASCC3 can 

efficiently dissociate all queued ribosomes regardless of their position as long as they are 

ubiquitylated by ZNF59831. This study also showed that even a single stalled monosome can 

be ubiquitylated by ZNF598 and dissociated by the ASC-1 complex, implying that ribosome 

collisions are not a prerequisite for recruitment of either ZNF598 or the ASC-1 complex 

in vitro31. However, it is unclear if this observation holds true in vivo where ribosome 

abundance is far in excess of ZNF598, ASCC2, and ASCC3. In such a scenario, ribosome 

collisions may be required to ensure selective recruitment of RQC factors to problematic 

translation events.

Ubiquitin-mediated turnover of nascent polypeptide chains in stalled ribosomes

Ribosomes that require RQC-dependent stall resolution generally have incompletely 

synthesized polypeptides emerging from the ribosomal exit tunnel. Destruction of these 

partially synthesized proteins is an important RQC outcome that is needed to avoid 

accumulation of toxic unfolded protein intermediates. ASC-1/RQT complex-mediated 

subunit dissociation results in a free 40S subunit, and an uncommon 60S-peptidyl-tRNA 

conjugate. To facilitate recycling of the 60S subunit, degradation of the associated trapped 

nascent chain is necessary (Fig. 2). This degradation is mediated through ubiquitylation 

by the E3 ligase Listerin in mammals (Ltn1 in yeast)17,39. The obstructed 60S subunit, 

but not empty 60S or 80S, is specifically recognized by NEMF in mammals (Rqc2 in 

yeast). This recognition is facilitated by NEMF interaction with the P-site peptidyl-tRNA 

as well as the intersubunit surface of the 60S, which is occluded by the associated 40S 

subunit during active translation. Interactions between NEMF and the peptidyl-tRNA confer 

the ability to discriminate a 60S-peptidyl-tRNA conjugate from empty an 60S. NEMF 

in turn recruits Listerin to the peptidyl-tRNA-obstructed 60S and positions the Listerin 

RING domain next to the exit tunnel to promote K48-linked polyubiquitylation of the 

nascent chain40,41. Genetic screens16,42 and in vitro studies43 identify TCF25 in mammals 

(Rqc1 in yeast), as essential for efficient nascent chain polyubiquitylation by Listerin. 

The ubiquitylated, but still trapped, nascent chain can not immediately be processed for 

degradation by the proteasome. The targeted polypeptide must first be detached from 

the covalently bound tRNA and extracted out of the 60S subunit. ANKZF1 in mammals 
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(Vms1 in yeast) facilitates this function by binding to the 60S subunit and mediating 

endonucleolytic cleavage of the P-site tRNA acceptor arm, thereby releasing the nascent 

chain bound to the 3’-CCA end of the tRNA44–47. Once cleaved, p97 (Cdc48 in yeast) 

and its cofactors UFD1 and NPLOC4 (Ufd1 and Npl4 in yeast) are recruited to the 

polyubiquitylated nascent chain where they extract the nascent polypeptide for eventual 

proteasome-mediated degradation (Fig. 2)16,42,48. These elaborate tiered mechanisms for 

RQC-dependent nascent chain ubiquitylation are required to prevent spurious targeting of 

nascent chains elongating from normally translating ribosomes. Ribosome ubiquitylation 

thus serves a part of a failsafe mechanism that confines Listerin activity.

While in vitro reconstitution experiments have been instrumental in defining RQC 

mechanisms, what fraction of the total cellular ribosome pool participates in RQC events 

at steady state or upon stress remains an open question. A recent study using in situ cryo-

electron tomography in mammalian cells sought to interrogate cellular RQC capacity. This 

study revealed that ribosomal collisions triggered by treatment with low-dose elongation 

inhibitors leads to a significant accumulation of peptidyl-tRNA bound 60S49. Interestingly, 

there was no increase in the fraction of 60S-peptidyl-tRNA complexes bound to RQC factors 

NEMF and Listerin compared to that of untreated cells49. This suggests that while the 

cellular levels of NEMF and Listerin are adequate to resolve the obstructed 60S subunits 

resulting from steady-state collisions, an increase in collision stress saturates these RQC 

factors49. As a result, under conditions that elevate the occurrence of ribosomal stalls, the 

availability of free 60S subunits for subsequent rounds of translation may become limiting. 

This paucity could, in turn, serve as a trigger for activation of cellular stress response 

pathways associated with RQC events38,50–55.

Initiation ribosome-associated quality control

The importance of uS10 and eS10 ubiquitylation within the elongation RQC pathway 

indicates other observed ribosome ubiquitylation events may regulate distinct steps in the 

translation cycle. Eukaryotic translation begins when the 40S subunit of the ribosome 

engages a suite of translation initiation factors and the ternary complex, which is 

comprised of eIF2, GTP, and methionine-initiator-tRNA (Fig. 3A). This 43S pre-initiation 

complex associates with the eIF4 mRNA cap-binding complex and scanning of the 5’UTR 

commences. Upon encountering a sufficiently strong initiation codon, typically AUG, 

the complex remodels, GTP hydrolysis occurs, the 60S subunit joins, and the ribosome 

transitions from the initiation phase to the elongation phase56–58. One prominent mechanism 

of translation regulation is the phosphorylation of the alpha subunit of the eIF2 translation 

initiation factor that occurs upon activation of the integrated stress response (ISR) and 

limits ternary complex formation59. Prior to the characterization of ZNF598/Hel2-mediated 

RQC ubiquitylation events, site-specific monoubiquitylation of uS3 (RPS3) at K214 and 

uS5 (RPS2) at K54 and K58 was demonstrated to be induced upon ISR activation60. These 

ubiquitylation events do not require ZNF598 but are instead catalyzed by the E3 ligase 

RNF10 and require the ribosomal protein RACK126,29,61,62. Site-specific ubiquitylation of 

uS3 on K214 is required for subsequent ubiquitylation of uS5 on K54 and K58, and these 

events are antagonized by the deubiquitylating enzyme USP10 (Fig. 3B)29,61,62. Because 

distinct pharmacological agents that act on initiating ribosomes potently stimulate RNF10-
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dependent uS3 and uS5 ubiquitylation (Fig. 3A), this new RQC branch was named the 

initiation ribosome-associated quality control (iRQC) pathway61.

While ZNF598-mediated ubiquitylation is required to rescue stalled and/or collided 

80S ribosomes, the surprising outcome of RNF10-mediated ribosome ubiquitylation is 

degradation of the entire 40S subunit (Fig. 3B)61,62. Prolonged ubiquitylation of uS3 and 

uS5 by either RNF10 overexpression or USP10 depletion leads to an approximately 17% 

decrease in cellular 40S ribosomal subunits61,62. Surprisingly, 40S degradation in this 

context does not require canonical autophagy, suggesting a potential 40S disassembly event 

followed by proteasomal degradation61. Though previous results had linked USP10 loss 

to programmed lysosomal degradation of the ribosome63, recent work has implicated an 

additional uS5 ubiquitylation event on K275 as the modification responsible for lysosomal 

targeting in the absence of USP10 as part of a protective senescence response to oncogenic 

transformation64. These distinct but overlapping roles of USP10 highlight the specificity 

within the regulatory ribosomal ubiquitylation code.

The physiologically relevant context for iRQC-mediated 40S decay is not fully understood. 

The observation that approximately 15% of total uS3 is ubiquitylated upon USP10 

depletion in the absence of any cellular stressor suggests that RNF10-mediated ribosome 

ubiquitylation occurs regularly during normal cellular proliferation61. One possible iRQC 

function during normal steady state conditions may be to target defective or improperly 

assembled 40S subunits for degradation.

Ubiquitin-mediated targeting of non-functional ribosomes

Ribosome biogenesis is a highly regulated process with many quality control checkpoints 

that ensure production of functionally competent ribosomes65–67. Detection and removal of 

defective 60S and 40S biogenesis intermediates can take place prior to cytoplasmic export 

of late biogenesis intermediates, which prevents the possible utilization of poorly assembled 

ribosomes within the translation cycle. Distinct from defects in early nucleolar or nuclear 

ribosome biogenesis steps, imperfect quality control detection of the later cytoplasmic 40S 

maturation steps results in the accumulation of premature 40S subunits within presumably 

translationally active 80S monosome and polysome fractions in yeast65,68–70. Although 

disrupting late cytoplasmic 40S biogenesis steps in human cells did not result in increased 

40S biogenesis intermediates migrating with translating 80S fractions71, premature 60S or 

40S subunits that engage with mRNA and translation initiation or elongation factors would 

reduce overall translation capacity. Degradation pathways would be needed to remove these 

potentially detrimental defective ribosomal subunits.

Research on prokaryotic ribosomes revealed that mutating highly conserved residues within 

the decoding center of 16S rRNA (G530U, U534G and A1492C: E. coli numbering)72 

or the peptidyl transferase center of 23S rRNA (A2451G, C2452U and U2585A: E. 
coli numbering)73 does not alter overall ribosomal structure and these defective rRNAs 

escape early quality control checkpoints and populate mature subunits. Ribosomes that 

contain these mutant rRNAs cannot function during translation and cause dominant lethality 

in E. coli72–74. Building upon these early studies, pioneering research from the Moore 

group described non-functional ribosomal decay (NRD) pathways in S. cerevisiae. These 
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mechanistically distinct 18S and 25S NRD pathways act to destroy mutant defective rRNAs 

that become incorporated into mature ribosomal subunits75,76. While these studies focused 

exclusively on rRNA decay and did not directly observe ribosomal protein decay, rRNA 

decay would likely be impossible without simultaneous destruction of the closely associated 

ribosomal proteins.

Elegant studies from the Inada research group extended these early NRD characterizations 

and directly linked the 18S NRD pathway to ribosome ubiquitylation. Work from the Inada 

research group demonstrated that site-specific ubiquitylation of uS3 is a required step within 

the 18S NRD pathway (Fig. 3C)77. The ubiquitin ligase Mag2 in yeast (RNF10 ortholog) 

catalyzes uS3 ubiquitylation on the conserved uS3 lysine residue K212 that is also targeted 

by RNF10 (K214 in mammals)77. Subsequent genetic screens identified a second ubiquitin 

ligase, Fap1, whose deletion impairs 18S NRD. Fap1 extends a polyubiquitin chain on uS3 

that was previously ubiquitylated by Mag2 (Fig. 3C)78. Incorporation of mutant 18S rRNA 

molecules that impair the decoding steps of translation is thought to prevent the progression 

of 80S ribosomes beyond the start codon. Consistent with this idea, sequencing of mRNAs 

from Mag2-associated ribosomes revealed predominantly non-optimal codons positioned 

within the A-site of Mag2-associated ribosomes, indicating Mag2 generally associates with 

slow ribosomes78. These results are also consistent with structural studies where Fap1 was 

shown to interact with the 40S at both the mRNA entry and exit sites. These studies suggest 

that mRNA movement within an elongating ribosome is incompatible with Fap1 binding, 

providing a possible mechanism for how Mag2 and Fap1 specifically target stationary 

ribosomes.

It is currently unknown if the 18S NRD pathway is conserved in mammals. The molecular 

constituents and mechanisms shared between the characterized mammalian iRQC pathway 

and the yeast 18S NRD pathway provide evidence that RNF10 could target defective 40S 

subunits for degradation in mammals. However, the previously highlighted observation that 

a significant fraction (15%) of uS3 is ubiquitylated in USP10 depleted cells without any 

perturbation of 40S function challenges the idea that the sole role of the iRQC pathway lies 

in targeting defective 40S subunits. Cells producing that quantity of defective 40S at steady 

state is unlikely as it would be highly inefficient and a waste of cellular anabolic resources. 

There are also key differences between the yeast 18S NRD pathway and the mammalian 

iRQC pathway that indicate the mammalian pathway has evolved new regulatory functions. 

For example, the RNF10-mediated uS5 ubiquitylation events are essential in mammals but 

do not occur in yeast. ISR pathway activation robustly induces mammalian uS3 and uS5 

ubiquitylation whereas similar ISR induction does not trigger uS3 ubiquitylation in yeast. 

Additionally, polyubiquitylation of uS3 is required for 18S NRD in yeast but has thus far 

never been detected following iRQC activation in mammalian studies.

Though some of the key molecular constituents of the iRQC pathway have been 

characterized, much remains unknown about the pathway. The mechanism by which 40S 

subunits targeted for RNF10-mediated ubiquitylation are destroyed is a key area of active 

study in the field. Identification of the uS3 and uS5 ubiquitylation reader as well as the 

factors that facilitate the final ribosome destruction will enable the use of new molecular 

levers to pry apart the cellular consequences associated with failed iRQC events. Further, the 
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precise ribosomal species targeted for ubiquitylation by RNF10/Mag2 is unknown. Current 

hypotheses for the relevant iRQC-inducing species include stalled initiation complexes, 

initiation complex collisions, scanning 40S-80S collisions, stalled initiating 80S ribosomes, 

and free non-functional pre-40S subunits (Fig. 3B). As we discussed previously, kinetic 

modeling studies informed predictions for the canonical elongation RQC pathway that 

elongating 80S ribosome collisions could serve as a stimulating event for translation 

regulation20. Similarly, recent modeling studies focused on translation dynamics during 

decoding of upstream open reading frames (uORFs) suggest that scanning 40S subunits 

dissociate when they collide with stalled elongating 80S ribosomes within uORFs79. 

Whether this 40S-80S collision event is the critical ribosomal species required for iRQC 

activation in vivo remains to be determined.

Ribosome stalling due to trapped termination and elongation complexes

Pharmacological inhibitors of distinct steps within the translation cycle have been essential 

torches used to illuminate ribosome states that trigger RQC pathway activation. For 

example, low concentrations of elongation inhibitors were shown to stimulate ZNF598-

dependent ribosome ubiquitylation in a manner that was not observed with high 

concentrations of the same inhibitors. These observations were among the first to inform 

the hypothesis that collisions between elongating ribosomes activate RQC pathways. Recent 

studies using a translation inhibitor known to prevent eEF1A release from the ribosome 

during translation elongation, Ternatin-4, unveiled a new and distinct ribosome quality 

control pathway that targets non-ribosomal proteins for degradation (Fig. 4A). Ternatin-4 

treatment results in the surprising degradation of eEF1A. CRISPR-based screens identified 

the E3 ligases RNF25 and RNF14 as factors required for Ternatin-4-induced eEF1A 

degradation80. The two ligases target distinct proteins to facilitate eEF1A degradation. 

RNF14 is the ligase that directly ubiquitylates the A-site trapped eEF1A leading to 

eEF1A degradation. Interestingly, this RNF14-mediated eEF1A ubiquitylation first requires 

RNF25-mediated site-specific ubiquitylation of the ribosomal protein eS31 (RPS27A) at 

K107 and K113 (Fig. 4A)49,80,81. This study also identified the ISR coactivator, GCN1, 

to be required for Ternatin-4-stimulated eEF1A degradation. Because GCN1 binds to 

collided 80S ribosomes81, this result suggests that ribosome collisions are a necessary 

precondition for targeting eEF1A trapped within elongating ribosomes. All regulatory 

ribosomal ubiquitylation discussed thus far has taken place on the 40S subunit proteins. 

However, recruitment of RNF14 to the ribosome also leads to ubiquitylation of several 60S 

proteins within the vicinity of eEF1A80. Whether these 60S ubiquitylation events represent 

functional regulation or are incidental from RNF14 proximity is currently unknown, but 

these are interestingly the only known RQC-related 60S ribosomal subunit ubiquitylation 

events.

Prior studies had identified a small molecule that promoted readthrough of premature stop 

codons by stimulating degradation of the translation termination factor eRF182. Follow-up 

studies demonstrated that the mechanism of eRF1 degradation in this context is identical to 

the RNF14 and RNF25-dependent mechanism described to facilitate degradation of trapped 

eEF1A (Fig. 4A)80,83,84. Combined, these studies identified a new ribosomal ubiquitylation 

pathway that is required to destroy elongation or termination factors that become glued 
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to the ribosomal A-site using small molecules not normally present in mammalian cells. 

While these pharmacological agents illuminated a hidden translation control pathway, the 

physiological relevance of this trapped A-site RQC pathway was imminently a focus for 

follow-up work.

Recent work identifies a possible physiological role for this pathway in resolving 

formaldehyde-induced mRNA-protein crosslinking events (mRPCs). Treatment of cells 

with 4-thiouridine followed by UV light treatment (4-SU + UV) was used to model RNA-

specific formaldehyde-induced crosslinking of RBPs to RNA (Fig. 4A)85,86. This treatment 

paradigm leads to RNA:protein crosslinks which can physically block ribosome progression 

resulting in collisions of elongating ribosomes. RNF14 and RNF25 are again identified as 

necessary for clearance of these crosslinked mRPCs, and the RNF25 hallmark eS31 K107 

and K113 ubiquitylation events are enriched by 4SU + UV treatment85,86. Degradation of 

mRPCs is also blocked by pre-treatment with elongation inhibitors, indicating ribosome 

collisions are likely essential for activation of this RQC pathway as well85. Collectively, 

these findings indicate that the RNF25 and RNF14-mediated RQC pathway exhibits a 

remarkable flexibility toward eliminating translational roadblocks (Fig. 4A).

Ubiquitin-mediated detection of paused ribosomes

Due to differences in tRNA abundance and availability, the rate of decoding for individual 

codons varies87. Thus, ribosome progression can be paused during decoding of nonoptimal 

codons. Transcripts containing nonoptimal codons are destroyed by mechanisms that rely 

on ongoing translation to target slowly decoding mRNAs for decay88–91. The CCR4-NOT 

complex is the major mRNA deadenylase that, with decapping enzymes and exonucleases, 

facilitates mRNA decay87,91. The CCR4-NOT complex comprises both deadenylase and 

ubiquitin ligase activity and the Not4 (CNOT4 in mammals) component ubiquitylates the 

ribosomal protein eS792–95. Not4-mediated eS7 ubiquitylation plays a key role in promoting 

mRNA decay during slow decoding of non-optimal codon-enriched reporter mRNAs (Fig. 

4B)95. Both deletion of Not4 and mutation of the four eS7 ubiquitylated lysine residues 

stabilize the decay of nonoptimal reporter mRNA. Structural studies determined that the 

amino-terminal domain (NTD) of Not5 (CNOT3 in mammals) occupies the empty E-site 

of targeted ribosomes, providing a structural rationale for how slow decoding ribosomes 

with empty E and A sites are selectively targeted by the CCR4-NOT complex (Fig. 4B)95. 

Interestingly, deletion of the Not5 NTD, while impairing the ribosome association of the 

larger CCR4-NOT complex and the decay of nonoptimal reporter mRNAs, did not impact 

eS7 ubiquitylation. This result suggests that eS7 ubiquitylation itself is not sufficient to 

trigger mRNA decay95. How Not4-mediated eS7 ubiquitylation is initially stimulated and 

the role ubiquitylated eS7 plays in recruiting the larger CCR4-NOT complex remain open 

questions. Further, recent studies investigating the human CCR4-NOT complex revealed 

notable differences from the previous studies in yeast. Surprisingly, CNOT4-mediated eS7 

ubiquitylation is not required for ribosome association of the larger CCR4-NOT complex96. 

These studies suggest that eS7 ubiquitylation is functioning to recruit downstream factors 

distinct from the CCR4-NOT complex or as a ribosome quality control check to prevent new 

rounds of translation by blocking 40S association with initiation factors. This hypothesis is 

supported by structural evidence that eS7 ubiquitylation would sterically clash with eIF4A 
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and eIF4G in the human translation initiation complex97. Elucidation of key factors that act 

as eS7 ubiquitylation readers will help fill a mechanistic void while also serving as potential 

tools to enrich for CCR4-NOT targeted ribosomes.

Conclusions and perspectives for future insights

Ribosomal ubiquitylation events serve as discriminating signals in the growing network 

of translation quality control pathways. Despite the specificity of the distinct E3 ligases 

involved in carrying out regulatory ribosomal ubiquitylation, RQC pathways often engage 

in crosstalk by nature of the fact that they all collectively act on ribosomes engaged 

in translation. As an example of the complexity of crosstalk between RQC branches, 

constitutive activation of the classic elongation RQC pathway (eRQC) by treatment with 

elongation inhibitors also directly activates the iRQC pathway, presumably by generating 

stalled ribosomes close to the start codon that subsequently inhibits scanning 40S 

complexes. However, unresolved ribosome collisions also lead to eIF2α phosphorylation, 

which in turn suppresses iRQC activation by limiting the availability of ternary complex 

for scanning50. Thus, eRQC can either stimulate or suppress iRQC activation, and the 

factors that play a role in determining the ultimate outcome depend on the severity of 

the activating signals. The fact that multiple distinct pathways act on the same molecular 

machine also highlights the likely scenario that a singular ribosome may harbor multiple 

distinct ubiquitylated sites at any given time. There is a growing need to develop reagents 

and approaches that can examine if multiple hallmark RQC ubiquitylation events occur on 

individual ribosomes simultaneously. These reagents will prove valuable towards identifying 

the mechanisms cells utilize to decipher the grammar of the ribosome ubiquitin code to 

promote the appropriate physiological response.

Similarly, cellular availability of various RQC components varies by cell type in steady 

state or under stress conditions and may modulate the activation of different RQC branches. 

Considering that quality control factors are generally available in sub-stoichiometric levels 

relative to ribosomes, it is likely that RQC pathway activity is limited in its capacity 

to handle aberrant translational events. Expanded use and development of cryo-electron 

tomography (cryo-ET) approaches will rapidly enhance our ability to visualize and quantify 

ribosome quality control activity in cells and tissues with minimal perturbation. Recent 

results using cryo-ET approaches suggest that RQC pathways may be easily saturated 

by increasing the presence of collided elongating ribosomes. Interestingly, overwhelming 

the RQC pathway and the subsequent increase in peptidyl-tRNA trapped 60S subunits 

also results in an increase in the proportion of aberrant pre-initiation complexes bound 

to scanning factors49. This result suggests that saturating RQC activity may subsequently 

trigger iRQC pathway activation.

Translation elongation and initiation inhibitors have been invaluable tools used to identify 

and characterize RQC mechanisms. However, physiologically relevant contexts that do not 

require the use of inhibitors to activate RQC pathways remain largely uncharacterized. RNA 

damage that induces protein:RNA crosslinks represents one such scenario, but how these 

pathways operate within the key detoxifying tissues remains unknown. While ribosome 

collisions have emerged as a centralizing mechanism that allows for RQC-dependent 
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discrimination between problematic and functional ribosomes, recent work indicates that 

collision events are not strictly necessary for ZNF598-mediated ubiquitylation31. These 

findings highlight the need to identify and utilize specific physiological or genetic triggers 

for RQC induction that can be used to determine how these pathways operate in vivo.

Studies in yeast, mammalian cells, and in vitro systems have not only resulted in 

the identification of required RQC factors, but also greatly enhanced our mechanistic 

understanding of the greater RQC network. However, our understanding of the in vivo 
relevance of the various RQC pathways remains incomplete. Knocking out the collision 

sensor ZNF598/Hel2 in mammalian cells, fruit flies, zebrafish, or yeast does not result in 

overt phenotypes or impact cell survival under normal growth conditions98–100. Similarly, 

loss of RNF10/Mag2 does not result in cell proliferation defects. It is therefore important 

to identify the physiological stress contexts in which prompt recognition and resolution 

of RQC-inducing events are necessary for survival. Once those contexts are identified, the 

already accumulated wealth of foundational knowledge regarding RQC mechanisms can be 

leveraged toward interventions that enhance or impair RQC activity as needed to promote 

successful recovery from translational stress.
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Figure 1 –. 
Ribosome classification and ubiquitylation events.

A) (Left) Simplified schematic of a typical elongating ribosome on an example mRNA. 

mRNA color scheme: black – 5’ cap, grey – UTRs, green – start codon, beige – coding 

region, red – stop codon. (Right) Overview of possible barriers to ribosome progression 

(inner circle) with common examples of stresses that may result in each barrier (outer 

circle).

B) Structural overview of the ribosome with highlighted individual ribosomal proteins 

known to be ubiquitylated. Modified from PDB:8G6J. Side view (left) and bottom (40S) 

view (right). Bottom view documents RQC pathway ubiquitin ligases and indicates their 

target sites.
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Figure 2 –. 
Overview of canonical ribosome-associated quality control pathway.

Disruptions to the normal translation elongation cycle (center) that result in ribosome 

collisions trigger the canonical elongation RQC pathway (outer circle). The individual steps 

of this pathway and its component factors are shown clockwise proceeding from the initial 

collision (top center). Mammalian factors listed in black, yeast orthologs in green.
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Figure 3 –. 
Overview of initiation ribosome-associated quality control (iRQC).

A) Simplified outline of the steps involved in translation initiation. Agents that inhibit each 

step and lead to iRQC activation are shown in red.

B) Schematic of the mammalian iRQC pathway. Possible ribosomal species that would 

result in iRQC activation are outlined on the left. RNF10-mediated ubiquitylation and 

pathway outcomes are shown on the right.

C) Overview of the 18S nonfunctional rRNA decay pathway (NRD) in yeast.
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Figure 4 –. 
Overview of RQC-dependent resolution of trapped or paused ribosomal complexes.

A) Molecular glues that trap proteins in the A-site (left, top) or crosslinking of RNA-binding 

proteins to mRNA (left, bottom) block ribosome progression. Upon ribosome collision 

and ubiquitylation of eS31 by RNF25, GCN1 and RNF14 are recruited, leading to the 

polyubiquitylation and degradation of the protein preventing ribosome progression (right).

B) Not4-dependent eS7 ubiquitylation occurs on ribosomes paused while decoding rare 

codons. This ubiquitylation event recruits the CCR4-NOT complex and results in mRNA 

decay.
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