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SUMMARY

The initiation-specific ribosome-associated quality control pathway (iRQC) is activated when 

translation initiation complexes fail to transition to elongation-competent 80S ribosomes. Upon 

iRQC activation, RNF10 ubiquitylates the 40S proteins uS3 and uS5, which leads to 40S 

decay. How iRQC is activated in the absence of pharmacological translation inhibitors and 

what mechanisms govern iRQC capacity and activity remain unanswered questions. Here, 

we demonstrate that altering 60S:40S stoichiometry by disrupting 60S biogenesis triggers 

iRQC activation and 40S decay. Depleting the critical scanning helicase eIF4A1 impairs 40S 

ubiquitylation and degradation, indicating mRNA engagement is required for iRQC. We show that 

amino acid starvation conditions also stimulate iRQC-dependent 40S decay. We identify RIOK3 

as a crucial iRQC factor that interacts with ubiquitylated 40S subunits to mediate degradation. 

Both RNF10 and RIOK3 protein levels increase upon iRQC pathway activation, establishing a 

feedforward mechanism that regulates iRQC capacity and subsequent 40S decay.
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In brief

Ford et al. show that depleting 60S subunits and altering ribosomal stoichiometry activates the 

iRQC pathway. The ubiquitin-binding kinase RIOK3 is a new iRQC factor that facilitates 40S 

degradation. The iRQC pathway utilizes a feedforward mechanism of autoregulation where iRQC-

stimulating conditions increase RNF10 and RIOK3 expression.

INTRODUCTION

Elaborate translation control mechanisms respond to highly dynamic and rapidly changing 

cellular conditions by tuning protein biosynthesis activity.1 While most translation events 

culminate in functional protein synthesis, defects within mRNA transcripts, nascent chains, 

or ribosomes themselves can impede ribosome progression.2–4 Distinct ribosome-associated 

quality control (RQC) pathways recognize, triage, and clear stalled ribosomal complexes, 

and sustained RQC engagement activates cellular stress pathways.4–7

Precise ubiquitylation of specific ribosomal proteins is a key step within diverse RQC-

related pathways that allow for downstream ribosomal stall resolution.5,8–14 Integrated 

stress response (ISR) activation or translation initiation inhibition results in the site-specific 

ubiquitylation of the 40S proteins uS3 (RPS3) and uS5 (RPS2).15 These ubiquitylation 

events are regulated by the ubiquitin ligase RNF10 and the deubiquitylating enzyme 

USP10.16–18 Sustained uS3 and uS5 ubiquitylation upon RNF10 overexpression or USP10 

depletion results in autophagy-independent 40S destruction.17 Despite the characterization 
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of this new initiation-specific branch of the RQC pathway (iRQC), cellular conditions 

that stimulate iRQC pathway activity in the absence of pharmacological inhibitors are 

unknown. The observation that USP10 depletion results in constitutive uS3 and uS5 

ubiquitylation on up to 20% of all ribosomes in otherwise untreated cells suggests that 

the iRQC nucleating event occurs regularly during homeostatic cellular conditions.16,17 

Furthermore, the mechanisms that facilitate 40S degradation after initial RNF10-mediated 

ubiquitylation and the cellular factors that participate in this ribosomal triage pathway 

remain uncharacterized.

Ribosomes are elaborate ribonucleoproteins, and ribosome biogenesis is a carefully 

orchestrated process involving dozens of dedicated ribosome assembly factors.19–22 Initial 

rRNA production, processing, and ribosomal protein incorporation steps occur in the 

nucleolus. Despite early steps that coordinate 60S and 40S production, 60S and 40S 

biogenesis largely occurs via distinct assembly pathways. The final subunit maturation 

and rRNA processing steps occur in the cytoplasm, culminating in the release and 

recycling of bound biogenesis factors and generation of translation-competent subunits.21,22 

Differences in individual subunit biogenesis pathway activity and function can lead to non-

stoichiometric production of 60S or 40S subunits that may activate quality control pathways 

to restore normal stoichiometry.23–32 Further, rRNA damage or inaccurate biosynthesis 

can result in the production of subunits that are unable to engage in the translation cycle 

with appropriate kinetics or fidelity. Quality control pathways would then be necessary to 

identify and target defective 40S ribosomal subunits that engage with mRNA and impair 

total translation capacity.

Pioneering research in S. cerevisiae characterized independent ribosome quality control 

pathways that catalyze the destruction of non-functional 18S and 25S rRNAs when 

incorporated into individual subunits.33–35 These 18S and 25S non-functional rRNA decay 

(NRD) pathways require both active translation and distinct ubiquitin-pathway components 

to eliminate defective rRNA molecules.34–37 18S NRD requires Mag2 (S. cerevisiae RNF10 

ortholog) to ubiquitylate uS3 on the same conserved uS3 lysine residue that is ubiquitylated 

by RNF10 in response to iRQC activation.38 While there are some similarities with the 

mammalian iRQC pathway and the yeast 18S NRD pathway, the two pathways are activated 

by distinct agonists, and a mammalian 18S NRD pathway has not been described.

Here, we demonstrate that broad genetic disruption of 60S biogenesis results in enhanced 

RNF10-dependent uS3 and uS5 ubiquitylation and subsequent 40S degradation in human 

cells. The 40S decay observed upon impairing 60S biogenesis requires both RNF10 and 

the translation initiation factor eIF4A1, indicating that mRNA engagement and scanning 

by 43S preinitiation complexes are required for iRQC activity. We provide evidence that 

RNF10 protein levels increase upon 60S biogenesis disruption and define a translational 

control mechanism that regulates RNF10 protein abundance. We identify RIOK3 as the 

reader of uS3 and uS5 ubiquitylation and demonstrate that RIOK3 ubiquitin binding and 

kinase activities are required to facilitate 40S decay. We demonstrate that depletion of 

RIOK3 leads to an accumulation of ubiquitylated 40S ribosomes, indicating that RIOK3 

acts downstream of RNF10 and that ribosome ubiquitylation itself is not sufficient for 

40S degradation. Further, we show that amino acid starvation results in altered ribosomal 
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subunit stoichiometry driven by RIOK3- and RNF10-dependent 40S decay. Collectively, 

these results reveal that diverse biological conditions can stimulate iRQC-dependent 40S 

degradation and that iRQC capacity is regulated by a feedforward mechanism that elevates 

RNF10 and RIOK3 levels upon iRQC-stimulating conditions.

RESULTS

Identification of translation components that alter iRQC pathway activation

Previous studies have demonstrated that the addition of several compounds that inhibit 

translation initiation or activate the ISR results in uS3 and uS5 ubiquitylation.15,17,18 

Overexpression of the critical iRQC-specific E3 ubiquitin ligase RNF10, or genetic ablation 

of the antagonizing deubiquitylating enzyme USP10, results in degradation of the entire 

40S subunit in both normal and stressed conditions.16–18 However, other factors that 

contribute to iRQC activation or downstream 40S decay have not been characterized in 

higher eukaryotes. Because most characterized pharmacological iRQC activators inhibit 

translation initiation, we hypothesized that genetically perturbing translation initiation or 

ribosome biogenesis in a manner that impairs scanning or initiation at start codons may 

result in iRQC activation. To test this hypothesis, we depleted several known initiation 

factors and probed the extent of uS3 and uS5 ubiquitylation in the presence and absence of 

harringtonine (HTN), which was previously shown to stimulate uS3 and uS5 ubiquitylation. 

While knockdown of eIF5B, DDX3X, and DHX29 modestly decreased HTN-stimulated 

uS5 and uS3 ubiquitylation, eIF4A1 knockdown nearly completely inhibited ribosome 

ubiquitylation upon HTN treatment (Figure 1A). In stark contrast with what was observed 

upon eIF4A1 knockdown, knockdown of the 60S biogenesis factor eIF6 induced uS3 and 

uS5 ubiquitylation both with and without HTN treatment (Figures 1A and S1A). The 

opposing effects of eIF6 or eIF4A1 knockdown on ribosomal ubiquitylation were also 

observed upon treatment with the ISR activator DTT or two inhibitors that block eIF4A1 

activity during scanning (Figures 1B and S1B). These results suggest that reducing eIF4A1 

levels, which impairs 43S initiation complex scanning of 5′ untranslated regions (UTRs), 

diminishes the ribosomal population that is ubiquitylated by RNF10.

Disruption of 60S biogenesis broadly stimulates iRQC

The ribosome biogenesis factor eIF6 associates with the pre-60S ribosomal subunit during 

early stages of 60S biogenesis within the nucleolus and remains associated until eIF6 is 

released during the final cytoplasmic steps of 60S maturation.39 To assess whether eIF6 

depletion uniquely stimulates uS3 and uS5 ubiquitylation, hallmarks of iRQC activation, 

we depleted several characterized 60S biogenesis factors that function throughout the 

60S biogenesis pathway (Figure 1C). Polysome profiling confirmed that depletion of 

individual 60S biogenesis factors leads to the expected reduction in free 60S subunits 

and 80S ribosomes without altering free 40S subunit levels (Figure 1D). Consistent with 

this observation, knockdown of 60S biogenesis factors resulted in a reduction in overall 

protein synthesis as well as reduced cell proliferation (Figures S1C and S1D). Reducing the 

abundance of nearly every 60S biogenesis factor tested resulted in enhanced uS3 and uS5 

ubiquitylation in otherwise unperturbed cells (Figures 1E and S1E). Further analysis using 

mass spectrometry confirmed a significant increase in abundance of the ubiquitylated uS5-
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K58 peptide upon 60S biogenesis disruption both at steady state and with HTN treatment 

(Figures 1F and S1F). Interestingly, depletion of EFL1 or SBDS, which act at the last step 

of 60S biogenesis to evict eIF6 from 60S subunits prior to 40S binding during translation 

initiation,40 consistently failed to induce uS3 or uS5 ubiquitylation in multiple cell types 

(Figures 1E, 1F, and S1G). SBDS knockdown had no impact on overall protein synthesis 

or cell proliferation (Figures S1C and S1D), which suggests that SBDS plays a minor role 

in 60S biogenesis or overall translation activity, at least in the cell types tested here. These 

results indicate that disrupting 60S biogenesis at distinct steps in the pathway induces iRQC 

activation.

Disruption of 60S biogenesis leads to reduced 40S abundance

Reducing the abundance of translation-competent 60S subunits without impacting 40S levels 

results in subunit stoichiometry imbalance. Because 40S subunits engage with mRNA 

directly and recruit 60S subunits only at the onset of translation elongation, subunit 

imbalance leads to an increase in scanning preinitiation complexes that arrive at start codons 

and are unable to pair with 60S subunits. We hypothesized that reducing the abundance of 

60S may result in a concomitant degradation of 40S subunits to partially correct the subunit 

imbalance. To test this hypothesis, we employed quantitative mass spectrometry to precisely 

measure the abundance of all ribosomal proteins in cells with and without 60S biogenesis 

factor depletion. The median abundance of all 60S proteins was reduced upon knockdown 

of five different 60S biogenesis factors, and the ratio of 60S proteins to 40S proteins 

was reduced upon knockdown of nearly all tested 60S biogenesis factors (Figures 2A and 

2B). We confirmed the knockdown of 60S biogenesis factors using mass spectrometry and 

also observed that RSL24D1, eIF6, and GTPBP4 knockdown resulted in reduced levels of 

other 60S biogenesis factors known to act at similar steps during biogenesis (Figure S2A). 

Interestingly, 40S ribosomal protein abundance was also reduced upon knockdown of 60S 

biogenesis factors (Figure 2A). RSL24D1 and GTPBP4 knockdown resulted in a consistent 

reduction in all measured 60S proteins and nearly all 40S proteins (Figure 2C). This result 

suggests that the abundance of the entire 40S or 60S subunit is reduced upon 60S biogenesis 

disruption rather than a subset of ribosomal proteins. These findings are also consistent with 

previous observations that 60S ribosomal protein depletion in S. cerevisiae results in reduced 

40S ribosomal protein abundance.41

Ribosome traffic patterns become altered upon 60S biogenesis disruption

Non-stoichiometric reduction in 60S levels relative to 40S is hypothesized to increase 

the amount of preinitiation complexes engaged with transcripts that fail to transition 

to elongating 80S ribosomes.24 However, it is possible that unknown pathways prevent 

40S engagement with mRNA when the 60S:40S ratio becomes imbalanced to prevent 

the accumulation of translation preinitiation complexes engaged with mRNA. Polysome 

profiling upon 60S biogenesis disruption demonstrated a reduction in free 60S, monosome, 

and polysome abundance without altering the abundance of free 40S (Figure S2B). This 

result suggests that 40S does not accumulate in its free form when 60S biogenesis is 

impaired. However, as observed previously, inhibiting 60S resulted in the formation of 

half-mer ribosome populations that are not observed in control knockdown cells (Figures 2D 

and 2E and S2B).24–26,42,43 These half-mers migrate between canonical monosome, disome, 
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and trisome peaks upon sucrose gradient separation. Previous studies have hypothesized 

that these half-mers arise from mixtures of 40S-containing preinitiation complexes and 

80S ribosomes concurrently engaged on a single transcript.24 To more precisely define the 

ribosomal protein content within these half-mer populations, we separated extracts from 

control and GTPBP4-depleted cells on sucrose gradients and collected fractions enriched for 

half-mers vs. canonical monosome, disome, and trisome populations (Figures 2E and S2B). 

Subsequent analysis by mass spectrometry revealed that fractions comprising monosomes, 

disomes, or trisomes (fractions 9, 12, and 14) contained equivalent levels of 40S and 60S 

proteins as would be expected from 80S enriched ribosomes (Figure 2F). However, half-mer 

enriched fractions from GTPBP4-depleted cells displayed increased 40S:60S ratios relative 

to control knockdown (Figure 2F). Summing 40S and 60S protein intensity from fractions 

encompassing the monosome peak to the end of the gradient (fractions 9–23) revealed 

an increase in 40S:60S ratio upon GTPBP4 knockdown (Figure 2F). Taken together, 

these results suggest that lowering 60S levels relative to 40S levels results in enhanced 

engagement of preinitiation complexes on transcripts with elongating 80S ribosomes. 

Because 60S biogenesis disruption results in 40S ubiquitylation, these altered ribosome 

traffic patterns may contain aberrant ribosomal species that are targeted for ubiquitylation 

and subsequent degradation.

RNF10 is required to reduce 40S abundance upon 60S biogenesis disruption

To identify stress-responsive pathways that may be activated upon 60S biogenesis 

disruption, we interrogated our proteomic datasets to identify proteins whose abundance 

reproducibly increases upon 60S biogenesis factor knockdown. GTPBP4 knockdown results 

in broad changes to cellular protein levels, including the expected decrease in 60S ribosomal 

proteins (Figure 3A). RNF10 was among the proteins whose abundance increased upon 

60S biogenesis factor knockdown (Figures 3A, 3B, and S3A–S3D). GTPBP4 knockdown 

resulted in increased RNF10 protein levels without significantly altering RNF10 mRNA 

abundance, implicating a post-transcriptional regulatory mechanism (Figure S3E). Previous 

studies have shown that constitutive iRQC activation leads to 40S subunit degradation 

in a manner that requires RNF10-dependent uS3 and uS5 ubiquitylation.17,18 To directly 

examine if the reduction in 40S levels upon 60S biogenesis disruption requires RNF10 

activity, we depleted GTPBP4 or RSL24D1 in our previously generated and characterized 

RNF10-knockout (KO) cells. Quantitative mass spectrometry analysis confirmed that both 

60S and 40S proteins were reduced upon RSL24D1 and GTPBP4 knockdown (Figure 3C). 

While loss of RNF10 did not alter the reduction of 60S proteins upon 60S biogenesis 

disruption, 40S degradation was significantly attenuated upon RSL24D1 or GTPBP4 

knockdown in RNF10-KO cells (Figure 3C). We confirmed that the reductions in GTPBP4 

or RSL24D1 protein levels were similar in parental and RNF10-KO cells and that RNF10 

abundance increased in the parental cells with 60S disruption (Figures S3F and S3G). These 

results demonstrate that RNF10 is required to reduce 40S abundance when 60S biogenesis is 

impaired.
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RNF10 translation is induced upon iRQC activation in response to 60S biogenesis 
impairment

ISR activation results in an overall reduction in total protein synthesis while also stimulating 

translation of specific stress-responsive transcripts.44 The typical mechanism governing 

this translation regulation involves alternative utilization of upstream open reading frames 

(uORFs) within the 5′ UTRs of stress-responsive transcripts.45 To investigate possible 

RNF10 post-transcriptional regulatory mechanisms that are utilized to increase RNF10 

protein levels upon 60S biogenesis disruption, we examined the RNF10 transcript for the 

presence of uORFs. The 5′ UTR of RNF10 contains three AUG start codons, which display 

conservation from humans to frogs (Figure S3H). Interrogating available RiboSeq datasets 

revealed the presence of at least four translated uORFs within the annotated RNF10 5′ 
UTR (Figure 3D).46–49 We also observed a relative paucity of ribosome protected fragments 

within the RNF10 coding sequence (CDS) compared to the uORFs, which suggests that the 

uORF sequences within the RNF10 5′ UTR may repress translation of the RNF10 CDS. 

The two more N-terminal RiboSeq peaks within the RNF10 5′ UTR contain non-canonical 

initiation codons, whereas putative uORF4 and uORF5 (Figure 3D) are AUG initiated in 

a reading frame distinct from the RNF10 CDS start codon (Figures 3D and S3H). To test 

the effect of these 5′ UTR elements on RNF10 translation, we generated a translation 

reporter placing the RNF10 5′ UTR with the RNF10 CDS initiation sequence upstream of 

a dual luciferase reporter (Figure 3E). Mutation of all five putative uORF initiation codons 

increased Renilla luciferase (Rluc) expression relative to the IRES-driven firefly luciferase 

(Fluc) by more than 9-fold compared to the wild-type (WT) RNF10 5′ UTR, demonstrating 

that the uORFs repress RNF10 translation (Figure 3E). Systematic elimination of all 

initiation codons in isolation and all possible combinations revealed a complex regulatory 

structure for individual uORF sequences (Figures 3E and S3I). To test if 60S biogenesis 

disruption impacts RNF10 uORF-mediated translational repression, we depleted GTPBP4 

and examined Rluc:Fluc expression from the WT and uORF initiation codon mutant 

reporters. Reducing GTPBP4 protein levels increased the Rluc:Fluc expression of the WT 5′ 
UTR reporter to an extent similar to the increased endogenous RNF10 protein levels (Figure 

3F). Collectively, our results indicate that RNF10 translation is constitutively repressed 

but translationally upregulated in response to 60S biogenesis disruption by a complex and 

conserved uORF-dependent regulatory mechanism.

40S subunit reduction resulting from impaired 60S biogenesis requires eIF4A1

Our demonstration that HTN-induced uS3 and uS5 ubiquitylation is abrogated upon eIF4A1 

knockdown indicated that active scanning of 5′ UTR sequences within transcripts may be 

required for 40S ubiquitylation and decay. Consistent with this hypothesis, co-knockdown 

of GTPBP4 and eIF4A1 prevented the reduction in 40S levels observed upon GTPBP4 

knockdown alone (Figures 4A and S4A). As expected, eIF4A1 knockdown did not alter the 

reduction in 60S levels observed upon GTPBP4 knockdown alone (Figure 4A). Further, the 

increase in uS3 and uS5 ubiquitylation upon 60S biogenesis disruption was reduced with 

eIF4A1 knockdown as measured by immunoblotting and mass spectrometry (Figures 4B and 

S4B). These results suggest that mRNA engagement with the scanning preinitiation complex 

is required for RNF10-mediated 40S ubiquitylation when 60S abundance falls below 40S 

abundance.
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Interestingly, RNF10 protein and mRNA abundance was decreased upon eIF4A1 

knockdown in otherwise unperturbed cells (Figures 4C and S4C). Reduction of eIF4A1 

also attenuated the increase in RNF10 protein levels observed upon GTPBP4 knockdown, 

indicating that eIF4A1-dependent scanning is required for RNF10 translational regulation 

(Figures 4C and S4C). Because RNF10 protein and mRNA levels are suppressed by eIF4A1 

knockdown, it is possible that the observed reduction in RNF10-mediated 40S ubiquitylation 

and subsequent 40S degradation upon co-knockdown of eIF4A1 and GTPBP4 may be due to 

reduced RNF10 levels rather than reduced scanning activity. To discern between these two 

possibilities, we utilized 293 Flp-In cells with inducible RNF10 expression. We previously 

demonstrated that RNF10 overexpression alone results in reduced 40S abundance, a result 

that was reproduced here (Figures 4D and S4D). Knockdown of eIF4A1 reduced 40S 

protein decay upon RNF10 overexpression (Figures 4D and S4D), indicating that eIF4A1-

dependent scanning of 5′ UTRs is required for RNF10-mediated 40S ubiquitylation and 

decay independent of its effect on RNF10 expression.

Ribosome splitting and canonical RQC factors are not required to reduce 40S abundance

The RNF10 ortholog in S. cerevisiae, Mag2, is required for the 18S NRD pathway, 

which degrades mutant 18S rRNA that fails to support translation elongation. This 18S 

NRD pathway also requires the activity of Dom34 and Slh1, which facilitate stalled 80S 

ribosome splitting in a manner distinct from canonical translation termination.38 Further, a 

second ubiquitin ligase, Fap1, was identified as an 18S NRD factor that binds to slowly 

translating 80S ribosomes and extends polyubiquitin chains on Mag2 monoubiquitylated 

uS3.50 We knocked down NFX1 or NFXL1, the two human proteins with the highest degree 

of sequence similarity to Fap1, to directly evaluate if these putative Fap1 homologs are 

required for 40S decay upon 60S biogenesis disruption. Unlike what was observed upon 

GTPBP4 knockdown in RNF10-KO cells, combined knockdown of NFX1 or NFXL1 with 

GTPBP4 did not reduce the 60S:40S ratio compared to GTPBP4 knockdown in isolation 

(Figures 5A and S5A). Further, the increase in RNF10 abundance observed upon GTPBP4 

knockdown is unaffected by co-knockdown of NFX1 or NFXL1, which suggests a limited 

role for NFX1 or NFXL1 in the iRQC pathway (Figure S5B). To examine if known RQC 

pathway components function downstream of RNF10 ribosome ubiquitylation to reduce 

40S abundance, we co-depleted the canonical RQC E3 ligase, ZNF598, or the ribosome 

splitting and rescue factors, ASCC2, ASCC3, PELO, HBS1L, and GTPBP2, with GTPBP4 

and measured 60S and 40S ribosomal protein abundance by mass spectrometry. Knockdown 

of all tested RQC factors did not elevate 60S or 40S protein abundance relative to GTPBP4 

knockdown alone (Figures 5B, S5C, and S5D). Interestingly, ZNF598, PELO, ASCC3, 

or GTPBP2 knockdown further reduced 40S protein levels when combined with GTPBP4 

knockdown. Loss of RQC factors did not significantly alter the increased uS3 ubiquitylation 

observed upon GTPBP4 loss of function (Figure S5E). These observations suggest that 

canonical RQC factors are not required for 40S decay upon 60S biogenesis disruption and 

may antagonize the iRQC pathway by inhibiting 40S decay upon iRQC activation.

Reducing 40S levels attenuates iRQC activation upon 60S biogenesis disruption

Loss of 60S ribosomal proteins themselves also impairs overall 60S ribosome biogenesis 

and decreases 60S ribosomal abundance.25,26,51,52 As such, we would expect to observe 
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a similar reduction in 40S ribosomal protein abundance upon 60S protein knockdown. 

Consistent with previous results in yeast,41 uL18 (RPL5) and uL5 (RPL11) knockdown not 

only results in the expected decrease in 60S subunit abundance but also results in reduced 

40S ribosomal protein abundance and increased RNF10 expression (Figures 5C and S5F). 

Interestingly, 40S ribosomal protein eS19 (RPS19) knockdown resulted in specific 40S 

subunit loss with no significant corresponding reduction in 60S protein levels (Figure 5C). 

This result suggests that RNF10-mediated 40S ubiquitylation is specifically activated when 

the 60S:40S ratio is reduced. We hypothesized that restoring 60S:40S stoichiometry by 

concomitant reduction of 40S and 60S biogenesis factors would reduce unpaired 40S levels 

and therefore reduce 40S ubiquitylation. Indeed, co-depletion of 40S biogenesis factors 

or ribosomal proteins with GTPBP4 either reduced or completely blocked uS3 and uS5 

ubiquitylation compared to GTPBP4 knockdown alone (Figure 5D). This result indicates 

that the iRQC pathway is activated in response to an overabundance of 40S relative to 60S 

levels, and correcting this imbalance by depleting 40S reduces iRQC activation.

Previous studies in S. cerevisiae suggest that 60S binding to immature 40S intermediates 

in the cytoplasm assists in the final stages of 40S biogenesis.29,30 As such, lowering 60S 

levels may impact late 40S biogenesis steps, resulting in the accumulation of defective 40S 

subunits that become incorporated into 80S ribosomes. It is possible that these improperly 

assembled 40S subunits represent the ribosomal species targeted by RNF10. If this is the 

case, then impairing the final steps of 40S maturation would stimulate RNF10-dependent 

40S ubiquitylation. To test this hypothesis, we targeted the late 40S biogenesis factors 

NOB1, PNO1, and RIOK1, which are required for the final 18S rRNA maturation step and 

eS26 (RPS26) incorporation into the mature 40S subunit.32 PNO1 but not NOB1 or RIOK1 

knockdown reduced 40S protein levels (Figures S5G and S5H). Knockdown of these late 

40S biogenesis factors alone failed to induce uS3 or uS5 ubiquitylation, and combining 

PNO1, NOB1, or RIOK1 knockdown with GTPBP4 knockdown reduced uS3 or uS5 

ubiquitylation (Figures 5E and S5G). As observed for eS19, depleting eS26 reduced 40S 

abundance and blocked the 60S-biogenesis-disruption-mediated uS3 and uS5 ubiquitylation 

(Figures 5E and S5G). Further, PNO1 and eS26 knockdown reduced RNF10 protein levels 

in untreated and GTPBP4-depleted cells (Figure 5F). Collectively these results demonstrate 

that inhibiting the late steps in 40S biogenesis does not induce iRQC activation but instead 

impairs activation. These results are consistent with our hypothesis that RNF10 acts on 

scanning-competent 40S subunits rather than improperly assembled subunits.

RIOK3 is a previously uncharacterized crucial iRQC factor

To identify possible iRQC factors that act downstream of RNF10 ribosome ubiquitylation 

to facilitate 40S degradation, we interrogated our proteomics datasets for proteins that, like 

RNF10, increase in abundance upon 60S biogenesis disruption. The RIO kinase family 

member RIOK3 was among those proteins that reproducibly increased in abundance upon 

60S biogenesis factor knockdown (Figures 6A and S6A). RIOK3 protein abundance is 

also elevated upon overexpression of WT, but not catalytically inactive, RNF10 (Figure 

S6B). Further, steady-state RIOK3 protein levels are reduced in RNF10-KO cells, and 

the increase in RIOK3 protein abundance observed upon knockdown of 60S biogenesis 

factors is significantly repressed in RNF10-KO cells (Figures S6A and S6B). The other RIO 
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kinase family members, RIOK1 and RIOK2, have established roles in 40S biogenesis in 

both yeast and mammals.53–59 RIOK3 evolved more recently and is found only in higher 

eukaryotes. While RIOK3 has been demonstrated to associate with 40S subunits, RIOK3 

loss-of-function does not impair 40S biogenesis.57 In addition, an N-terminal fragment 

of RIOK3 was identified in a screen for ubiquitin-binding proteins.60 These observations 

together led us to hypothesize that RIOK3 may act as a ubiquitin reader downstream of 

RNF10-mediated uS3 and uS5 ubiquitylation.

To directly test if RIOK3 contributes to 40S degradation upon iRQC pathway activation, 

we depleted RIOK3 alone and in combination with GTPBP4 and measured 40S abundance. 

Similar to RNF10 loss, RIOK3 knockdown blocked the reduction in 40S but not 60S protein 

levels upon GTPBP4 depletion (Figure 6B). This result was replicated in RIOK3-KO cells, 

indicating that RIOK3 participates in 40S decay upon 60S biogenesis disruption (Figures 

S6C). The increase in RNF10 protein abundance upon 60S biogenesis impairment was not 

inhibited by RIOK3 loss of function (Figures 6D and S6D). Interestingly, uS3 and uS5 

ubiquitylation was substantially increased by combining RIOK3 and GTPBP4 knockdown 

compared to GTPBP4 knockdown alone (Figure 6C). This suggests that loss of RIOK3 leads 

to elevated levels of ubiquitylated 40S ribosomes that cannot be degraded. These results 

demonstrate that ribosome ubiquitylation alone is not sufficient to facilitate 40S degradation 

and that RIOK3 acts downstream of RNF10-mediated ribosome ubiquitylation to facilitate 

40S decay.

RIOK3 ubiquitin binding is necessary for 40S decay

Examination of the RIOK3 amino acid sequence, sequence conservation, and predicted 

AlphaFold structure reveals three general domains: a predicted ubiquitin-binding N-terminal 

domain, a conserved helical linker domain, and a RIO kinase domain (Figures 7A and 

S7A). The putative N-terminal ubiquitin-binding domain contains two inverted ubiquitin 

interaction motifs (MIU1/2).61–63 AlphaFold3 modeling of the RIOK3 N-terminal domain 

with ubiquitin highlighted a binding surface comprising hydrophobic MIU residues known 

to interact with ubiquitin and the well-characterized hydrophobic patch on ubiquitin centered 

on I44 (Figures 7A and S7B–S7D). Consistent with structural modeling and previous 

data, WT RIOK3, but not a mutant version of RIOK3 that lacks the ubiquitin-binding 

domains (Δ1–153; ΔN hereafter), associated with polyubiquitin as demonstrated by co-

immunoprecipitation experiments (Figures 7B and 7C). Mutation of two catalytic residues 

within the kinase domain (K290A/D406A, KM hereafter) did not impair ubiquitin binding 

(Figures 7B and 7C).

To test if RIOK3 ubiquitin binding or kinase activity was necessary for RIOK3 to facilitate 

40S decay, we performed knockdown rescue experiments using RIOK3 transgenes that 

are resistant to small interfering RNAs (siRNAs) used to deplete endogenous RIOK3. 

Consistent with previous results, RIOK3 knockdown prevented the reduction in 40S protein 

levels observed upon GTPBP4 depletion. The reduction in 40S protein levels was restored 

upon expression of WT but not ΔN or KM RIOK3, indicating that both kinase activity 

and ubiquitin binding are necessary for RIOK3 to facilitate 40S decay (Figures 7D and 

S7G). Similarly, expression of WT but not ubiquitin-binding-deficient RIOK3 reduced 
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uS3 and uS5 ubiquitylation observed upon GTPBP4 knockdown (Figure 7E). Interestingly, 

expression of the kinase mutant RIOK3 resulted in elevated uS3 and uS5 ubiquitylation, 

suggesting that kinase-inactive RIOK3 may block deubiquitylating enzyme access to 

ubiquitylated 40S (Figure 7E). The results establish that RIOK3 ubiquitin binding and 

kinase activities are required to facilitate 40S decay.

Depleting amino acids induces 40S decay

Our results, combined with results from others,41,51,64 demonstrate that lowering 

60S protein abundance results in 40S ubiquitylation and degradation. We previously 

demonstrated that uS3 and uS5 ubiquitylation is stimulated upon conditions that activate 

the ISR, which suggests that chronic ISR activation may also result in iRQC-dependent 

40S decay.15,17 To investigate this hypothesis, we cultured cells in medium without lysine 

and arginine, as this amino acid starvation paradigm is known to induce the ISR via 

ribosome p-stalk-mediated GCN2 activation.65 We measured ribosomal protein abundance 

via mass spectrometry in cells grown in lysine/arginine-free medium over a 96-h time 

course. Imbalanced ribosome subunit stoichiometry due to reduced 40S relative to 60S 

(high 60S:40S ratio) was observed after 24 h of amino acid starvation (Figure 7F). This 

stoichiometry imbalance worsened after 24 h, with a more than 20% increase in 60S relative 

to 40S observed after 96 h of lysine and arginine depletion. The subunit stoichiometry 

imbalance observed upon amino acid starvation was blocked in either RNF10- or RIOK3-

KO cells, indicating that 40S decay in this context is also mediated by iRQC factors 

(Figures 7F, S7E, and S7F). Despite the large difference in ribosome stoichiometry, the 

ISR is similarly activated in RNF10-KO and RIOK3-KO cells as judged by ATF4 protein 

expression (Figure S7H). Indicative of iRQC activation, RIOK3 levels increased over time 

when culturing cells in lysine/arginine-free medium (Figure S7I). These results establish 

that chronic ISR stimulation results in iRQC activation and subsequent RIOK3-dependent 

40S decay. Collectively, our findings establish that diverse conditions that impair translation 

initiation result in RNF10-mediated 40S ubiquitylation, and RIOK3 acts as a ubiquitin 

receptor for these 40S subunits to facilitate their degradation (Figure 7G).

DISCUSSION

Biologically relevant contexts for iRQC pathway activation

A variety of defects within ribosomes or mRNA can impair ribosome progression that, 

left unresolved, would reduce the pool of available ribosomes and lower cellular protein 

biogenesis capacity.2–4 Ribosome ubiquitylation has emerged as a key step in regulating 

ribosome-associated quality control (RQC) pathways.66 A growing number of ubiquitin 

ligases facilitate site-specific ubiquitylation of individual ribosomal proteins in response 

to distinct perturbations that impede ribosome progression.15,17,67,68 While ISR agonists, 

translation initiation inhibitors, and high-dose translation elongation inhibitors all induce 

RNF10-dependent uS3 and uS5 ubiquitylation, how this pathway is activated in the 

absence of chemical agonists was unclear. USP10 depletion results in chronic uS3 and 

uS5 ubiquitylation and reduced 40S abundance in the absence of stress, which suggests 

that RNF10-dependent ubiquitylation may occur as part of the normal translation cycle.16,17 

We demonstrate that either direct disruption of the 60S:40S stoichiometry by limiting 60S 

Ford et al. Page 11

Cell Rep. Author manuscript; available in PMC 2025 April 19.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



biogenesis activity or chronic ISR induction by limiting amino acid availability elevates 

uS3 and uS5 ubiquitylation and stimulates 40S decay. These findings illuminate biologically 

relevant cellular stress conditions that utilize this surprising 40S decay pathway to abrogate 

translational stress.

Mutations in a variety of genes encoding ribosomal proteins result in a diverse 

collection of human ribosomopathies.69 Diamond-Blackfan anemia (DBA) is among these 

ribosomopathies where heterozygous loss-of-function mutations in many different ribosomal 

protein genes result in impaired erythropoiesis.70 Studies examining the effect of DBA-

associated ribosomal protein loss in human cells revealed that reducing 60S proteins 

results in loss of both large and small subunit ribosomal proteins, whereas depleting 

40S ribosomal proteins had a minor effect on 60S ribosomal protein abundance.51 These 

observations mirror our results, suggesting that RNF10-dependent 40S decay occurs in 

a subset of DBA patients with mutations that selectively compromise 60S ribosome 

assembly. These observations are consistent with studies in yeast showing that the 

expression of non-functional 60S ribosomal protein mutants results in a general loss in 

both ribosomal subunits, whereas expression of 40S mutants has no corresponding effect on 

60S abundance.41 Proteasomal gene expression is also induced solely with the expression 

of 60S mutants in these yeast studies. These data suggest the presence of conserved cellular 

mechanisms that specifically target excess 40S ribosomal proteins for degradation when 40S 

abundance exceeds 60S.

Acute ISR pathway activation stimulates RNF10-dependent uS3 and uS5 ubiquitylation 

in a manner that requires eIF2α phosphorylation.15 Here, we show that chronic ISR 

activation via amino acid starvation also results in 60S:40S imbalance through selective 

40S decay (Figure 7F). Similar to what we observe when 60S biogenesis is blunted, this 

40S decay pathway also requires RNF10 and RIOK3. We also observe a general decrease 

in both 40S and 60S abundance in RNF10- or RIOK3-KO cells, indicative of a global 

increase in ribosome flux through the autophagy pathway that is activated upon amino acid 

starvation (Figures S7E and S7F).71 The iRQC-dependent 40S decay appears to operate 

separate from this general autophagic ribosomal degradation pathway to further limit 40S 

abundance when protein biosynthesis building blocks become limiting. It remains unclear 

whether this conserved 40S decay pathway provides a selective advantage during starvation 

conditions. Because several distinct initiation stress conditions that lead to diverse ribosomal 

outcomes all lead to iRQC activation, it remains unclear what precise ribosomal species 

RNF10 recognizes for ubiquitylation. Structural studies under various initiation inhibition 

conditions will be necessary to determine how RNF10 recognizes 40S subunits in these 

distinct contexts (Figure 7G).

Similarities and distinctions between mammalian iRQC and yeast NRD pathways

The mammalian iRQC pathway bears some similarities to the established 18S NRD pathway 

in yeast. Mutations in 18S rRNA lead to uS3 ubiquitylation by the RNF10 ortholog, 

Mag2, at the same conserved residue of yeast uS3 that RNF10 utilizes for mammalian 40S 

decay.38 While the initial ubiquitylation event and ubiquitin ligase are conserved, there are 

notable differences between the mammalian iRQC and the yeast 18S NRD pathways. First, 
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knockdown of the proposed human homologs of Fap1, NFX1, and NFX1L fails to rescue 

the reduction in 40S levels observed upon 60S biogenesis disruption. Furthermore, the 

resolution of the 18S NRD pathway requires the ribosome disassociation factors Dom34 and 

Slh1, both of which play integral roles in the canonical RQC pathway. Knockdown of Pelota 

or ASCC3, the Dom34 and Slh1 homologs, did not impair iRQC-mediated 40S decay, 

indicating that stalled ribosome disassociation is not required to reduce 40S levels when 60S 

biogenesis is inhibited. This finding is consistent with in vitro studies demonstrating that 

the ASCC2/3 complex did not appreciably dissociate 80S ribosomes that were ubiquitylated 

by RNF10.72 Further, the yeast genome does not contain a clear RIOK3 ortholog. These 

observations collectively suggest that, despite similarities in the initiating ubiquitylation 

event, the downstream mechanisms leading to 40S degradation may have diverged during 

evolution.

It remains possible that other, NRD-like, pathways exist to target defective or improperly 

assembled 40S ribosomes for degradation. In support of this idea, previous studies identified 

the deubiquitylating enzyme USP16 as a late-acting 40S biogenesis factor. Depleting USP16 

increased 40S ubiquitylation on a specific lysine residue of eS31 but failed to alter uS3 or 

uS5 ubiquitylation, implicating other ubiquitylation enzymes in the targeting of improperly 

assembled 40S.73 Consistent with these findings, we show that loss of late 40S biogenesis 

factors does not induce iRQC activation and instead reduces uS3 and uS5 ubiquitylation 

upon 60S biogenesis loss. Further, recent studies documenting a role for the yeast Rio1 

kinase in a 40S assembly quality control pathway show that this pathway co-opts Hel2, but 

not Mag2-dependent ribosome ubiquitylation.74

A feedforward mechanism of iRQC activation and 40S decay

Our results demonstrate that iRQC capacity is generally regulated under iRQC-activating 

conditions by increasing the abundance of both RNF10 and RIOK3. RNF10 protein levels 

are regulated by a translation control mechanism that utilizes conserved uORFs within 

the 5′ UTR of the RNF10 transcript. Our reporter results indicate that RNF10 uORFs 

suppress RNF10 translation under normal cellular conditions. However, upon disrupting 60S 

biogenesis, translation from the RNF10 start codon is increased. This leads to an interesting 

model where conditions that favor stalled preinitiation complexes, the putative triggering 

event for iRQC, also inherently favor increased RNF10 expression. RIOK3 protein levels 

also increase upon conditions that stimulate iRQC pathway activation, including amino 

acid starvation (Figure S7I). Our findings suggest that RIOK3 binds ubiquitylated 40S 

ribosomes downstream of RNF10 activity, which positions RIOK3 as a crucial reader that 

helps interpret the ribosome ubiquitin code. RIOK3 uses tandem MIUs to bind ubiquitin. 

MIU domains from Rabex-5 and MINDY-1 have been shown to interact with ubiquitin 

using the canonical hydrophobic patch of ubiquitin.61–63 AlphaFold structural modeling also 

predicts that the MIU domains of RIOK3 interact with ubiquitin using similar interaction 

surfaces (Figure 7A). The tandem MIU domains found in the MINDY-1 deubiquitylating 

enzyme show a binding preference for K48-linked polyubiquitin, and structural studies 

reveal that a single MINDY-1 MIU domain can interact with three separate ubiquitin entities 

with the polyubiquitin chain using distinct MIU binding sites.63 Similarly, AlphaFold 

structural modeling predicts interaction of the RIOK3 tandem MIUs with multiple ubiquitin 
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molecules (Figure S7B). These observations raise the intriguing possibility that the tandem 

MIU domains within RIOK3 may be used to engage 40S with multiple ubiquitin moieties 

that occur from concurrent uS3 and uS5 ubiquitylation events. This mode of ubiquitin 

engagement may provide the mechanistic rationale for why both uS3 and uS5 ubiquitylation 

events are required for iRQC-mediated 40S decay.

Limitations of the study

Using quantitative mass spectrometry to measure ribosome abundance, we document a 

10%–20% decrease in 40S abundance upon iRQC pathway activation. The source of the 

variability when measuring 40S abundance could arise from a variety of both known and 

unknown factors. We do not know the extent of pathway activation in other cell or tissue 

types or how varying cellular conditions may modify iRQC pathway activity. For example, a 

10-fold overexpression of RNF10 results in a 13% decrease in 40S abundance. These results 

suggest there are other limiting factors, like the specific 40S conformation that allows for 

RNF10-dependent ubiquitylation, that contribute to 40S decay. This study does not define 

the ribosomal species targeted by RNF10 and RIOK3. While our results suggest that the 

iRQC pathway acts on 40S subunits during scanning or initiation, RNF10 may recognize 

any number of related molecular species, including slowly translating 80S ribosomes or 

unique collision interfaces. Similarly, it is unclear how chronic ISR induction, which limits 

43S recruitment to mRNA, results in iRQC pathway activation. Structural and biochemical 

studies will be necessary to determine the precise ribosomal species that recruits RNF10. We 

combine sucrose gradient density centrifugation and proteomic analysis to characterize half-

mer-enriched fractions. While sucrose density centrifugation is routinely used to examine 

distinct ribosomal populations, separation by density alone cannot conclusively identify the 

molecular constituents of ribosomal populations within individual fractions.

RESOURCE AVAILABILITY

Lead contact

Requests for further information and resources and reagents should be directed to and will 

be fulfilled by the lead contact, Eric Bennett (e1bennett@ucsd.edu).

Materials availability

All reagents generated in the study are available from the lead contact with a completed 

materials transfer agreement.

Data and code availability

• All raw mass spectrometry proteomics data have been deposited with the 

ProteomeXchange Consortium via the PRIDE partner repository with the dataset 

identifiers listed in the key resources table.

• This paper does not report original code.

• Any additional information required to reanalyze the data reported in this paper 

is available from the lead contact upon request.
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STAR★METHODS

Detailed methods are provided in the online version of this paper and include the following:

EXPERIMENTAL MODEL AND STUDY PARTICIPANT DETAILS

Cell lines and culture conditions—HEK293T (female) and 293Flp-In (female) cells 

were grown in DMEM (ThermoFisher: 11995065) supplemented with 10% fetal bovine 

serum (FBS) and 1% penicillin/streptomycin and maintained at 37°C in a 5% CO2 

humidified incubator. HAP1 (male derived, lacking a Y chromosome) cells were grown 

in IMDM (ThermoFisher: 12440053) supplemented with 10% fetal bovine serum (FBS) and 

1% penicillin/streptomycin and maintained as above. OVTOKO (female) cells were grown 

in RPMI (Fischer Scientific: SH30027FS) supplemented with 10% fetal bovine serum (FBS) 

and 1% penicillin/streptomycin and maintained as above. These commercial cell lines were 

not reauthenticated during the course of this study. Cell cultures were tested for mycoplasma 

contamination monthly.

METHOD DETAILS

siRNA knockdown—All siRNA knockdown experiments were performed by reverse 

transfection using Lipofectamine RNAiMAX (Thermo Fisher) according to manufacturer 

instructions. siRNA from a 10uM stock was plated in OptiMEM medium (Thermo Fisher) to 

a concentration of 500nM, RNAiMAX was added at a 2:1 ratio to the siRNA by volume and 

incubated for 20 minutes. Cells were counted and diluted to a concentration of 3×105/mL 

then added to the transfection mix at a ratio of 4:1 cell suspension to OptiMEM by volume. 

Cells were expanded at 24hrs post transfection to avoid over confluence. All knockdown 

cells were harvested at 72hrs post transfection. For HTN experiments, cells were treated 

prior to harvesting cells with 2ug/ml HTN for 2 hours. A list of all RNAi oligonucleotides 

used in this study can be found in Table S1.

Immunoblotting—For all immunoblot analysis, cell pellets were resuspended in urea 

denaturing lysis buffer (8M urea, 50mM Tris-Cl, pH 8.0, 75mM NaCl, 1mM NaV, 1mM 

NaF, 1mM β-glycerophosphate, 40mM NEM in the presence of EDTA-free protease 

inhibitor cocktail) and kept on ice during preparation. Cell lysates were sonicated for 10s 

(output of 3W on a membrane dismembrator model 100, Fisher Scientific) with a microtip 

probe then centrifuged for 10 min at 15,000rpm at 4°C. Lysate protein concentrations 

were measured by BCA Protein Assay (23225, Thermo Scientific Pierce). Laemmli sample 

buffer with β-mercaptoethanol was then added to cell lysates and heated at 95°C for 5 

min. Samples were then cooled to room temperature and centrifuged briefly. Lysates were 

resolved on 12% Tris-glycine SDS-PAGE gels, followed by transfer to PVDF membranes 

(1620177, BioRad) using Bjerrum semi-dry transfer buffer (48mM Tris Base, 39mM 

Glycine-free acid, 0.0375% SDS, 20% MeOH, pH 9.2) and a semi-dry transfer apparatus 

(Bio-Rad Turbo Transfer) for 30 min at 25V. Immunoblots were blocked with 5% blotting 

grade nonfat dry milk (APEX Bioresearch) in TBST for 1 hour. Primary antibodies were 

diluted in 5% BSA and rocked overnight. Immunoblots were developed using Clarity 

Western ECL Substrate (1705061, BioRad) and imaged on a Bio-Rad Chemi-Doc XRS+ 
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system. All blots were processed Bio-Rad Image Lab software (RRID:SCR_014210), with 

final images prepared in Adobe Illustrator.

Puromycin protein synthesis assay—For the protein synthesis assay, 293T cells were 

transfected with the indicated siRNA as described above. Cells were treated with 2uM 

puromycin or 100ug/mL CHX for 30 minutes prior to harvesting. Cell pellets were lysed 

and immunoblotted for puromycin incorporation as described above. Extent of puromycin 

incorporation was quantified by calculating the overall intensity of each lane using Bio-Rad 

Image Lab software (RRID:SCR_014210).

Proliferation assay—For the proliferation assay, siRNA transfections were performed 

in sterile 1.5mL tubes at the concentrations indicated previously. In brief, 1uL of a 10uM 

stock solution of each siRNA oligo and 2uL of Lipofectamine RNAiMAX were added to 

200uL OptiMEM medium (Thermo Fisher) in sterile 1.5mL tubes. 293T cells were counted 

and diluted to a concentration of 6.25×104/mL then 800uL of the cell suspension was 

added to each transfection mix. Each mix was aliquoted into 5 non-edge wells of a white 

opaque 96-well plate (3917, Corning), 100uL each aliquot, equating to 5000 cells plated 

per well. Empty media was added to the remaining wells. Cells were incubated and allowed 

to grow for 72 hours. At 72 hours post transfection, the CellTiter-Glo assay was carried 

out according to the manufacturer’s instructions (G9243, Promega). The assay plate was 

equilibrated to room temperature for 30 minutes, 100uL of CellTiter-Glo reagent was added 

to each well, and the plate was shaken on an orbital shaker for 2 minutes. The assay plate 

was left at room temperature without shaking for 10 minutes to stabilize luminescent signal. 

Luminescence was then read using a Promega GloMax-96 well microplate reader (9100–

100, Turner Biosystems, Promega) running the CTG protocol in the GloMax®-96 Software 

(Promega). Each condition was normalized to siControl luminescence.

Mass spectrometry sample preparation and analysis—For all mass spectrometry 

analysis, cell pellets were resuspended in urea denaturing lysis buffer without protease 

inhibitors (8M urea, 50mM Tris-Cl, pH 8.0, 75mM NaCl, 1mM NaV, 1mM NaF, 1mM 

β-glycerophosphate, 100mM IAA) and kept on ice during preparation. Cell lysates were 

sonicated for 10s (output of 3W on a membrane dismembrator model 100, Fisher Scientific) 

with a microtip probe then centrifuged for 10 min at 15,000rpm at 4°C. Lysate protein 

concentrations were measured by BCA Protein Assay (23225, Thermo Scientific Pierce). 

20ug of protein for each sample was diluted in 140uL of 50mM Tris-Cl. Samples were 

reduced with 10mM TCEP for 30min, then alkylated with 15mM IAA for 45min in the 

dark. Excess IAA was inactivated with 10mM DTT for 15 minutes. Samples were then 

diluted with 200uL of 50mM Tris-Cl to ensure urea concentration below 1M and a pH 

of at least 7 for efficient digestion. pH was validated using universal tester strips and an 

additional 50mM Tris-Cl was added as needed. 200ng of Lys-C (121–05063, FUJIFILM 

Wako Pure Chemical Corporation) and 500ng mass spectrometry grade Trypsin (V511, 

Promega) were added, and samples were incubated while shaking at 37°C overnight. For 

peptide cleanup, stage tips were prepared using C18 membranes (Empore, Sigma, 66883-U). 

Cleaned and dried peptides were resuspended in 20uL 5% acetonitrile/5% formic acid, 

centrifuged at maximum speed for 1 minute, then 18uL of the solution was moved to 
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an autosampler vial (Waters, 186009186) with a preslit silicone cap (Waters, 186005827). 

Samples were analyzed on the timsTOF Pro 2 mass spectrometer platform (Bruker) coupled 

with a nanoElute 2 for HPLC (Bruker) using a 25cm × 150um PepSep column (Bruker, C18 

resin, 1.5 angstrom pore size). 1uL (equivalent to 1ug of starting protein) of each sample 

was injected onto the column and peptide separation was carried out using a 50 minute 

linear 5%–35% acetonitrile gradient. Data was acquired in data independent analysis Parallel 

Accumulation Serial Fragmentation (diaPASEF) with an MS1 range of 100–1700 m/z. 

The isolation windows were designed to encompass the precursor distribution across the 

m/z-1/k0 plane as defined by previous ddaPASEF data, ranging from 323.6 to 1221.6 m/z 

and 0.7 to 1.34 V s/cm2 in 1/k0. Each 75 ms diaPASEF scan spanned a 40 Da mass width 

with a 1 Da mass overlap, with 50 windows and 25 PASEF cycles to cover the entire ion 

mobility spectrum. This isolation window scheme was designed using the publicly available 

python package py_diAID75. Data was searched with an in silico generated library using 

DIA-NN software76 with the following settings. Library generation: Trypsin/P protease, 2 

missed cleavages allowed, 2 variable modifications allowed, N-term M excision allowed, C 

carbamidomethylation selected, M oxidation, N-term acetylation, peptide length range 7–30, 

precursor charge range 2–4, precursor m/z range 300–1800, fragment ion m/z range 200–

1800. Search settings: use isotopologues selected, MBR selected, no shared spectra selected, 

mass accuracy 10.0, MS1 accuracy 10.0, protein interference – genes, neural network 

classifier – single-pass mode, quantification strategy – robust LC, cross-run normalization – 

RT-dependent, speed and RAM usage – optimal results. Data were also searched using the 

same settings for diglycine remnant-containing peptide library provided by the Eric Fischer 

(Dana-Farber Cancer Institute). The mass spectrometry proteomics data have been deposited 

to the ProteomeXchange Consortium via the PRIDE partner repository with the dataset 

identifiers listed in the Key Resources Table.

Sucrose density gradient fractionation—Cells were briefly washed in ice cold PBS 

with 150ug/mL cycloheximide (CHX) before harvesting. Cell pellets were lysed in 700uL 

of lysis buffer (20mM Tris-Cl, pH 8.0, 150mM NaCl, 15mM MgCl2, 1% Triton-X 100, 

40U Turbo DNase I, 40mM NEM, 1mM DTT, EDTA-free protease inhibitor cocktail in 

DEPC treated water) followed by vigorous pipetting and incubated on ice for 15min. The 

cell lysates were centrifuged at 15,000 rpm for 10min at 4°C and the supernatant was 

transferred to a new microcentrifuge tube. Total RNA concentration of each lysate was 

determined using a nanodrop (Thermo Scientific). 300ug of total RNA for each sample 

was fractionated over a 10–50% sucrose gradient containing 150ug/mL CHX, 1mM DTT, 

and 2U/mL SUPERase-In (prepared on Gradient Master 108, Biocomp: 1min 54s, 81.5 

degrees, 16rpm). Samples were centrifuged at 41,000rpm for 2hrs at 4°C in an SW41i rotor. 

1ml fractions were collected using a PGFip piston gradient fractionator (Biocomp). Protein 

fractions were precipitated overnight with 10% TCA at 4°C, followed by three ice-cold 

acetone washes. Pellets were dried in Vacufuge plus (Eppendorf) at room temperature for 

5 min. Protein pellets were resuspended in 50uL 8M Urea, 50mM Tris-Cl and processed 

for mass spectrometry as described above, skipping the lysis and quantification steps and 

substituting 10mM NEM (instead of IAA) for alkylation.
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RNF10 qPCR analysis—For qPCR analysis, cells were subjected to siRNA knockdown 

as described above. 72 hours post transfection cells were collected in TRIzol and 1/5th 

volume of chloroform was added. Samples were centrifuged at 12,000g for 15 minutes 

at 4°C and the aqueous layer was transferred to a new tube. RNA was precipitated using 

500uL isopropanol, centrifuged at 12,000g for 10 minutes at 4°C, resuspended in 1mL 

75% ethanol, centrifuged at 7,500g for 5 minutes at 4°C, then vacuum dried for 5 minutes. 

RNA was resuspended in 50uL DEPC-treated water and incubated at 55°C for 10 minutes. 

cDNA was synthesized using the SuperScript III First Strand Synthesis system (18080–051, 

Invitrogen). 4ul of each sample was plated into a 96-well thermocycler plate, followed 

by 4uL of nuclease free water, and 12ul of master mix containing iTaq Universal SYBR 

Green Supermix (1725121, BioRad) and primers for gene of interest. The following PCR 

conditions were run on a C1000 Thermo Cycler (BioRad): 50°C for 10min, 95°C for 15min, 

95°C for 10s, 60°C for 30s (repeat for 40 cycles). All relative quantifications were calculated 

using the delta delta Ct method relative to the housekeeping gene GAPDH, equivalent to 

log2 fold change. A list of qPCR primers used in this study can be found in the Table S1.

RNF10 overexpression—The RNF10 overexpression experiment was performed 

using our previously generated 293FlpIn-FRT-Flag-HA-RNF10wt inducible cell line17. 

Knockdown of eIF4A1 in these cell lines was performed as described above. After 24 

hours, expression of RNF10 was induced with doxycycline treatment at 2ug/mL. Cells were 

collected at 72 hours post-knockdown and processed for proteomics as described above.

Reporter construct cloning and reporter assay—The RNF10 5’UTR was amplified 

from the cDNA generated from the prior qPCR experiment and inserted into pcDNA3-

RLUC-IRES-FLUC (Addgene, #45642). Mutations were introduced using QuickChange 

site-directed mutagenesis utilizing PCR-based approaches. Template DNA was digested 

by Dpn1 followed by transformation of the mutated plasmids into TOP10 E. coli cells. 

Plasmids were confirmed by sequencing. A list of primers used in this study can be found 

in the Table S1. The reporter assay was performed by preparing transfection mixes for 

all reporter constructs using Lipofectamine 2000 (11668027, Thermo Fisher). 300ng of 

reporter construct plasmid was added to 30uL of OptiMEM medium (Thermo Fisher). 

1.05uL Lipofectamine 2000 was added to each transfection mix. 10uL of the transfection 

mix was aliquoted into 3 wells of a white opaque 96-well plate (3917, Corning) for each 

reporter. 10000 293 Flp-In cells were plated in each well. 24 hours post-transfection media 

was aspirated out of the plate and replaced with 80uL PBS. Firefly and renilla luciferase 

activity were quantified using the Promega dual-glo luciferase assay system (Promega, 

E2940). 80uL of Dual-Glo reagent was added to each well, and the plate was shaken 

on an orbital shaker for 15 minutes. Firefly luminescence was read out using a Promega 

GloMax-96 well microplate reader (9100–100, Turner Biosystems, Promega) running the 

Dual-glo protocol in the GloMax®-96 Software (Promega). 80uL of Stop & Glo reagent 

was added to each well, and the plate was shaken on an oribital shaker for 15 minutes. 

Renilla luminescence was read out using a Promega GloMax-96 well microplate reader 

(9100–100, Turner Biosystems, Promega) running the Dual-glo protocol in the GloMax®-96 

Software (Promega). Rluc:Fluc ratios were quantified and normalized to the WT 5’UTR 

reporter. For the subsequent reporter assay with GTPBP4 loss, cells were first plated in 
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6-well dishes in order to give ~70% confluence the following day. Cells were transfected 

with reporter constructs using Lipofectamine 3000 (L3000001, Thermo Fisher) according 

to the manufacturer protocol using 250uL OptiMem medium, 2500ng reporter construct 

DNA, 5uL P3000 reagent, and 7.5uL Lipofectamine 3000. 24-hours post-transfection, cells 

were counted and diluted for reverse transfection with siControl and siGTPBP4 as described 

previously at a 24-well scale. At 72 hours post-knockdown, the cells in each well were 

collected, resuspended in 80uL 1X PBS, and moved to individual wells of a white opaque 

96-well plate (3917, Corning). Luciferase activity was measured using the Promega dual-glo 

luciferase assay system (Promega, E2940) as described above.

RIOK3 mutant construct cloning and rescue experiment—The RIOK3 CDS 

in pDONR233 was obtained from the hORFeome V8.1 library (BROAD Institute77). 

Mutations were introduced using QuickChange site-directed mutagenesis utilizing PCR-

based approaches. Template DNA was digested by Dpn1 followed by transformation of 

the mutated plasmids into TOP10 E. coli cells. Plasmids were confirmed by sequencing. A 

list of primers used in this study can be found in the Table S1. The RIOK3 mutants were 

then cloned into a pHAGE-NTAP-IRES-PURO destination vector using Gateway cloning 

(Invitrogen). Using Mirus TransIT 293 transfection reagent, 293Flp-In cells were transfected 

with five helper plasmids pHAGE-GAG-POL; pHAGE-VSVG; pHAGE-tat1b; pHAGE-rev 

and the RIOK3 WT and mutant constructs (wild type or catalytic mutant), followed by 

the addition of fresh media after 24 hours. The supernatant was filtered using a 0.45 mm 

sterile syringe filter and mixed with 2ul of 6mg/ml polybrene. The viral mixture was 

then added to cells seeded at 50% confluency and infected for 24hours. Stable expression 

clones were selected with 1ug/ml Puromycin. Expression of the constructs was validated by 

immunoblotting for RIOK3 and FLAG. Rescue experiment was performed in triplicate using 

the siRNA oligo that the RIOK3 constructs were hardened against (oligo #1). Knockdown, 

immunoblotting, and proteomic analyses were performed as described above.

RIOK3 KO cell line generation—RIOK3 knockout was done using CRISPR/Cas9 

genome engineering in 293Flp-In cells. A single validated guide RNA sequence for 

human cells (Horizon Discovery, 5’-ACCGGTTCCCACTCCTAAAA-3’) was cloned into a 

pSpCas9(BB)-2a-GFP plasmid (Addgene, #48138). Cells were transfected with the plasmid 

containing the guide RNA using lipofectamine 2000. 48 hours post transfection, GFP 

positive cells were sorted on a BD FACSAria Fusion (BD BioSciences) cell sorter. Pooled 

cell sorts were clonally isolated by limiting dilution method. Clonal lines were validated for 

loss of RIOK3 by immunoblotting and mass spectrometry.

RIOK3 immunoprecipitation assay—Cells expressing the indicated RIOK3 transgene 

were lysed by incubating on ice in 50 mM Tris pH 8.0, 150 mM NaCl, 0.5% NP-40, 1 mM 

β-glycerophosphate, 1 mM NaF, 1 mM sodium orthovanadate, 100 mM IAA in the presence 

of EDTA-free protease inhibitor cocktail Lysates were cleared by centrifugation at 15,000 

rpm for 10 min at 4°C. Protein concentrations were determined by BCA Protein assay 

(Thermo Fisher). 150ug of protein from each sample was incubated with 30uL anti-HA 

agarose beads for 2 h at 4°C. The beads were washed three times with 50 mM Tris pH 

8.0, 150 mM NaCl, 0.1% NP-40. After complete removal of wash buffer, beads were boiled 
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in 50uL 2X Laemmli sample buffer and boiled to elute protein. Immunoblotting was then 

carried out using the indicated antibodies as described above.

Amino acid starvation assay—Parental 293Flp-In cells, RNF10KO cells, and RIOK3 

KO cells were plated overnight in standard DMEM (ThermoFisher: 11995065) in 6-well 

dishes to give a confluence of ~40% for the assay. Adhered cells were gently washed 

with PBS before media replacement using DMEM for SILAC lacking arginine and lysine 

(ThermoFisher: 88364) supplemented with dialyzed FBS. Amino acid deprived cells were 

collected at the indicated timepoints and processed for proteomic analysis as described 

above.

QUANTIFICATION AND STATISTICAL ANALYSIS

All mass spectrometry experiments were performed in triplicate (n=3) as biologically 

distinct samples unless otherwise indicated in the figure legends. Median ribosomal protein 

abundance was determined by mass fraction normalization. All comparisons were done to 

the relevant control or siGTPBP4 conditions as indicated in the figure legends. Significance 

(p-value) was determined using unpaired two-tailed Student’s t-test in Microsoft Excel. 

Volcano plots were generated using limma analyses78 from maxLFQ normalized data output 

from DIA-NN. Significance between conditions in the amino acid starvation experiments 

was determined with two-way analysis of variance (ANOVA) followed by the appropriate 

multiple comparisons test (Tukey’s HSD or Dunnett’s) as indicated in the figure legends 

using GraphPad Prism 10.2.3.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Highlights

• Depletion of 60S subunits or amino acid starvation activates the iRQC 

pathway

• RNF10 expression is regulated via a translation control mechanism utilizing 

conserved uORFs

• RNF10 acts on 40S subunits engaged with mRNA

• RIOK3 ubiquitin binding and kinase activity are required for iRQC-mediated 

40S degradation
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Figure 1. Impairing 60S biogenesis stimulates ribosome ubiquitylation
(A) 293T cells transfected with non-targeting siRNA (siCon) or three independent siRNA 

oligonucleotides targeting the indicated translation factor were either untreated or treated 

with harringtonine (HTN) for 2 h. Whole-cell extracts were analyzed by SDS-PAGE 

followed by immunoblotting with antibodies against uS3 and uS5. The ubiquitin-modified 

uS3 and uS5 are indicated by the arrows. S, short exposure; L, long exposure.

(B) 293T cells transfected with control siRNA or siRNAs targeting EIF4A1 or EIF6 were 

either untreated or treated with the indicated inhibitors for 2 h. Whole-cell extracts were 
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analyzed by SDS-PAGE followed by immunoblotting with antibodies against uS3. The 

ubiquitin-modified uS3 is indicated by the arrows. S, short exposure; L, long exposure.

(C) Schematic representation of ribosome biogenesis pathways with targeted 60S biogenesis 

factors indicated.

(D) Whole-cell extracts from 293 Flp-In cells transfected with non-targeting or 60S-

biogenesis-factor-targeting siRNAs were fractionated on sucrose gradients.40S, 60S, and 

80S peaks are as indicated. (Top) Absorbance at 260 nm indicating ribosomal abundance 

across the gradient. (Bottom) The 60S:40S and 80S:40S ratio upon knockdown of the 

indicated 60S biogenesis factor as calculated from the sucrose gradient absorbance profile.

(E) Whole-cell extracts from 293T cells transfected with siRNAs targeting the indicated 60S 

biogenesis factor were immunoblotted with antibodies against uS3 and uS5. The ubiquitin-

modified uS3 and uS5 are indicated by the arrows. S, short exposure; L, long exposure.

(F) Ubiquitylated uS5-K58 peptide intensity quantified by mass spectrometry from 293T 

cells transfected with non-targeting siRNA or siRNAs targeting indicated biogenesis factors. 

n = 3, error bars indicate SEM; **p < 0.01 by Student’s t test.
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Figure 2. Disruption of 60S biogenesis results in a concomitant reduction in 40S levels, and 
excess 40S subunits are translationally active
(A) Relative median intensity of all 60S and 40S proteins as quantified by mass 

spectrometry in 293T cells transfected with the indicated siRNA.

(B) Relative ratio of the summed intensity of 60S proteins to 40S proteins as quantified by 

mass spectrometry in 293T cells transfected with the indicated siRNA.

(C) Normalized intensity of individual 40S and 60S proteins in 293T cells transfected with 

the indicated siRNA. The median protein intensity is indicated by the black bar.

(D) Enhanced view of disome-containing sucrose gradient fractions from 293 Flp-In cells 

after knockdown of the indicated genes. Absorbance curves were aligned based on the 

local maximum of the disome peak. Fraction numbers indicate collections from siControl. 

Disome-associated half-mer peak is indicated by the arrow.

(E) Representative 260 nm absorbance from selected sucrose gradient fractions for whole-

cell extracts from 293 Flp-In cells transfected with non-targeting or GTPBP4-targeting 

siRNA. Half-mer peaks are indicated by arrows.

(F) Relative ratio of the median 40S to 60S protein intensity as quantified by mass 

spectrometry in the indicated sucrose gradient fractions. For (A)–(F), n = 3, error bars 

indicate SEM; *p < 0.05 and **p < 0.01 by Student’s t test.
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Figure 3. RNF10 is required for 40S decay and is post-transcriptionally upregulated in response 
to 60S biogenesis disruption
(A) Volcano plot showing differentially expressed proteins between 293T cells transfected 

with GTPBP4- or control-targeting siRNA. Proteins with an absolute log2 fold change >0.6 

and a negative log10 adjusted p > 1.3 are colored as indicated.

(B) Relative mean intensity of RNF10 protein as quantified by mass spectrometry in 

293T cells transfected with non-targeting (Con) or 60S-biogenesis-factor-targeting siRNA 

as indicated.

(C) Relative median intensity of 60S and 40S proteins, normalized to siCon quantified by 

mass spectrometry in 293 Flp-In parental or RNF10 KO cells transfected with the indicated 

siRNA.

(D) Schematic of the RNF10 5′ UTR with ribosome occupancy from RiboSeq data. Five 

putative uORFs are outlined by boxes; color indicates the reading frame of each uORF. 

uORF start locations and their sequence context are annotated below the corresponding 

tracks.
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(E) Top, schematic of the dual luciferase reporter. Bottom, Rluc:Fluc ratio relative to the WT 

RNF10 5′ UTR reporter of cells transfected with the indicated RNF10 5′ UTR reporters.

(F) Rluc:Fluc ratio relative to siCon for cells co-transfected with either the WT RNF10 

5′ UTR reporter or the 5′ UTR reporter lacking all five uORF start codons and GTPBP4-

targeting siRNA. For (A)–(F), n = 3, error bars indicate SEM; NS, not significant; *p < 

0.05 and **p < 0.01 by Student’s t test. Red lines or asterisks indicate a comparison to 

knockdown of 60S biogenesis alone.
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Figure 4. RNF10-mediated ribosomal ubiquitylation and 40S decay requires EIF4A1
(A) Relative median intensity of 60S and 40S proteins, normalized to siCon, as quantified 

by mass spectrometry in 293 Flp-In cells transfected with siCon or siRNAs targeting either 

GTPBP4 or EIF4A1 or both GTPBP4 and eIF4A1 as indicated.

(B) Whole-cell extracts from 293 Flp-In cells transfected with siRNA targeting GTPBP4 

and/or EIF4A1 as indicated were immunoblotted with antibodies against uS3 and uS5. The 

ubiquitin-modified uS3 and uS5 are indicated by the arrows. S, short exposure; L, long 

exposure. * indicates a non-specific band.

(C) Relative mean intensity of RNF10 protein as quantified by mass spectrometry in 293T 

cells transfected with non-targeting siRNAs or siRNAs targeting either GTPBP4 or EIF4A1 

or both GTPBP4 and EIF4A1 as indicated.

(D) Relative median intensity of 60S and 40S proteins, normalized to siCon as quantified 

by mass spectrometry in 293 Flp-In cells transfected with non-targeting siRNA (siCon) 

or EIF4A1-targeting siRNA and with or without induction of RNF10 overexpression as 

indicated.

For (A)–(D), n = 3, error bars indicate SEM; *p < 0.05 and **p < 0.01 by Student’s t test. 

Red lines, text, or asterisks indicate a comparison to siGTPBP4 alone.
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Figure 5. 60S:40S subunit imbalance activates iRQC
(A) Relative ratio of the summed intensity of 60S proteins to 40S proteins as quantified by 

mass spectrometry in 293 Flp-In cells transfected with siCon or siRNAs targeting GTPBP4 

and NFX1 or NFXL1 as indicated.

(B) Relative median intensity of 60S and 40S proteins, normalized to non-targeting siRNA, 

as quantified by mass spectrometry in 293 Flp-In cells transfected with siCon or siRNAs 

targeting GTPBP4 and the indicated RQC factors.

(C) Relative median intensity of 60S and 40S proteins, normalized to siCon, as quantified 

by mass spectrometry in 293 Flp-In cells transfected with siCon or siRNAs targeting the 

indicated ribosomal proteins.

(D) Whole-cell extracts from 293T cells transfected with siRNA targeting GTPBP4 and 

either non-targeting (siCon) siRNA or siRNAs targeting the indicated 40S biogenesis factor 
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or 40S protein were immunoblotted with antibodies against uS3 and uS5. The ubiquitin-

modified uS3 and uS5 are indicated by the arrows. S, short exposure; L, long exposure.

(E) Ubiquitylated uS5-K58 and uS3-K214 peptide intensity quantified by mass spectrometry 

from 293 Flp-In cells transfected with siCon or siRNAs targeting the indicated 40S 

biogenesis factor or 40S protein with or without GTPBP4-targeting siRNA.

(F) Relative mean intensity of RNF10 protein as quantified by mass spectrometry in 293 

Flp-In cells transfected with siCon or siRNAs targeting the indicated factor.

For (A)–(F), n = 3, error bars indicate SEM; NS, not significant; *p < 0.05 and **p < 0.01 

by Student’s t test. Red lines, text, or asterisks indicate a comparison to siGTPBP4 alone.
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Figure 6. RIOK3 is required for RNF10-dependent 40S decay
(A) Relative mean intensity of RIOK3 protein as quantified by mass spectrometry in 

293T cells transfected with non-targeting (Con) or 60S-biogenesis-factor-targeting siRNA 

as indicated.

(B) Relative median intensity of 60S and 40S proteins, normalized to non-targeting siRNA, 

as quantified by mass spectrometry in 293 Flp-In cells transfected with siCon or siRNAs 

targeting GTPBP4 or RIOK3.

(C) Ubiquitylated uS5-K58 and uS3-K214 peptide intensity quantified by mass spectrometry 

from 293 Flp-In cells transfected with siCon or siRNAs targeting GTPBP4 or RIOK3 as 

indicated.

(D) Relative mean intensity of indicated proteins as quantified by mass spectrometry in 293 

Flp-In cells transfected with siCon or siRNAs targeting GTPBP4 or RIOK3 as indicated.

For (A)–(D), n = 3, error bars indicate SEM; NS, not significant; *p < 0.05 and **p < 0.01 

by Student’s t test. Red lines, text, or asterisks indicate a comparison to siGTPBP4 alone.
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Figure 7. RIOK3 ubiquitin binding is necessary to facilitate 40S degradation upon iRQC 
pathway activation
(A) AlphaFold 3 model with RIOK3 MIU-2 domain (gray) and ubiquitin (orange). MIU 

domain residues (gray text) and ubiquitin residues (orange text) at the putative interaction 

surface are indicated.

(B) Schematics of RIOK3 WT, ΔN, and KM constructs.

(C) FLAG-hemagglutinin (HA)-tagged RIOK3 was immunoprecipitated from cell lines 

with stable expression of wild-type or mutant RIOK3. Whole-cell extracts and HA 

immunoprecipitates were immunoblotted with antibodies as indicated.
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(D) Relative median intensity of 60S and 40S proteins, normalized to non-targeting 

siRNA, as quantified by mass spectrometry from parental or RIOK3 stably expressing lines 

transfected with siRNAs targeting GTPBP4 or RIOK3 as indicated. RIOK3 transgenes are 

resistant to RIOK3 siRNA. n = 3, error bars indicate SEM; NS, not significant; *p < 0.05 

and **p < 0.01 by Student’s t test.

(E) Whole-cell extracts from parental or RIOK3 variant stably expressing lines transfected 

with siRNAs targeting GTPBP4 or RIOK3 or not targeting (siCon), as indicated, were 

immunoblotted with antibodies against uS3 and uS5. The ubiquitin-modified uS3 and uS5 

are indicated by the arrows. S, short exposure; L, long exposure.

(F) Relative 60:40 summed protein abundance ratio as quantified by mass spectrometry 

from parental 293 Flp-In cells (black line/circles), RNF10-KO cells(red line/boxes), or 

RIOK3-KO cells (orange line/triangles) cultured in lysine- and arginine-free medium for 

the indicated time. n = 3, error bars indicate SEM; **p < 0.01 by Tukey’s HSD test 

comparing parental to both RNF10-KO and RIOK3-KO cell lines. ††p < 0.01 by Dunnett’s 

test comparing the zero time point for the cell line indicated by color.

(G) Model for RNF10- and RIOK3-mediated 40S decay.
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KEY RESOURCES TABLE

REAGENT or RESOURCE SOURCE IDENTIFIER

Antibodies

Rabbit monoclonal anti-RPS3 (uS3) Bethyl Laboratories Cat# A303-840A; RRID:AB_2615588

Rabbit monoclonal anti-RPS2 (uS5) Bethyl Laboratories Cat# A303-794A; RRID:AB_11218192

Mouse monoclonal a-Tubulin Cell Signaling Technology Cat# 3873, RRID:AB_1904178

Rabbit polyclonal anti-eIF4A1 Cell Signaling Technology Cat# 2490; RRID:AB_823487

Rabbit monoclonal anti-eIF6 Cell Signaling Technology Cat# 3833; RRID: AB_2096520

Mouse monoclonal anti-Puromycin Millipore Cat# MABE343, RRID:AB_2566826

Rabbit polyclonal anti-SBDS GeneTex Cat# GTX109168; RRID:AB_1951814

Mouse monoclonal anti-Ubiquitin Millipore Cat# MAB1510; RRID:AB_2180556

Rabbit polyclonal anti-RIOK3 Bethyl Laboratories Cat# A305-602A; RRID:AB_2891516

Anti-Rabbit IgG (H+L), HRP Conjugate antibody Promega Cat# W4011; RRID:AB_430833

Anti-Mouse IgG (H+L) HRP Conjugate antibody Promega Cat# W4021; RRID:AB_430834

Chemicals, peptides, and recombinant proteins

DMEM, high glucose, pyruvate Thermo Fisher Scientific Cat# 11995065

IMDM Thermo Fisher Scientific Cat# 12440053

RPMI Thermo Fisher Scientific Cat# SH30027FS

DMEM for SILAC Thermo Fisher Scientific Cat# 88364

Fetal Bovine Serum Sigma-Aldrich Cat# F2442

Opti-MEM Thermo Fisher Scientific Cat# 31985070

Lipofectamine RNAiMax Thermo Fisher Scientific Cat# 13778030

Lipofectamine 2000 Thermo Fisher Scientific Cat# 11668019

Lipofectamine 3000 Thermo Fisher Scientific Cat# L3000001

TransIT 293 Mirus Bio LLC Cat# MIR 2700

Harringtonine (HTN) LKT labs Cat# H0169

Dithiothreitol (DTT) Fisher Cat# BP172-25

PatamineA (PatA) Gift from Jeremy Pelletier's lab N/A

Rocaglamide (RocA) MedChemExpress Cat# HY19256

Protease inhibitor cocktail tablet Roche Cat# 11836170001

N-Ethylmaleimide (NEM) Sigma-Aldrich Cat# E3876

2-mercaptoethanol J.T. Baker Cat# 4049-00

Clarity Western ECL Substrate BioRad Cat# 170-5061

Puromycin Corning Cat# 61-385-RA

Cycloheximide MP Biomedicals Cat# 100183

Iodoacetamide (IAA) MP Biomedicals Cat# 100351

Lys-C FUJIFILM Wako Pure Chemical 
Corporation

Cat# 21-05063

Trypsin Promega Cat# V5111

Triton X-100 Sigma Cat# T8787

Turbo DNase Invitrogen Cat# AM2238
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REAGENT or RESOURCE SOURCE IDENTIFIER

SUPERase-In Invitrogen Cat# AM2696

Trichloroacetic Acid (TCA) Sigma Cat# T0699

TRIzol Life Technologies Cat# 1596026

Super-Script III First-Strand Synthesis System Life Technologies Cat# 18080051

iTaq Universal SYBR Green Supermix BioRad Cat# 1725121

Doxycycline hydrochloride Fisher Scientific Cat# BP2653-5

Critical commercial assays

BCA Protein Assay Thermo Scientific (Pierce) Cat# 23225

CellTiter-Glo 2.0 Cell Viability Assay Promega Cat# G9243

Dual-Glo Luciferase Assay System Promega Cat# E2940

Deposited data

60S biogenesis knockdown proteomics (S3A–S3D, Figures 
1F and 2A–C, 3A–3C, 6A; S1F; S2A)

This paper PRIDE: PXD060355

Sucrose gradient siGTPBP4 proteomics (Figure 2F) This paper PRIDE: PXD060349

RNF10 KO with 60S biogenesis knockdown proteomics 
(Figures 3C and 5A, S3F–S3G, S6A)

This paper PRIDE: PXD060309

eIF4A1 and GTPBP4 co-knockdown proteomics (Figures 4A 
and 4C; S4A)

This paper PRIDE: PXD060375

RNF10 OE with eIF4A1 knockdown proteomics (Figures 
4D, S4D)

This paper PRIDE: PXD060334

GTPBP4 and NFX1/NFXL1 co-knockdown proteomics 
(Figures 5A, S5A–S5B)

This paper PRIDE: PXD060331

eRQC factors and GTPBP4 co-knockdown proteomics 
(Figure 5B, S5C–S5E)

This paper PRIDE: PXD060206

DBA-related proteins knockdown proteomics (Figures 5C, 
S5F)

This paper PRIDE: PXD060207

40S biogenesis factor and GTPBP4 co-knockdown 
proteomics (Figures 5E–5F, S5G–S5H)

This paper PRIDE: PXD060296

eS26 (RPS26) and GTPBP4 co-knockdown proteomics 
(Figures 5E–5F, S5G–S5H)

This paper PRIDE: PXD060177

RIOK3 and GTPBP4 co-knockdown proteomics (Figures 
6B–6D)

This paper PRIDE: PXD060208

RNF10 OE proteomics (Figure S6B) This paper PRIDE: PXD060299

RIOK3 KO with GTPBP4 knockdown proteomics (Figures 
S6C–S6D)

This paper PRIDE: PXD060294

RIOK3 variants rescue proteomics (Figures 7D, S7G) This paper PRIDE: PXD060301

Amino acid starvation in RNF10 KO and RIOK3 KO cell 
lines proteomics (Figure 7F, S7E–S7F, S7H–S7I)

This paper PRIDE: PXD060308

Experimental models: Cell lines

HEK293T ATCC Cat# CRL-3216

293Flp-In T-REx Thermo Fisher Scientific Cat# R78007

HAP1 Johnson et al.79 N/A

OVTOKO JCRB Cell Bank Cat# JCRB1048

293FlpIn-RNF10KO Garshott et al.17 N/A
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REAGENT or RESOURCE SOURCE IDENTIFIER

293FlpIn-FRT-Flag-HA-RNF10wt Garshott et al.17 N/A

293FlpIn-RIOK3KO_C4 This paper N/A

293FlpIn-Flag-HA-RIOK3-WT-siRes This paper N/A

293FlpIn-Flag-HA-RIOK3-ΔN-siRes This paper N/A

293FlpIn-Flag-HA-RIOK3-KM-siRes This paper N/A

Oligonucleotides

For oligonucleotides, see Table S1 N/A N/A

Recombinant DNA

pcDNA3-RLUC-IRES-FLUC Addgene Cat# 45642

pDONR-RIOK3-CDS hORFeome V8.1; Yang et al.77 N/A

pSpCas9(BB)-2a-GFP plasmid (PX458) Addgene Cat# 48138

pcDNA3-RNF10-WT-UTR-RLUC-IRES-FLUC This paper N/A

pcDNA3-RNF10-UTR-Start_1_mut-RLUC-IRES-FLUC This paper N/A

pcDNA3-RNF10-UTR-Start_2_mut-RLUC-IRES-FLUC This paper N/A

pcDNA3-RNF10-UTR-Start_3_mut-RLUC-IRES-FLUC This paper N/A

pcDNA3-RNF10-UTR-Start_4_mut-RLUC-IRES-FLUC This paper N/A

pcDNA3-RNF10-UTR-Start_5_mut-RLUC-IRES-FLUC This paper N/A

pcDNA3-RNF10-UTR-Start_1,2_mut-RLUC-IRES-FLUC This paper N/A

pcDNA3-RNF10-UTR-Start_1,3_mut-RLUC-IRES-FLUC This paper N/A

pcDNA3-RNF10-UTR-Start_1,4_mut-RLUC-IRES-FLUC This paper N/A

pcDNA3-RNF10-UTR-Start_1,5_mut-RLUC-IRES-FLUC This paper N/A

pcDNA3-RNF10-UTR-Start_2,3_mut-RLUC-IRES-FLUC This paper N/A

pcDNA3-RNF10-UTR-Start_2,4_mut-RLUC-IRES-FLUC This paper N/A

pcDNA3-RNF10-UTR-Start_2,5_mut-RLUC-IRES-FLUC This paper N/A

pcDNA3-RNF10-UTR-Start_3,4_mut-RLUC-IRES-FLUC This paper N/A

pcDNA3-RNF10-UTR-Start_3,5_mut-RLUC-IRES-FLUC This paper N/A
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REAGENT or RESOURCE SOURCE IDENTIFIER

pcDNA3-RNF10-UTR-Start_1,2,3,5_mut-RLUC-IRES-
FLUC

This paper N/A

pcDNA3-RNF10-UTR-Start_1,2,4,5_mut-RLUC-IRES-
FLUC

This paper N/A

pcDNA3-RNF10-UTR-Start_1,3,4,5_mut-RLUC-IRES-
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This paper N/A
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pcDNA3-RNF10-UTR-Start_1,2,3,4,5_mut-RLUC-IRES-
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This paper N/A

PX458-RIOK3-gRNA This paper N/A

pHAGE-NTAP-RIOK3-WT-siRes This paper N/A

pHAGE-NTAP-RIOK3-ΔN-siRes This paper N/A

pHAGE-NTAP-RIOK3-KM-siRes This paper N/A

Software and algorithms

Bio-Rad Image Lab software BioRad Cat# 12012931; RRID:SCR_014210

GloMax®-96 Software v1.9.3 Promega RRID:SCR_026323

py_diAID Skowronek et al.75 RRID:SCR_025304

DIA-NN Demichev et al.76 RRID:SCR_022865

GraphPad Prism 10.2.3 Dotmatics RRID:SCR_002798
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