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SUMMARY

Ribosomes that experience terminal stalls during translation are resolved by ribosome-associated
quality control (QC) pathways that oversee mMRNA and nascent chain destruction and recycle
ribosomal subunits. The proximal factors that sense stalled ribosomes and initiate mammalian
ribosome-associated QC events remain undefined. We demonstrate that the ZNF598 ubiquitin
ligase and the 40S ribosomal protein RACKZ1 help to resolve poly(A)-induced stalled ribosomes.
They accomplish this by regulating distinct and overlapping regulatory 40S ribosomal
ubiquitylation events. ZNF598 primarily mediates regulatory ubiquitylation of RPS10 and RPS20,
whereas RACK1 regulates RPS2, RPS3, and RPS20 ubiquitylation. Gain or loss of ZNF598
function or mutations that block RPS10 or RPS20 ubiquitylation result in defective resolution of
stalled ribosomes and subsequent readthrough of poly(A)-containing stall sequences. Together, our
results indicate that ZNF598, RACK1, and 40S regulatory ubiquitylation plays a pivotal role in
mammalian ribosome-associated QC pathways.
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/' Stall Read-Through

INTRODUCTION

The ribosome has emerged as a quality control (QC) hub that facilitates removal of both
defective mRNAs and nascent chains that arise from errors in transcription, mRNA
processing, or translation (Brandman and Hegde, 2016; Lykke-Andersen and Bennett, 2014;
Rodrigo-Brenni and Hegde, 2012; Shoemaker and Green, 2012). Various impediments
encoded in mRNA sequences or nascent chains can result in terminally stalled elongating
ribosomes that require ribosome-associated QC factors for effective stall resolution and
recycling of ribosomal subunits (Bengtson and Joazeiro, 2010; Brandman et al., 2012; Doma
and Parker, 2006; Ito-Harashima et al., 2007; Kuroha et al., 2010; Letzring et al., 2010).
How terminally stalled ribosomes are initially sensed and the upstream events that facilitate
recruitment of a ribosome-associated QC complex (RQC) and RNA decay factors remain
uncharacterized.

Genetic screens in S. cerevisiae identified the 40S ribosomal protein Ascl (RACK1 in
mammals) and the ubiquitin ligase Hel2 (ZNF598 in mammals) as factors required for
turnover of model reporter proteins containing polybasic sequences (Brandman et al., 2012;
Kuroha et al., 2010). Unlike the accumulation of truncated proteins arising from stall
products observed upon genetic disruption of the RQC factor Ltn1, deletion of ASCZ or
HELZresulted in readthrough of the stall-inducing sequence and the production of full-
length reporter protein (Brandman et al., 2012; Kuroha et al., 2010). Similarly, loss of Ascl
results in read-through of CGA repeat stall sequences in yeast (Letzring et al., 2013). These
observations suggest that Ascl and Hel2 may be early-acting factors in ribosome-associated
QC pathways. However, the precise role for Ascl or Hel2 in regulating ribosome-associated
QC is unclear.

Although ribosome-associated QC pathways are beginning to be well defined in S.
cerevisiae, relatively little is known about the corresponding pathways in mammalian cells.
We recently discovered that activation of the unfolded protein response and translation
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elongation inhibition stimulates the site-specific regulatory ubiquitylation of 40S ribosomal
proteins (RRub) (Higgins et al., 2015). These findings suggested that a subset of RRub
events may play a role in regulating ribosome-associated QC. Discovery of the cellular
factors that catalyze or otherwise mediate individual RRub events is critical to understanding
the mechanism by which RRub regulates ribosome-associated functions and overall cellular

physiology.

Here we identify ZNF598 and RACK1 as two factors that regulate specific RRub events. We
show that both loss of ZNF598 function and mutations within the 40S proteins RPS10 and
RPS20, which block regulatory ubiquitylation, result in readthrough of stall sequences. We
show that ribosome-associated RACK1 regulates a distinct but overlapping subset of RRub
events compared with ZNF598. These results establish ZNF598, RACK1, and RRub as
critical early-acting factors that regulate mammalian ribosome-associated QC pathways.

Establishment of a Mammalian Cell-Based Assay to Study Ribosome-Associated Quality

Control

To define the factors and mechanisms that govern mammalian ribosome-associated QC
pathways, we utilized a dual fluorescence reporter system in which GFP and cherry
fluorescent protein (ChFP) are expressed in-frame from a single mRNA that is separated by
a linker sequence encoding a FLAG-tagged, independently folding villin headpiece (VHP)
that has been used previously to study ribosome-associated QC (Shao and Hegde, 2014;
Shao et al., 2013; Figure 1A). Ribosomal 2A skipping sequences flank the linker region,
allowing GFP and ChFP to be independent markers of translation prior to or after the linker
region. Introduction of this reporter plasmid into mammalian cells resulted in a linear
correlation between cellular GFP and ChFP fluorescence over four orders of magnitude
(Figure 1A). Several sequence elements that have been shown previously to induce ribosome
stalling and initiate ribosome-associated QC events in S. cerevisiae were introduced into the
VHP linker region (Doma and Parker, 2006; Ito-Harashima et al., 2007; Kuroha et al., 2010;
Letzring et al., 2010). Of the stall sequences examined, only a stretch of consecutive lysine
codons (encoded by AAA) resulted in robust repression of downstream ChFP translation
compared with GFP (Figure 1B). Interestingly, ChFP expression downstream of poly(A)-
containing sequences was more prevalent in cells with higher overall expression levels
(Figure 1A). Titrating the amount of transfected reporter plasmid revealed that ChFP
expression was augmented to a greater extent compared with GFP expression when larger
DNA amounts were transfected (Figure S1A). These observations suggest that some limiting
factor needed to resolve stalled ribosomes becomes saturated at higher reporter expression
levels. Our demonstration that the K20 sequence represses downstream translation is
consistent with observations in S. cerevisiae where polybasic sequences result in ribosome
stalling and destruction of the nascent chain (Kuroha et al., 2010). However, the mechanism
for stalling appears to be distinct from S. cerevisiae because poly-arginine codons (CGA)
failed to repress ChFP expression in mammalian cells. These observations suggest that
sequence elements that nucleate ribosome stalling and QC events differ between yeast and
mammalian cells. Despite this, the poly(A) sequence robustly and reproducibly represses
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downstream ChFP expression and can be used as a cell-based assay to examine mammalian
ribosome-associated QC function.

Knockdown of RACK1 or ZNF598 Results in Readthrough of poly(A) Stall-Inducing

Sequences

Having established a mammalian ribosome-associated QC assay, we set out to test whether
human homologs of identified S. cerevisiae ribosome-associated QC factors play similar
roles in mammalian cells. Knockdown of Ltn1 or the ribosome splitting factors Hbs1L,
Pelota, or ABCEL did not result in robust or consistent recovery of ChFP expression
downstream of a poly(A) stall sequence compared with GFP (Figure 1C; Figure S1B). These
results suggest that loss of Ltn1 or individual ribosome splitting factors does not robustly
effect MRNA translation downstream of poly(A)-induced stalled ribosomes. Knockdown of
RACK1 or ZNF598 resulted in a robust elevation of ChFP levels expressed downstream of
the poly(A) sequence, suggesting that loss of RACK1 or ZNF598 function results in
readthrough of stall-inducing mRNA sequences (Figure 1C). Knockdown of ZNF598
reproducibly elevated ChFP expression from the K20 reporter to a larger extent than
observed after RACK1 knockdown, and combined knockdown of RACK1 and ZNF598 did
not have an additive effect (Figures 1C and 1D). This result suggests that RACK1 and
ZNF598 are acting within the same pathway to enable readthrough of stall-inducing
sequences.

ZNF598 Functions within the Ribosome-Associated QC Pathway in a Manner Distinct from
Ltn1 and NEMF

Elegant biochemical studies have demonstrated that Ltn1 and NEMF act subsequent to
splitting of stalled 80S complexes to facilitate ubiquitylation of the trapped peptidyl-linked
tRNA species (Shao and Hegde, 2014; Shao et al., 2013). To directly examine the protein
products from poly(A)-mediated stalling events and to determine whether ZNF598 acts
similarly to Ltn1 and NEMF, we visualized the central VVHP translation product that contains
the poly-lysine sequence by immunoblotting. Knockdown of either Ltn1 or NEMF resulted
in the accumulation of stall translation products that are slightly smaller than the expected
molecular weight of either the VHP-polyK product or the VHP-polyK-ChFP product that
would result from a failed 2A-mediated skipping event (Figure S2A). Knockdown of
ZNF598 resulted in the robust accumulation of full-length VHP-polyK and VHP-polyK-
ChFP products, indicating that loss of ZNF598 allowed for readthrough of stall sequences
that would normally result in the production of defective translation stall products (Figure
S2A). These results are consistent with the hypothesis that ZNF598 acts prior to Ltn1,
NEMF, and ribosome splitting during ribosome-associated QC events.

Although we consistently observed that loss of ZNF598 function increased ChFP expression
from the K20 reporter, ChFP levels increased to only ~25% of the levels observed with a
reporter lacking a stall-inducing sequence (Figure S1C). Previous studies have documented
that poly(A) sequences can induce frameshifting events during translation (Arthur et al.,
2015). Thus, it is possible that the dual fluorescence reporter may be underrepresenting the
extent of readthrough upon loss of ZNF598 function because stall readthrough events in only
one reading frame would result in ChFP production. To directly examine whether loss of
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ZNF598 results in stall readthrough in multiple frames, we mutated the second ribosomal
2A skipping sequence that separates the VHP-polyK translation product from ChFP to allow
for more facile differentiation of frameshifted translation products from readthrough events
in the correct frame. Knockdown of ZNF598 resulted in accumulation of both VHP-polyK-
ChFP and smaller VHP-containing products that are the result of frameshifting events
(Figure S2B). Quantification revealed nearly twice as much accumulation of the smaller
products compared with the larger VHP-polyK-ChFP. These results indicate that loss of
ZNF598 results in readthrough of poly(A)-induced stall events in multiple reading frames
and that ChFP expression from our reporter underrepresents the extent of stall readthrough.
Further, it appears that loss of ZNF598 allows for nearly complete readthrough of poly(A)-
induced translation stalls.

Mutations in RPS20 or RPS10 that Block Regulatory Ubiquitylation Result in Defective
Resolution of Stalled Ribosomes

Examination of previous ubiquitin proteomics experiments (Higgins et al., 2015) identified
specific lysine residues in RPS2, RPS3, RPS10, and RPS20 that became ubiquitylated upon
treatment with the translation elongation inhibitor anisomycin (Figure S3A). Having
validated our cell-based mammalian ribosome-associated QC assay, we tested whether some
of the specific RRub events we observed to be stimulated by translation elongation
inhibition were required for ribosome-associated QC. To test this hypothesis, we generated
cell lines with stable expression of FLAG-hemagglutinin (HA)-tagged wild-type or mutant
RPS2, RPS20, or RPS10 proteins. We converted lysine residues identified as ubiquitylated
in response to translation elongation inhibition (RPS2-K58, RPS2-K275, RPS20-K4,
RPS20-K8, RPS10-K138, and RPS10-K139) to arginine individually or in combination.
Immunoblotting confirmed stable expression of the wild-type or mutant proteins, and, for
RPS2 and RPS20, exogenous expression resulted in a corresponding decrease in endogenous
protein production, resulting in more than 90% of cellular RPS2 or RPS20 being comprised
of the exogenous protein (Figure S3B; Higgins et al., 2015). Although stable expression of
RPS10 did not effectively replace endogenous RPS10, the exogenous RPS10 contributes
~50% of total cellular RPS10 (Figure S3B). We expressed our K20-containing reporter in
the wild-type and RRub mutant cell lines and observed that cells expressing mutant RPS20
or RPS10, but not RPS2, displayed enhanced readthrough of the poly(A)-stall sequence
(Figure 2A). This result supports a role for specific RRub events in mediating the proper
resolution of stalled ribosomes.

ZNF598 Mediates Regulatory Ubiquitylation of RPS10 and RPS20 during Ribosome-
Associated QC Events

Because both knockdown of ZNF598 and expression of specific 40S ribosomal proteins
containing RRub-blocking mutations resulted in readthrough of poly(A)-stall sequences, we
reasoned that ZNF598 may be an RRub ubiquitin ligase. To test this idea, we generated
somatic ZNF598 knockout (KO) HCT116 cells using clustered regularly interspaced short
palindromic repeats (CRISPR)/Cas9 genome engineering (Ran et al., 2013). We validated
the loss of ZNF598 protein expression in several isolated clones by immunoblotting and
showed that ZNF598-KO cell lines display elevated ChFP expression relative to parental
HCT116 cells upon introduction of the ribosome stall reporter (Figure 2B; Figure S3C). We
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selected one ZNF598-KO clone and rescued ZNF598 expression by exogenous stable
expression of FLAG-HA-tagged wild-type or C29A mutant (mut) ZNF598. The C29A
mutation occurs in the really interesting new gene (RING) domain of ZNF598, and we
validated that this mutation blocks in vitro ZNF598 ubiquitylation activity (Figure S3D).
Exogenous overexpression of wild-type ZNF598 in ZNF598-KO cells restored and even
enhanced poly(A)-induced ribosome stall resolution, resulting in lower levels of ChFP
expression compared with parental HCT116 cells (Figure 2B). This rescue of stall resolution
was partially dependent on the ubiquitin ligase activity of ZNF598 (Figure 2B). These
results validate our previous results using transient ZNF598 knockdown and establish the
importance of ZNF598’s ubiquitin ligase activity for its ribosome-associated QC function.

We took an unbiased proteomics approach to identify critical ZNF598 substrates and to
evaluate whether ZNF598 is an RRub ligase. We utilized our ZNF598-KO and rescue cells
to perform quantitative proteomic profiling of alterations to both the total and ubiquitin-
modified proteome upon loss or gain of ZNF598 function (Figure 2C; Gendron et al., 2016;
Kim et al., 2011). We reasoned that ZNF598 substrates would show decreased ubiquitylation
in ZNF598-KO and that the decrease would be reversed upon expression of wild-type but
not mutant ZNF598. Cells without ZNF598 expression or those overexpressing ZNF598
displayed little to no alteration to the total proteome (Figure S3E). However, examination of
the ubiquitin-modified proteome identified RPS10 ubiquitylation events at K138 and K139
as being dramatically altered upon loss of ZNF598 function (Figure 2D). The doubly
ubiquitin-modified RPS10 peptide displayed the largest change upon loss or reintroduction
of ZNF598 (Figure 2E; Table S1). Lysine 107 in RPS10 as well as K214 in RPS3 and K8 in
RPS20 were also affected in the expected manner upon loss or reintroduction of wild-type or
mutant ZNF598, although the magnitude of the effect was smaller than that observed for
RPS10 K138 and K139 ubiquitylation (Figure 2E). This result indicates that ZNF598
catalyzes RRub events on RPS10 at K138 and K139 and, to a lesser extent, on RPS20 at K8
and on RPS3 at K214,

We validated our proteomic results by immunoblotting lysates from parental, ZNF598-KO,
and rescue cell lines before and after treatment with the unfolded protein response (UPR)
agonist DTT or the translation inhibitor harringtonine (HTN). We used DTT and HTN
treatment to stimulate RPS2 and RPS3 regulatory ubiquitylation to better examine the site
specificity of ZNF598 ubiquitin ligase activity. ZNF598-KO cells contain less ubiquitylated
RPS10 and RPS20 in untreated cells, which confirms our findings using ubiquitin-specific
proteomics (Figure 2F). Loss of ZNF598 did not prevent HTN or DTT-induced RPS2 or
RPS3 ubiquitylation, although the extent of RPS3 ubiquitylation upon DTT and HTN
treatment was reduced in ZNF598 KO cells (Figure 2F). RPS10 and RPS20 ubiquitylation
increased robustly upon overexpression of wild-type but not mutant ZNF598, with a smaller
effect on HTN- or DTT-induced RPS3 ubiquitylation and no effect on RPS2 ubiquitylation.
Taken together, these results suggest that loss of ZNF598 results in an inability to catalyze
ubiquitylation events on RPS10 and RPS20 that are needed for the proper resolution of
stalled ribosomes.

We generated ZNF598 overexpression cell lines in 293T cells with endogenous ZNF598
expression to further validate ZNF598 as a RPS10 and RPS20 RRub ligase and to examine
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whether overexpression of catalytically inactive ZNF598 acts in a dominant-negative
fashion. Expression of wild-type ZNF598 resulted in reduced ChFP expression from the
poly(A) reporter compared with parental 293T cells (Figure 3A). This effect was dependent
on the ubiquitin ligase activity of ZNF598 because overexpression of mutant ZNF598 not
only failed to reduce ChFP expression but also resulted in enhanced readthrough of poly(A)-
induced stall events (Figure 3A). These results suggest that ZNF598 may be a limiting factor
during ribosome-associated QC events and that catalytically inactive ZNF598 can act as a
dominant negative. As observed in the ZNF598-KO HCT116 cells, overexpression of wild-
type but not mutant ZNF598 in 293T cells strongly stimulated RPS10 and RPS20
ubiquitylation as well as HTN- and DT T-induced RPS3 ubiquitylation without altering
RPS2 ubiquitylation (Figure 3B). Over-expression of mutant ZNF598 blocked RPS10
ubiquitylation in untreated cells without altering RPS2 or RPS3 steady-state ubiquitylation.

To investigate the ribosomal subpopulation in which ZNF598 catalyzes RRub events, we
performed sucrose density gradient analysis on cell lysates from 293T cells overexpressing
wild-type or mutant ZNF598. Both wild-type and mutant ZNF598 can be found in fractions
throughout the gradient, suggesting that ZNF598 may associate with actively translating
ribosomes and that this association is not dependent upon ZNF598 ligase activity (Figures
3C and 3D). Ubiquitylated RPS3, RPS20, and RPS10 can be readily observed in 40S-, 60S-,
and polysome-containing fractions from cells expressing wild-type but not mutant ZNF598,
which suggests that ZNF598 can catalyze RPS20, RPS10, and RPS3 ubiquitylation on
ribosomes that are actively translating (Figures 3C and 3D). Overall, these results support
the hypothesis that ZNF598 affects ribosome-associated QC function primarily through
catalyzing regulatory ubiquitylation of RPS10 and RPS20. Our results also suggest that
ZNF598 regulates RPS3 ubiquitylation in response to UPR activation and translation
elongation inhibition, but whether RPS3 ubiquitylation regulates ribosome-associated QC
function remains unknown because of our inability to stably express wild-type or mutant
RPS3 to functionally relevant levels.

Ribosome-Associated RACK1 Assists in Ribosome-Associated QC and Facilitates
Regulatory Ubiquitylation of RPS2 and RPS3

Having demonstrated that, like ZNF598, loss of RACK1 resulted in readthrough of a
poly(A) stall-inducing sequence, we wanted to examine whether loss of RACK1 also
affected similar ZNF598-mediated RRub events. Transient knockdown of RACK1 resulted
in a near ablation of HTN- and DT T-stimulated RPS2 ubiquitylation and reduced HTN- and
DTT-stimulated RPS3 ubiquitylation (Figure 4A). Steady-state RPS20 ubiquitylation was
difficult to detect in 293T cells, but HTN-stimulated RPS20 ubiquitylation was reduced by
RACK1 knockdown. Distinct to what was observed with ZNF598, loss of RACK had little
to no effect on steady-state ubiquitylation of RPS10 (Figure 4A). This result revealed that
the presence of RACK1 is required for a distinct subset of RRub events compared with
ZNF598. RPS3 ubiquitylation in response to UPR activation or translation elongation
inhibition is similarly repressed by loss of either ZNF598 or RACK1, whose contribution to
ribosome-associated QC events is unknown.
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Because RACK1 has functions in cellular pathways separate from the ribosome, we wanted
to interrogate whether ribosome association was necessary for RACKZ1 to participate in
ribosome-associated QC events (Gandin et al., 2013). We first made mutations in RACK1
(R36D;K38E, DEmut) that block its association with the ribosome (Coyle et al., 2009;
Sengupta et al., 2004). We combined these mutations with silent mutations to render
exogenous RACK1 resistant to small interfering RNA (siRNA) knockdown (oligo #3) and
generated stable expression cell lines in 293T cells. We confirmed that DEmut RACK1
failed to co-migrate with ribosomes in sucrose density gradients compared with wild-type
RACK1 (Figure S4A). We then performed transient knockdown of RACK1 in parental 293T
cells and our siRNA-resistant wild-type and DEmut RACK1 expression lines, followed by
introduction of our stall reporter plasmid. Knockdown of RACK1 again resulted in poly(A)
readthrough and elevated ChFP levels, which was rescued by ectopic expression of wild-
type but not DEmut RACK1 (Figure 4B; Figure S4B). We used the same knockdown rescue
approach to examine whether ribosome association of RACK1 was required for its effect on
RPS2, RPS3, and RPS20 ubiquitylation. As observed previously, RACK1 knockdown in
parental cells completely blocked HTN- and DTT-induced RPS2 ubiquitylation with a lesser
but still strong reduction in RPS3 ubiquitylation (Figure 4C). HTN-induced RPS20
ubiquitylation was also reduced by RACK1 knockdown, although to a smaller magnitude
than observed for RPS2 or RPS3 ubiquitylation. These effects on RPS2 and RPS3
ubiquitylation were rescued by the presence of wild-type but not DEmut RACK1 (Figure
4C). Taken together, these results demonstrate that ribosome-associated RACK1 primarily
facilitates RPS2 and RPS3 ubiquitylation, with lesser effects on RPS20 ubiquitylation.
Because loss of both RACK1 and ZNF598 did not have an additive effect on poly(A)-
induced stall readthrough (Figure 1D), we wondered whether ZNF598 was required for
RACKU1 to participate in ribosome-associated QC events. Knockdown of RACK1 in parental
HCT116 cells resulted in the expected increase in ChFP expression (Figure 4D). However,
RACK1 knockdown in two separate ZNF598-KO cell lines did not result in a further
increase in ChFP expression (Figure 4D; Figure SAC). This result indicates that loss of
ZNF598 function eliminates the role for RACK1 in ribosome-associated QC.

Summing up our observations, we establish that ZNF598 and RACK1 participate in
mammalian ribosome-associated QC. Further, we demonstrate that ZNF598 participates in
regulatory ubiquitylation of RPS10 and RSP20 and that an inability to catalyze these RRub
events results in defective resolution of stalled ribosomes. Regulatory ribosomal
ubiquitylation now appears to be an early and critical ribosome-associated QC event.

DISCUSSION

Errors during mRNA transcription, processing, or decoding can lead to the production of
defective translation products that require ubiquitin-mediated destruction (Brandman and
Hegde, 2016; Lykke-Andersen and Bennett, 2014; Rodrigo-Brenni and Hegde, 2012).
Indeed, it has been estimated that ~12%-15% of nascent chains are ubiquitylated and that
nascent chains make up the majority of ubiquitylated proteins in mammalian cells (Kim et
al., 2011; Wang et al., 2013). Together, these observations argue that targeting of defective
nascent chains occupies a substantial fraction of ubiquitin-proteasome activity and that
ribosome-associated QC pathways play a key role in regulating protein homeostasis. Much
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of the pioneering work on ribosome-associated QC function has been done in the yeast
Saccharomyces cerevisiae. Whether similar or distinct pathways and mechanisms regulate
mammalian ribosome-associated QC remains largely unknown. Here we demonstrate that
human ZNF598 and RACK1 are key factors that regulate mammalian ribosome-associated
QC through regulatory ubiquitylation of 40S ribosomal proteins.

Numerous studies have demonstrated that reporter mMRNASs encoding consecutive polybasic
amino acids are sufficient to elicit MRNA decay and destruction of the nascent chain
(Bengtson and Joazeiro, 2010; Brandman et al., 2012; Dimitrova et al., 2009; Ito-Harashima
et al., 2007; Kuroha et al., 2010). Upstream frameshifting of the polybasic encoding region
resulted in production of stable mMRNA and protein products, indicating that the polybasic
region within the nascent chain was critical to trigger ribosome-associated QC activity in S.
cerevisiae (Kuroha et al., 2010). Our results, as well as previous studies, suggest that long
poly(A) sequences, and not polybasic amino acids, are the key feature that results in stalled
ribosomes in mammalian cells (Arthur et al., 2015). Decoding poly(A) sequences results in
ribosome stalling and frameshifting in vitro using £. coliribosomes (Koutmou et al., 2015;
Yan et al., 2015). Consistent with these observations, loss of ZNF598 function allows
readthrough of poly(A)-stimulated stall events in multiple reading frames. Although it is
clear that 60 consecutive adenosines can trigger ribosomal stalling that requires ZNF598 and
RACKU1 activity for proper resolution, the physiological relevance of such sequences is
uncertain. Few human proteins contain consecutive poly-lysine tracts larger than seven
within their coding region (Arthur et al., 2015). However, the usage of alternative mMRNA
cleavage and polyadenylation as well as errors in the processing of the more complex
mammalian transcriptome likely contribute to an elevated requirement to sense poly(A)-
induced ribosome stalls in higher eukaryotes (Tian and Manley, 2013). This reasoning may
explain why the elements that trigger ribosome stalls during translation may differ between
yeast and mammals.

Our results clearly demonstrate a role for RRub in regulating mammalian ribosome-
associated QC events, but the exact mechanism governing that regulation remains unclear.
One possibility is that RRub triggers the nucleation of downstream factors that prevent
frameshifting and progression of ribosomes through stall-inducing sequences. ZN598 likely
directly contributes to RPS10 and RPS20 ubiquitylation, making its role during ribosome
stalling more clear. ZNF598 has also been shown to bind to a translation repression complex
comprising elF4E2 (4EHP) and GIGYF2, indicating that ZNF598 may participate in
multiple levels of translational control (Morita et al., 2012). How RACK1 contributes to
RRub events is less clear. It is possible that RACK1 contributes a scaffolding role to assist
with structural remodeling of the mRNA contacts with the ribosome during stalling events
(Coyle et al., 2009; Rabl et al., 2011). It appears that ZNF598 and RACK 1 function prior to
recruitment of the ribosome splitting factors and the Ltn1 RQC ubiquitin ligase (Figure 1C;
Figure S2A). Recent work demonstrated that yeast Asc1 was required for endonucleolytic
mMRNA cleavage of a nonstop decay reporter in cells lacking Dom34 (Pelota) (Ikeuchi and
Inada, 2016). Taken together, these results suggest that RACK1- and ZNF598-mediated
RRub events may be required to recruit unidentified RNA endonucleases to stalled
ribosomes to facilitate downstream ribosome splitting, mMRNA decay, and nascent chain
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destruction. More precise biochemical and structural work is needed to fully examine the
mechanism by which RRub regulates ribosome-associated QC.

STAR*METHODS
Detailed methods are provided in the online version of this paper and include the following:
. KEY RESOURCES TABLE
. CONTACT FOR REAGENT AND RESOURCE SHARING
. METHOD DETAILS
- Plasmids
- Cell lines, siRNA and transfections
- Dual fluorescence translation stall assay
- SILAC-based quantitative ubiquitin proteomics
- LC-MS-MS analysis
- Peptide Identification and Quantification
- Purification of ZNF598
- In vitro ubiquitylation assays
- Sucrose gradient separation
- Immunoblotting

. QUANTIFICATION AND STATISTICAL ANALYSIS

STAR*METHODS
CONTACT FOR REAGENT AND RESOURCE SHARING

Further information and requests for resources and reagents should be directed to and will be
fulfilled by the Lead Contact Eric J Bennett (elbennett@ucsd.edu)

METHOD DETAILS

Plasmids—All dual-fluorescence translation stall reporter plasmids were a generous gift
from Manu Hegde and Susan Shao (MRC, Cambridge, UK). RPS2, RPS10, RPS20,
RACKZ, and ZNF598 coding regions were cloned into lentiviral-expression vectors using
Gateway cloning (Invitrogen). Mutations were introduced using standard PCR-based
strategies and were confirmed by sequencing.

Cell lines, siRNA and transfections—HEK?293 and HCT116 cells were grown in
DMEM (high glucose, pyruvate and L-Glutamine) containing 10% fetal bovine serum (FBS)
in a humidified incubator maintained in a 5% CO, atmosphere. For SILAC labeling,
HCT116 cells were grown in DMEM medium free of lysine and arginine, supplemented
with 10% dialyzed FBS, light lysine and arginine (light media) or heavy lysine (K8) (heavy
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media) (Cambridge Isotope laboratories) and light arginine at a concentration of 50 pg/mL
and 85 pg/mL, respectively. Where indicated, cells were treated with 5mM DTT or 2 pg/mL
Haringtonine for 4 hr before harvesting.

ZNF598 knockout cells were generated using CRISPR/Cas9 approaches (Ran et al., 2013).
The guide sequence (listed in Table S2) was used to target the ZNF598 locus, and was
cloned into the Bbsl restriction sites in the pSpCas9(BB)-2A-GFP plasmid, which was used
for transfecting HCT116. Transfected cells were single cell sorted, based on GFP
fluorescence intensity into 96 well plates and screened for ZNF598 expression by
immunoblotting. siRNA (listed in Table S2) transfection was performed using
Lipofectamine RNAIMAX reagent according to manufacturer’s instructions. Stable cells
lines expressing Flag-HA-tagged proteins were generated using lentiviral transduction and
subsequent puromycin selection as follows. 293T cells were transfected with the following
helper plasmids pHAGE - GAG-POL; pHAGE - VSVG; pHAGE - tatlb; pHAGE - rev and
pPHAGE (gene of interest (listed in key resources table)) using Mirus TransIT 293
transfection reagent. After 24 hr fresh media was added to the cells. The supernatant
containing the infectious virions was filtered using a 0.45 mm sterile syringe filter and
mixed with 2 uL of 6mg/ml polybrene for (1.5ml media). The mixture was added to cells
seeded at 30% confluency and infected for 24hours, prior to selection with 1 ug/ml
Puromycin to obtain stable expression clones.

Dual fluorescence translation stall assay—Dual fluorescence reporter plasmids were
transfected into cells using Lipofectamine 2000 (Thermo Fisher) according to manufacturer
guidelines. Two days after transfection cellular GFP and ChFP fluorescence was measured
on a LSRFortessa X-20 (BD Biosciences). Subsequent analysis of FACS data was done
using FlowJo (v9.1).

SILAC-based quantitative ubiquitin proteomics—HCT116 cells were grown in
media containing either light (K0) lysine or 13Cg15N,-labeled (K8) lysine were processed
for diGly peptide immuno purification and mass spectrometry as follows. A 1:1 mixture of
heavy and light cells were lysed in 4 mL of denaturing lysis buffer (8 M urea, 75 mM NaCl,
50 mM Tris-Cl pH 8.2, Roche complete protease inhibitor, 1 mM NaF, 1 mM B-
glycerophosphate, 1 mM sodium orthovanadate, 1 mM PMSF, 5 mM NEM). Lysates were
sonicated twice for 5 s with 30 s rest on ice between cycles at a 10% power cycle before
clarified by centrifuging at 21,000 g. The clarified supernatant was digested with Lys-C
(Wako, Richmond, VVA) for 4 hr at 37° Cat a final concentration of 10 ng/ul. Trypsin (Sigma)
digestion at 37°C (1:100 enzyme substrate ratio) was performed after lysates were diluted to
2 M urea with 50 mM Tris-Cl pH 7.2 and was stopped by addition of Trifluoroacetic acid
(TFA, Sigma) to a final concentration of 0.4%. The digested samples were centrifuged at
2500 x g for 15 min in a room temperature centrifuge to obtain clear supernatant and were
desalted using C18 solid-phase extraction cartridges (Waters) the desalted peptides were
flashfrozen and were dried in a lyophilizer. To enrich for diGLY-modified peptide, dried
peptides were resuspended in 1.3 mL of 2 x AP buffer (50 mM MOPS-NaOH pH 7.5, 10
mM Na2HPO4, 50 mM NaCl) and were incubated with a-diGly antibody (Cell Signaling
Technologies) preconjugated to Protein-A (Thermo) beads. The incubation was performed
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for 2 hr at 4°C and the peptides with non-specific binding were removed by four washes
with 1 mL IAP buffer with 10 min room temperature incubation between washes. Peptides
were eluted with 5% formic acid and were desalted with in-house prepared C18 stage-tips
and dried in a vacuum centrifuge. Samples were resuspended in 10 uL 5% formic acid, 5%
ACN and transferred to autosampler vials.

LC-MS-MS analysis—All the samples were analyzed in triplicate by LC-MS/MS using a
Q-Exactive mass spectrometer (Thermo Scientific, San Jose, CA) with the following
conditions. A fused silica microcapillary column (100 um 1D, 20 cm) packed with C18
reverse-phase resin (XSELECT CSH 130 C18 2.5 pm, Waters Co., Wilford, MA) using an
in-line nano-flow EASY-nLC 1000 UHPLC (Thermo Scientific) was used to resolve the
peptides. Peptides were eluted over a 2 min 0%-5% ACN gradient, followed by a 158 min
5%-30% ACN gradient, a 15 min 30%-45% ACN gradient, a 1 min 45%-98% gradient,
with a final 14 min isocratic step at 98% ACN for a total run time of 190 min at a flow rate
of 250 nl/min. All gradient mobile phases contained 0.1% formic acid. MS/MS data were
collected in a data-dependent fashion using a top 10 method with a full MS mass range from
300-1750 m/z, 70,000 resolution, and an AGC target of 3e6. MS2 scans were triggered
when an ion intensity threshold of 1e5 was reached with a maximum injection time of 250
ms. Peptides were fragmented using a normalized collision energy setting of 22. A dynamic
exclusion time of 40 s was used and the peptide match setting was disabled. Singly charged
ions, charge states above 8 and unassigned charge states were excluded. All mass
spectrometry data files are available through the MassIVE archive (http://massive.ucsd.edu/
ProteoSAFe/static/massive.jsp) ID: MSV000080390.

Peptide Identification and Quantification—The spectral analysis was performed as
detailed in Gendron et al. (2016).

Purification of ZNF598—Wild-type and RING mutant (C29A) versions of Flag-HA-
ZNF598 were purified from stable 293T cell lines. Cells were grown to 80% confluence,
harvested in ice-cold phosphate-buffered saline, and stored at —80°C. Cell pellets were lysed
in non-denaturing lysis buffer (1% (v/v) Triton X-100, 50 mM Tris-HCI pH 7.4, 150 mM
NaCl, 5 mM MgCl,, 50 mM NEM, 1 mM NaF, 1 mM sodium orthovanadate, 1 mM f-
glycerophosphate, 10% (v/v) glycerol, EDTA-free protease inhibitor cocktail (Roche)) on
ice. The subsequent steps were carried out at 4°C. The lysate was clarified at 21,000 x g for
15 min and applied to anti-FLAG M2 agarose (Sigma) with end-over-end rotation for 1 hr.
The agarose was washed twice with lysis buffer and twice with wash buffer (50 mM Tris-
HCI pH 7.4, 150 mM NaCl, 5 mM MgCl,, 10% (v/v) glycerol) with a duration of 15 min per
wash step. Bound proteins were eluted in wash buffer supplemented with 0.1 mg/ml 3X
FLAG peptide (Sigma) for 1 hr and stored at —80°C. The purity and concentration of the
protein eluate were estimated visually by SDS-PAGE and silver staining (Invitrogen).

In vitro ubiquitylation assays—In vitro ubiquitylation reactions were carried out at
room temperature for 1 hr. Each reaction (20 ul) contained 1 uM Ubal, 1 uM UbcH5c, 20
mM Tris-Cl pH 7.6, 150 mM NaCl, 2 mM ATP, 5 mM MgCl,, 60 pM human recombinant
ubiquitin (Boston Biochem), 5 ng FLAG-HA-ZNF598, and 5 g of human ribosomal protein
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complexes isolated by 35% sucrose cushion ultracentrifugation. Reactions were inactivated
by the addition of 4 x Laemmli buffer and a 5 min incubation step at 95°C. Proteins were
separated by 4%-15% SDS-PAGE and visualized by immunoblotting.

Sucrose gradient separation—Cells were collected using trypsin-EDTA (GIBCO) and
lysed in Polysome Extraction Buffer (10 mM Tris pH 7.4, 0.5% Triton X-100, 15 mM
MgCly, 50 pg/mL cycloheximide, 0.3 M NaCl, 0.2 ug/mL Heparin). 3 mg of protein were
run through 10%-50% linear sucrose gradients using a Beckmann Coulter SW 41 Ti rotor at
41,000 rpm, at 4°C for 2 hr. Gradients were formed using a Biocomp Gradient Master and
fractions were collected using a Biocomp Gradient Station. Protein was precipitated from
the solution using a final concentration of 20% Trichloroacetic acid (TCA). The resulting
pellets were washed with 10% TCA, followed by 100% acetone, and dried using a
Concentrator Plus (Eppendorf). Samples were resuspended in Laemmli sample buffer
containing p-mercaptoethanol and boiled at 95°C for 5 min.

Immunoblotting—For Immunoblot analysis, cells were resuspended in denaturing lysis
buffer (8 M urea, 50 mM Tris-Cl, pH 8.0, 75 mM NaCl, 1 mM NaF, 1 mM NaV, 1 mM B-
glycerophosphate, 5 mM NEM) in the presence of EDTA-free Protease Inhibitor Cocktail
(Roche Diagnostics, 5056489001). Cells/lysates were kept on ice during preparation. Lysis
buffer was added to cells, and cells were then sonicated briefly (10 s at output of 3 W on a
membrane dismembrator model 100 (Fisher Scientific) with a microtip probe and
centrifuged for 10 min at 21,000 x gat 4°C. Supernatants were transferred to clean 1.5 mL
tubes, and protein levels were determined by BCA Protein Assay (Thermo Scientific Pierce,
23225). Laemmli sample buffer with p-mercaptoethanol was then added to cell lysates. Cell
lysates were heated at 95°C for 5 min, then cooled to room temperature and centrifuged
briefly. Cell lysates were resolved by Tris-glycine SDS-polyacrylamide gel electrophoresis
(SDS -PAGE). Proteins were transferred using Bjerrum semi-dry transfer buffer (48 mM Tris
Base, 39 mM Glycine-free acid, 0.0375% SDS, 20% MeOH, pH 9.2) to PVDF membranes
(Bio-Rad Immun-Blot, 1620177) using a semi-dry transfer apparatus (Bio-Rad Turbo
Transfer) for 30 min at 25V. Immunoblots were developed using Clarity Western ECL
Substrate (Bio-Rad, 1705061), and imaged on a Bio-Rad Chemi-DocX RS+ system. Blots
images were processed using Imagelab (Biorad) software and were subsequently handled in
Adobe Photoshop/Illustrator for preparing final images.

QUANTIFICATION AND STATISTICAL ANALYSIS

For all FACS-based reporter assays, sSiRNA transfections and reporter plasmid transfections
were done in triplicate (N = 3). The mean and SEM for the CHFP/GFP ratio was calculated
and compared to control siRNA knockdown or parental cell type and significance (p value)
was determined using a two-tailed Student’s t test using Microsoft Excel.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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In Brief

Ribosomes stall on poly(A) tracts. Sundaramoorthy et. al identify regulatory
ubiquitylation of RPS10 and RPS20 as a key regulator of poly(A)-induced ribosome
stalling. ZNF598 catalyzes these ubiquitylation events and is needed for efficient stall
resolution. Ribosome-associated RACK1 also facilitates stall resolution by mediating
regulatory ubiquitylation of distinct but overlapping 40S proteins.
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Highlights

Poly(A) sequences stall ribosomes and repress downstream translation in
mammals

Ribosome stall resolution requires regulatory ubiquitylation of RPS10 and
RPS20

ZNF598 and RACK1 are needed for initiation of ribosome stall resolution in
mammals

ZNF598 catalyzes regulatory ribosomal ubiquitylation of RPS20, RPS10, and
RPS3

Mol Cell. Author manuscript; available in PMC 2018 February 16.



1duosnuepy Joyiny 1duosnuely Joyiny 1duosnuey Joyiny

1duosnue Joyiny

Sundaramoorthy et al. Page 18

A ATG 2A  2A stop ATG 2A  2A stop B g 12
S
inker inker with stall sequence 10
VHP link VHP link KzoﬂzAtA:) q &
.»J Control " 1054 K20 O 08
> ]Linker a > ] o
@ 10* | g @ % 0.6
[0] (0]
Z.] = © 04
Y m =
S ] o g 02
04 (O]
e e e ey o 0.0
01 108 10t 10° 0107 1 10t q0° C K12 K20 R2 R10 SL
ChFP intensity ChFP intensity (CGA) (CGA)
n K20-reporter D
-1 & 5.0 * *
2 4.0 2 45
©
s 35 ,;_’E b
LL 3.0, w 3.5
Q * Q 30 *
o 2.5 5 3
‘= 20 = 25
S . x O 20
O * * (0] 15
.2 1 O .Z .
@ © 1.0
g 05 g 05
0.0 0.0

C123123123123

172371723 oligo# g -
LTN1 HBSTL PELO ABCET RACKTZNF598  (racki-3 Oy
O

siZNF598-3

ol J@)
00O
000

Figure 1. Poly(A) Sequence-Induced Translational Repression Is Mediated by ZNF598 and
RACK1

(A) Schematic of dual fluorescence translation stall reporters. Plasmids expressing a reporter
without a stall-inducing sequence or one containing 20 consecutive lysine codons (AAA,
K20) in the linker region were transfected into 293T cells. The resulting cellular GFP and
ChFP levels are depicted in the fluorescence-activated cell sorting (FACS) plots.

(B) Reporter plasmids containing either no stall sequence (C) or the indicated stall sequence
were transfected into 293T cells and analyzed by flow cytometry. The relative ChFP:GFP
ratio is depicted for each reporter. K12, 12 lysine codons (AAA); K20, 20 lysine codons
(AAA); R2, two arginine codons (CGA); R10, ten arginine codons (CGA); SL, stem loop.
(C) 293T cells were transfected with three separate siRNA oligos targeting the indicated
genes and subsequently transfected with the K20-containing dual fluorescence reporter. The
relative ChFP:GFP ratio is depicted. C, control scrambled siRNA.

(D) 293T cells were transfected with control siRNA or siRNA targeting RACK1 or ZNF598
either individually or in combination. The resulting relative ChFP:GFP ratio from the K20
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reporter plasmid is depicted. Error bars represent SEM for three separate transfections and
flow cytometry measurements. *p < 0.01 using Student’s t test compared with control
transfections. See also Figures S1 and S2.

Mol Cell. Author manuscript; available in PMC 2018 February 16.



1duosnuepy Joyiny 1duosnuely Joyiny 1duosnuey Joyiny

1duosnue Joyiny

Sundaramoorthy et al.

A

tive ChFP/GFP ratio

Rela

Log2 SILAC (L:H) ratio

1.6 B
~1mK20 * *
14
1.2 * *
1.0
0.8
0.6
0.4
0.2
00 K4R K58R K138R
WT K8R KR KIR wr Kser k27sR KOBR wr KI36R
FH-RPS20 FH-RPS2 FH-RPS10
KO-Light
K8-Heavy S—
Parental < Z\T9BKO
HCT116
— — ——3 —

E— ZNF598—KO

WT-res
\

— N
mut-res
5
.
4 4
o3 . °
= . o*
S 2 g . " L o
GiT e
o (AL
X1 o
25 oo
B
s . . .
Z = N .
N ® .
. .
2 “ee 7 wresio
o RPS10 K139
3 . K138
4 « < RPS10
K138;K139
5
5 4 3 2 -1 0 1 2 3 4 5

Log2 SILAC (L:H) ratio
ZNF598-KO-WT-res
W ZNF598-KO

W ZNF598-KO-WT-res
1. B ZNF598-KO-mut-res

Rl |

'
-
L

-3

4]

-5

_6 K106 K271 K107 K138 K139 K138 K58 K8 K30 K62 K90 K214
= K139

RPS2 RPS20 RPS3

RACK1 RPS10

Figure 2. Regulatory Ubiquitylation of RPS20 and
Facilitates Translation Stall Resolution

(A) K20 reporter ChFP:GFP ratios in 293T cells
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tagged wild-type (WT) RPS20, RPS2, or RPS10 or versions containing the indicated lysine-

to-arginine mutations. Error bars represent SEM

for three separate transfections and flow

cytometry measurements. *p < 0.01 using Student’s t test, comparing cells expressing
mutant ribosomal proteins with cells expressing wild-type ribosomal proteins.

(B) K20 reporter ChFP:GFP ratios in parental HCT116 cells, ZNF598-KO cells, or ZNF598-
KO cells with stable ectopic expression of FLAG-HA-tagged wild-type or C29A mut
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ZNF598. *p < 0.01 using Student’s t test, comparing parental cells with ZNF598-engineered
cell lines. Inset: whole-cell extracts from parental HCT116 cells, ZNF598-KO cells, or
ZNF598-KO cells with exogenous FLAG-HA-tagged wild-type or mutant ZNF598
expression were immunoblotted with the indicated antibodies. #, non-specific band.

(C) Schematic of SILAC-based proteomic experiments.

(D) Scatterplot of the Log2 SILAC ratio (L:H) for all quantified ubiquitin-modified peptides
from ZNF598-KO cells and ZNF598-KO cells with exogenous wild-type ZNF598
expression (light) compared with unlabeled (heavy) parental HCT116 cells. Selected
ubiquitin-modified peptides from RPS10 are shown in red.

(E) Log2 SILAC ratio (L:H) for selected ubiquitin-modified peptides from 40S ribosomal
proteins in ZNF598-KO cells (black bars), ZNF598-KO cells with exogenous wild-type
ZNF598 expression (red bars), or ZNF598-KO cells with exogenous mutant ZNF598
expression (blue bars) compared with parental cells. The site of ubiquitin modification is
indicated. Error bars represent SEM from multiple peptide mass spectrometry (MS)
quantifications.

(F) Parental HCT116 cells, ZNF598-KO cells, or ZNF598-KO cells rescued with exogenous
wild-type or mutant ZNF598 expression were untreated or treated with HTN or DTT for 4
hr. Whole-cell extracts were analyzed by SDS-PAGE and immunaoblotted with the indicated
antibodies. s and I denote short or long exposures, respectively.

See also Figure S3.
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Figure 3. Overexpression of ZNF598 Enhances PolyA-Mediated Stall Resolution and RPS10,
RPS20, and RPS3 Ubiquitylation in a Ligase-Dependent Manner

(A) K20 reporter ChFP:GFP ratios in parental 293T cells or 293T cells with stable
expression of wild-type or mutant ZNF598. *p < 0.01 using Student’s t test compared with

parental 293T cells.

(B) Parental 293T cells or 293T cells with stable expression of wild-type or mutant ZNF598
were untreated or treated with HTN or DTT for 4 hr. Whole-cell extracts were analyzed by
SDS-PAGE and immunoblotted with the indicated antibodies.
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(C) Native whole-cell lysates from 293T cells with stable expression of wild-type or mutant
ZNF598 were separated on a linear 5%-45% sucrose density gradient. The percent relative
absorbance at 254 nm is depicted as fractions collected, with vertical gray lines signifying
fraction boundaries. 0-mm distance indicates the top of the tube.

(D) Fractions from the linear sucrose density gradient from cells overexpressing wild-type
(top) or mutant (bottom) ZNF598 were immunoblotted with the indicated antibodies.
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Figure 4. Ribosome-Associated RACK1 Facilitates RRub and Translation Stall Resolution
(A) 293T cells were transfected with control siRNA or three separate siRNA oligos targeting

RACKUL. Cells were then left untreated or treated with HTN or DTT for 4 hr. Whole-cell
extracts were analyzed by SDS-PAGE and immunoblotted with the indicated antibodies.
Arrows indicate the position of ubiquitylated RP20 or RPS10.

(B) Parental 293T cells or cells expressing siRNA-resistant versions (resistant to sSiRNA #3)
of FLAG-HA-tagged wild-type RACK1 or DEmut RACK1 (R36D;K38E) were transfected
with control siRNA or two separate RACK1-targeting siRNAs. K20 reporter ChFP:GFP

Mol Cell. Author manuscript; available in PMC 2018 February 16.



1duosnue Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Sundaramoorthy et al.

Page 25

ratios are depicted. Error bars represent SEM from triplicate experiments. *p < 0.01 using
Student’s t test, comparing control siRNA transfected cells with RACK1 knockdown cells.
The red asterisk denotes the comparison between the parental 293T cell line transfected with
si#3 targeting RACK1 and the cell lines expressing si-resistant wild-type or DEmut RACK1
transfected with si#3. NS, not significant.

(C) Parental 293T cells or cells expressing siRNA-resistant versions of wild-type RACK1 or
DEmut RACK1 were transfected with control siRNA or siRNA#3 targeting the endogenous
RACKT1 and then left untreated or treated with HTN or DTT for 4 hr. Whole-cell extracts
were analyzed by SDS-PAGE and immunoblotted with the indicated antibodies.

(D) K20 reporter ChFP:GFP ratios from parental HCT116 cells or two separate ZNF598-KO
clones (G,N) transfected with control siRNA or siRNA targeting RACK1 (oligo#3). Error
bars represent SEM from triplicate experiments. *p < 0.01 using Student’s t test, comparing
control siRNA-transfected cells with RACK1 knockdown cells.

See also Figure S4.
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Key Resources Table

REAGENT or RESOURCE SOURCE IDENTIFIER
Antibodies

Rabbit monoclonal anti-RPS10 Abcam Cat#ab151550
Rabbit monoclonal anti-RPS20 Abcam Cat#ab133776

Rabbit polyclonal anti-ZNF598 Sigma-Aldrich Cat#HPA041760; RRID:AB_10792490

Rabbit polyclonal anti-RACK1 Bethyl Laboratories Cat# A302-545A; RRID:AB_1999012

Rabbit polyclonal anti-RPS2 Bethyl Laboratories Cat# A303-794A; RRID:AB_11218192

Rabbit polyclonal anti-RPS3 Bethyl Laboratories Cat# A303-840A; RRID:AB_2615588

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

Mouse monoclonal anti-HA Biolegend Cat# MMS-101P; RRID:AB_2314672

1duosnuey Joyiny 1duosnuen Joyiny

1duosnuen Joyiny

Mouse monoclonal anti-tubulin

Cell Signaling Technology

Cat# 3873S; RRID:AB_1904178

Mouse monoclonal anti-FLAG

Sigma

Cat# F3165 RRID:AB_259529

Rabbit polyclonal anti-RPL7

Bethyl Laboratories

Cat# A300-741A RRID:AB_2301241

Mouse monoclonal Anti-GFP Roche Cat#11814460001 RRID:AB_390913
Anti-Rabbit 1gG (H+L), HRP Conjugate Promega Cat# W4011, RRID:AB_430833
antibody

Anti-Mouse 1gG (H+L), HRP Conjugate Promega Cat# W4021, RRID:AB_430834

antibody

Lipofectamine RNAiMax Thermo-Fisher Cat# 13778030
Clarity Western ECL Substrate Biorad Cat# 1705061
Lipofectamine 2000 Thermo fisher Cat# 11668019
Immun-Blot® PVDF Membrane Biorad Cat# 1620177
Mirus TransIT 293 Mirus Bio llc Cat# MIR 2700
Protease inhibitor cocktail tablet Roche Cat# 11836170001
Pierce Protein A Plus UltraLink Resin Thermo-Fisher Cat# 53142

Chemicals, Peptides, and Recombinant Proteins

13Cs, 15N, L-Lysine-hydrochloride

Cambridge Isotopes Labratories

Cat# CNLM-291-H-0.05

L-Arginine hydrochloride Sigma Aldrich Cat# A5131
L-Lysine hydrochloride Sigma Aldrich Cat# 62929
N-Ethylmaleimide Sigma Aldrich Cat# E3876-5G
3X FLAG peptide Sigma Aldrich Cat# F4799
anti-FLAG M2 agarose Sigma Aldrich Cat# A4596
DL-Dithiothreitol ACROS organics Cat# 165680050
Harringtonine LKT labs Cat# H0169
Lys-C Wako Cat# 125-05061
FBS Mediatech (Corning) N/A

Puromycin Mediatech (Corning) Cat# 61-385-RA
Trypsin Sigma Aldrich Cat# T1426
Human recombinant ubiquitin Boston Biochem Cat# U-100H
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REAGENT or RESOURCE SOURCE IDENTIFIER
Hexadimethrine bromide (Polybrene) Sigma Aldrich Cat# H9268
Critical Commercial Assays

BCA Protein Assay Thermo Scientific (Pierce) Cat# 23225
Deposited Data

Mass spectrometry http://massive.ucsd.edu/ProteoSAFe/static/massive.jsp  MSV000080390

Experimental Models: Cell Lines

293T ATCC Cat# CRL-3216
HCT116 ATCC Cat# CCL-247
Recombinant DNA
pHAGE-FH-RPS10-WT This paper N/A
pHAGE-FH-RPS10-K138R,K139R This paper N/A
pHAGE-FH-RPS20-WT This paper N/A
pHAGE-FH-RPS20-K4R This paper N/A
pHAGE-FH-RPS20-K8R This paper N/A
pHAGE-FH-RPS20-K4R,K8R This paper N/A
pHAGE-FH-RPS2-WT Higgins et.al. (2015) N/A
pHAGE-FH-RPS2-K58R Higgins et.al. (2015) N/A
pHAGE-FH-RPS2-K275R Higgins et.al. (2015) N/A
pHAGE-FH-RPS2-K58R,K275R Higgins et.al. (2015) N/A
pHAGE-FH-ZNF598-WT This paper N/A
pHAGE-FH-ZNF598-mut (C29A) This paper N/A
pHAGE-FH-RACK1-WT This paper N/A
pHAGE-FH-RACK1-DEmut (R36D;K38E) This paper N/A
(si3res)
pCMV-GFP-2A-VHP-2A-CHFP (linker control)  Juszkiewicz and Hegde (2017), this issue of N/A
Molecular Cell
pCMV-GFP-2A-VHP-K20-2A-CHFP (K20 stall ~ This paper N/A
reporter)
pSpCas9(BB)-2A-GFP Addgene Cat# 48138

Sequence-Based Reagents

See Table S2 for siRNA reagents and primers

Software and Algorithms

FlowJo (v9.1)

BD biosciences
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